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Abstract

Metal halide perovskites are semiconductors with exceptional optoelectronic
properties that have recently been introduced as absorber materials in solar
cell devices. These perovskite solar cells can be processed from solution at low
temperature and, after a rapid rise in efficiencies, now achieve power conver-
sion efficiencies comparable to conventional silicon solar cells. The combina-
tion of high efficiencies and low-cost production makes perovskite solar cells
ideal candidates to generate photovoltaic power at reduced costs. However,
perovskite solar cells currently face severe stability issues and their power con-
version efficiencies are not fully optimized yet. This thesis investigates defect
and polarization properties in metal halide perovskites that are expected to
significantly determine these current limitations in device performance. To
achieve a fundamental understanding of the correlated properties in the crys-
tal structure, defect characteristics and polarization mechanisms are studied in
detail for the prototypical perovskite methylammonium lead iodide (MAPbI3).

The crystallographic origin and energy level of defects that are formed either
during the initial crystallization process of the perovskite or during device op-
eration are examined in this thesis, as well as their interaction with electronic
charge carriers. Time-resolved photoluminescence spectroscopy measurements
are applied to study a model system of submicron-sized MAPbI3 particles,
revealing an increased density of positively charged defects on unpassivated
surfaces. These surface defects are identified to cause non-radiative recombin-
ation, which is a major loss mechanism for the efficiency of perovskite solar
cells. The energetic distribution of defects in complete MAPbI3 solar cells is
characterized by thermally stimulated current measurements that demonstrate
the presence of a dominant defect forming a trap state deep within the band
gap. The electric field-induced formation of non-radiative recombination cen-
ters due to migration of mobile defects is investigated with spatial resolution in
a lateral electrode geometry. The analysis of these experiments demonstrates
that field-induced defect formation in metal halide perovskites is not only de-
termined by the migration of mobile defects, but is also highly sensitive to
their interaction with injected electronic charge.

Polarization mechanisms in metal halide perovskites are investigated both with
respect to interface polarization by mobile point defects and orientation po-
larization by polar organic cations, that are free to rotate within the voids of
the perovskite structure at room temperature. The mobility of point defects is
characterized by a combination of dynamic scanning Kelvin probe microscopy
measurements and drift-diffusion simulations. A redistribution of ionic defects
over micrometer distances after application of an electric field is quantitatively
analyzed concerning the sign, mobility, and activation energy of the associated
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Frenkel defects. On a smaller length scale, thermally stimulated current meas-
urements are applied to study the (de-)polarization process of organic cations
across the orthorhombic-tetragonal phase transition. As the polarization of
organic cations is identified to correlate with sudden improvements in solar
cell performance, these results provide experimental evidence of the impact of
cation polarization on the working mechanism of perovskite solar cells.
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Zusammenfassung

Metallorganische Perowskite sind Halbleiter, die sich dank ihrer hervorragen-
den optoelektronischen Eigenschaften ideal als absorbierendes Material für So-
larzellen eignen. Da Perowskitsolarzellen kostengünstig bei niedrigen Tempera-
turen aus flüssiger Lösung hergestellt werden können und ihre Wirkungsgrade
nach einer rasanten Effizienzsteigerung inzwischen mit denen von herkömmlichen
Siliziumsolarzellen vergleichbar sind, werden sie als vielversprechende Photo-
voltaik Technologie angesehen. Bisher haben Perowskitsolarzellen jedoch ihre
theoretisch möglichen Effizienzen noch nicht erreicht und verlieren auf Grund
ihrer mangelnden Stabilität schnell an Leistung. Diese derzeitigen Limitie-
rungen werden unter anderem auf Defekt- und Polarisationseigenschaften der
Perowskitschicht zurückgeführt, die im Zuge dieser Doktorarbeit untersucht
wurden. Für die detallierte Analyse der zugrundeliegenden Kristalleigenschaf-
ten wurde der modellhafte Perowskit Methylammoniumbleiiodid (MAPbI3)
verwendet.

Defekte, die entweder während der Kristallisation des Perowskits oder erst
bei der späteren Anwendung entstehen, wurden bezüglich ihres Ursprungs im
Kristallgitter, ihrer energetischen Position relativ zur Bandlücke und ihrer In-
teraktion mit elektronischen Ladungsträgern untersucht. Zeitaufgelöste Photo-
lumineszenz Messungen an einem Modellsystem aus MAPbI3-Partikeln zeigten
hierbei eine erhöhte Dichte von positiv geladenen Defekten an der Kristallo-
berfläche, die als nicht-radiative Rekombinationszentren einen Verlustkanal für
Solarzellen darstellen. Zur Charakterisierung der energetischen Verteilung von
Defekten in MAPbI3-Solarzellen wurden thermisch stimulierte Strommessun-
gen angewandt, welche die Existenz eines dominierenden Defektzustandes tief
innerhalb der Bandlücke bestätigten. Die dynamische Bildung nicht-radiativer
Rekombinationszentren durch feldinduzierte Migration bestimmter Punktde-
fekte wurde mit räumlicher Auflösung in einer lateralen Elektrodengeometrie
untersucht. Anhand dieser Messungen konnte gezeigt werden, dass die feldindu-
zierte Bildung von Defektzuständen innerhalb der Bandlücke nicht nur durch
die Ansammlung der Defekten bestimmt wird, sondern auch stark von ihrer
Interaktion mit injizierten elektrischen Ladungsträgern beieinflusst wird.

Hinsichtlich der Polarisation in metallorganischen Perowskiten wurde die La-
dungsansammlung von mobilen ionischen Defekten an Grenzflächen, sowie die
Ausrichtung polarer organischer Kationen, die bei Raumtemperatur inner-
halb der Hohlräume des Perowskitkristalls frei rotieren können, untersucht.
Die dynamische Rückverteilung ionischer Frenkeldefekte, die durch ein vorhe-
riges elektrisches Feld räumlich separiert wurden, konnte über eine Distanz
von mehreren Mikrometern beobachtet werden und wurde bezüglich der Mo-
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bilität und Aktivierungsenergie der migrierenden Defekte analysiert. Auf einer
kürzeren Längenskala konnte der Polarisationsprozess organischer Kationen
mittels thermisch induzierten Strommessungen studiert werden. Diese Experi-
mente zeigten eine starke Korrelation der Polarisation der Kationen bei nied-
rigen Temperaturen mit signifikaten Steigerungen der Solarzelleneffizienz und
bieten damit einen experimentellen Beweis für den Einfluss der Kationenaus-
richtung auf die Leistungsfähigkeit von Perowskitsolarzellen.

vi



1. Introduction

The Need for Photovoltaic Electricity Generation

At the international climate conference in 2015, 195 countries signed the Paris
Agreement and agreed to limit global warming below 2 ◦C [1]. To put the world
on track to avoid dangerous climate change, the global action plan of the Paris
agreement bases on ambitious reductions of greenhouse gas emissions. One major
factor to achieve this goal bases on a clean, carbon neutral energy generation. As
sunlight is unarguably one of the most abundant clean energy sources, photovoltaic
(PV) devices that convert solar energy into electricity are a promising approach to
meet the increasing energy demands around the globe with carbon-free electricity
generation.

Until recently, PV based electricity generation was not cost competitive with con-
ventional fossil fuel based electricity and growth has largely benefited from subsidies.
However, continuous decreases in production costs have made PV technology com-
petitive with fossil fuels in favorable locations [2, 3]. As a result, the PV market is
continuously growing, with an annual rate of 33 % in 2016, and is currently covering
7 % of Germany’s electricity demand [4]. Yet, although the continuing decrease in
global production costs of PV technology is very promising, fluctuations in solar
electricity output and limited solar irradiation intensities in countries such as Ger-
many still hinder a large scale application of PV based electricity generation.

Today’s PV market is dominated by silicon wafer based photovoltaics, accounting
for 94 % of the total production [3, 4]. The commercial success of crystalline sil-
icon PV technologies mainly bases on their compatibility with the microelectronic
industry. However, silicon is not necessarily an ideal semiconductor material for
photovoltaic applications. Due to its indirect band gap, thick silicon layers of 100-
500 µm are necessary to enable efficient light absorption, making the device heavy
and brittle. Furthermore, as the production of highly crystalline silicon wafers re-
quires significant energy input, 2.5 years of operation are required to amortize the
input energy in Northern Europe [3].

The Rise of Perovskite Solar Cells

A fundamental search for alternative photovoltaic materials was therefore initiated
to find PV concepts that are substantially cheaper, require less energy in their
production and enable a broadening of the application spectrum of PV technologies,
e.g. by flexible or light-weight constructions. As a result, dye-sensitized, organic
and perovskite solar cells have been introduced. These three solar cell technologies
are solution-processable from low cost materials, light-weight and flexible. Yet,
despite significant research efforts over the last two decades, dye-sensitized and

1



2

organic solar cells have not achieved power conversion efficiencies above 13 % [5].
In contrast, perovskite solar cells have been reported to reach efficiencies of up to
22 % [6], after experiencing a tremendously fast increase in device efficiency since
their first implementation in 2009 [7]. With these efficiencies, perovskite solar cells
have now become competitive to silicon based PV, that have record laboratory cell
efficiencies of 26.7 % for mono-crystalline and 22.3 % for multi-crystalline silicon
solar cells [5].

The active layer of perovskite solar cells, that is responsible for light absorption and
charge generation and is therefore also called absorber layer, consists of solution-
processable thin films of metal halide perovskites. Metal halide perovskites form
in an ABX3 perovskite structure, as revealed by Poglitsch and Weber in 1987 [8].
Typical compounds of metal halide perovskites are of hybrid nature and are com-
posed of the metal Pb2+ at the B-site, the halides I-, Br- or Cl- at the X-site and
organic cations like methylammonium (MA+) or formamidinium (FA+) at the A-
site [9]. In the 1990’s, Mitzi et al. discovered the optoelectronic potential of metal
halide perovskites and applied several compounds in light-emitting diodes (LED)
and thin film transistors [10, 11]. However, the first implementation of metal halide
perovskites in photovoltaic devices was not before 2009, when Miyasaka et al. first
implemented the metal halide perovskite compound methylammonium lead iodide
(CH3NH3PbI3, abbrevated as MAPbI3) as light sensitizer in a dye-sensitized solar
cell and achieved power conversion efficiencies of 3.8 % [7]. In 2012, the essential step
of replacing the liquid electrolyte in the dye-sensitized solar cell with a solid state
extraction layer started a rapid race for efficiencies [12, 13], now reaching 22 % [5].
To put this fast rise in efficiencies into perspective, the best single-junction laborat-
ory solar cell of inorganic GaAs today achieves power conversion efficiencies of 29 %
after 60 years of research [5]. The fast development of perovskite solar cells was
partially supported by the already existing experience of processing steps adapted
from fully organic or hybrid solar cells, as well as by the excellent optoelectronic
properties of metal halide perovskites [14]. Although this class of semiconductors is
typically processed from solution and forms polycrystalline thin films, metal halide
perovskites possess optoelectronic properties that make them ideal for photovol-
taic applications, including a strong absorption coefficient, a suitable band gap of
around 1.6 eV, moderate charge carrier mobilities and long charge carrier diffusion
lengths [15, 16].

Current Problems in Perovskite Solar Cell Research

Despite their rapid development, perovskite solar cells do not meet their full po-
tential yet [17], and suffer from device instabilities [18]. To overcome these limita-
tions and advance perovskite solar cells towards a successful commercialization, the
physical processes responsible for their optoelectronic properties require a deeper
understanding. As highlighted by W. Tress, today’s high-performing perovskite
solar cells, that achieve efficiencies above 20 %, have already maximized their short-
circuit current and measures for further performance improvements have to focus
on the open-circuit voltage [17]. Based on the principle of detailed balance [19], it
has been shown that crystallographic defects that form trap states deep within the
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band gap of a semiconductor, and are sources of non-radiative recombination [20],
significantly impair the open-circuit voltage in perovskite solar cells [21].

However, defect properties of metal halide perovskites are not well understood to
date. On the one hand, metal halide perovskites are often called defect tolerant, as
they possess surprisingly long charge carrier lifetimes and diffusion lengths [22, 23].
This defect tolerance objects common wisdom of conventional semiconductor phys-
ics as solution-processed metal halide perovskite films form polycrystalline layers
with significantly higher defect densities than single crystals [24, 25]. However, sim-
ulations have shown that most point defects in metal halide perovskites do not form
trap states deep in the band gap, but instead form states close to the band edges
[16, 26]. In addition, many physical phenomena have been proposed to reduce the
impact of crystal defects on electronic charge carriers, including a dielectric screen-
ing effect [17, 23] or a long occupation time of trapped charges [27, 28]. On the other
hand, several experimental results have demonstrated the existence of deep trap
states in metal halide perovskite films [27, 29–31], causing significant non-radiative
recombination at all relevant illumination intensities [32]. As the crystallographic
origin of these deep trap states is still unclear, a comprehensive understanding of
the defect physics in metal halide perovskites is required to allow for a sophisticated
approach to passivate those states and limit their impact on device performance.

In addition, the large polarizability of metal halide perovskites, with reported static
dielectric constants of εr ≈ 17 − 70 [17] and unusually high dielectric constants at
low frequencies, e.g. εr ≈ 1000 at 1 Hz [33, 34], is expected to have significant im-
pact on device performance and stability of perovskite solar cells [35–37]. Thereby,
mobile ions that accumulate at interfaces when exposed to an electric field [34, 38],
and polar organic cations that are confined inside the voids of the perovskite crystal
structure [33, 39, 40], are expected to contribute significantly to the polarization
in metal halide perovskites. Since these polar organic cations freely rotate at room
temperature, they have sparked several proposals of intriguing physical phenom-
ena, including large polaron formation [41], a dynamic dielectric screening of mobile
charge carriers [42], Rashba orbit splitting [43, 44], as well as ferroelectricity due to
an alignment of organic cations in polar domains [45]. As all of these phenomena
have been proposed to significantly affect device performance, an improved under-
standing of the mechanism and impact of orientation polarization of organic cations
is of high relevance.

The mobility of ionic defects within the crystal structure is known to impact the
performance of perovskite solar cells by an alternation of the externally applied elec-
tric field [35], and is further expected to impair long-term device stability [35, 46].
Although numerous theoretical calculations have proposed halide ions to be the
dominant mobile species [47–52], conclusive experimental evidence is still missing
to describe the chemical nature of mobile ions and their mobility, as well as fur-
ther factors influencing the migration mechanism. To achieve a reliable long-term
stability of perovskite solar cells, it is of major importance to understand the mech-
anism of ion migration in metal halide perovskites under operation conditions and
to identify approaches to control the ionic mobility.

Mixed perovskite compositions, comprising multiple species of A-site cations and
X-site anions, have already demonstrated enhanced device efficiency and stability
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[18, 53]. Therefore, future developments of perovskite solar cells should focus on
a rational design of the crystal composition. In particular, replacement of the
organic cation MA+ with the larger cation FA+ will play an important role, as
FA+ incorporation has been shown to improve both efficiency, by tuning the band
gap from 1.4-1.6 eV [17], and device stability [53]. Furthermore, current efforts
focus on the search for alternative material compositions without toxic lead [54]. A
sophisticated approach to improve the efficiency, stability and toxicity of perovskite
solar cells by compositional engineering therefore requires a deeper understanding
of the role of specific crystal components on the optoelectronic properties of metal
halide perovskites.

Thesis Outline

This thesis provides a comprehensive investigation of the above discussed proper-
ties of defects and polarization in metal halide perovskites. In particular, defects
are characterized with respect to their crystallographic origin and their energy level
within the band gap. Both static defects, that are formed during sample preparation
and dynamic defects, that create trap states during operation, are studied. The po-
larization mechanism is investigated concerning the mobility and activation energy
of mobile point defects, as well as the polarization of organic cations across a low
temperature phase transition. Within this thesis, multiple experimental techniques
are applied on different sample and device architectures to study the most common
metal halide perovskite compound methylammonium lead iodide ((CH3NH3PbI3,
abbreviated as MAPbI3). To investigate the impact of the organic cation on vari-
ous optoelectronic properties, several studies include a comparison to the perovskite
formamidinium lead iodide (HC(NH2)2PbI3, abbreviated as FAPbI3).

First, the application of metal halide perovskites as absorber material in photo-
voltaic devices is explained in Chapter 2, including a brief introduction of the
working mechanism of solar cells in general and of perovskite solar cells in partic-
ular, as well as a description of the crystal structure and resulting optoelectronic
properties of metal halide perovskites. Section 2.4 and Section 2.5 review the
current state of knowledge concerning defects and polarization properties in metal
halide perovskites, respectively.

The methods applied in this thesis are introduced and explained in Chapter 3.
As photoluminescence (Section 3.2), scanning Kelvin probe microscopy (Section
3.3) and thermally stimulated current measurements (Section 3.4) have been the
main experimental techniques in this work, their basic working principles are ex-
plained in more detail.

In Chapter 4, the presence of defects at the crystal surface of MAPbI3 particles is
investigated by time-resolved photoluminescence measurements in different temper-
ature regimes. Different surface properties of MAPbI3 single crystals are studied to
gain insights into the nature and impact of surface defects, and to derive strategies
for an efficient surface passivation.

The mechanism and impact of mobile point defects in MAPbI3 and FAPbI3 thin
films are characterized in Chapter 5 and Chapter 6. The interplay of mobile
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ionic defects and electronic charge carriers is investigated in Chapter 5, by study-
ing changes in the photoluminescence and surface potential in a lateral electrode
geometry using photoluminescence and scanning Kelvin probe microscopy. A com-
prehensive characterization of the mobility and activation energy of mobile ions
is presented in Chapter 6, based on a combination of dynamic scanning Kelvin
Probe measurements and drift-diffusion simulations.

Chapter 7 presents thermally stimulated current measurements on MAPbI3 solar
cells, that are used to analyze both defect and polarization properties in MAPbI3

films. The applicability of thermally stimulated current measurements for defect
analysis is demonstrated in Section 7.2, while the mechanism of organic cation
polarization across the low temperature phase transition, and its impact on device
performance, are investigated in Section 7.3.

Finally, the results of this thesis are summarized and general conclusions are drawn
in Chapter 8, followed by an outlook for future research.





2. Metal Halide Perovskites for
Photovoltaic Applications

Metal halide perovskites have proven to be excellent candidates to harvest solar
energy in photovoltaic applications. This chapter describes the crystal structure of
metal halide perovskites (Section 2.1) and their application as absorber material
in perovskite solar cells (Section 2.2). The intriguing optoelectronic properties of
metal halide perovskites, that allow their successful application in solar cell devices,
are reviewed in Section 2.3, together with a detailed summary of the current
scientific understanding of the nature and impact of defects (Section 2.4) and
polarization mechanisms (Section 2.5) in metal halide perovskites.

2.1. Crystal Structure

The ABX3 perovskite structure is well known for a wide variety of inorganic materi-
als, with calcium titanium oxide (CaTiO3) or barium titanate (BaTiO3) as common
representatives. Metal halide perovskites also form in a ABX3 perovskite structure
[8], but are typically of a hybrid nature. Figure 2.1 displays the ABX3 perovskite
structure of metal halide perovskites, that is composed of an inorganic BX3 sub-
lattice of corner-sharing octahedra, whose voids are stabilized by cations at the
A-site. Common metal halide perovskites comprise organic cations like methyl-
ammonium (MA) or formamidinium (FA) as A-site cations, and are referred to as
hybrid organic-inorganic perovskites. As these cations are required to fit into the
space between the four adjacent octahedra, their size determines if a close-packed

Figure 2.1.: Schematic illustration of the ABX3 perovskite structure, displayed with
typical components of metal halide perovskites. Right: Schematic il-
lustration of the organic cations methylammonium (MA) and form-
amidinium (FA).
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8 2.1. Crystal Structure

3D inorganic sublattice is formed. For that purpose, the Goldschmidt tolerance
factor t can be used to predict the crystal dimension of the perovskite based on the
space demands of the A-site cation within the inorganic nanopore [55]. For metal
halide perovskites, Mitzi and coworkers empirically determined that a 3D inorganic
sublattice demands the A-site cation to be in the range 1.7-2.6 Å, giving a tolerance
factor of 0.8 < t < 1 [56]. In case of larger organic cations, the inorganic sublattice
forms 2D or 1D structures [57, 58]. Though they are confined in the inorganic nan-
opores, these polar organic cations posses rotational disorder along their C-N axis
[59], as well as a permanent electric dipole moment (2.3 D for MA+) [45]. Hence,
while the inorganic lattice determines the long range order of the crystal, as demon-
strated by sharp X-ray diffraction peaks even for polycrystalline films [12, 60], the
permanent and irremovable local asymmetry of the rotating organic cation includes
local disorder into the crystal structure.

The most prominent compound methylammonium lead iodide (MAPbI3) consists
of an inorganic BX3 sublattice of lead cations and iodide anions that is filled with
organic MA molecules. Although MAPbI3 has been the most studied metal halide
perovskite, replacement of one or more ionic sites has been reported to result in a
wide variety of stable compounds, e.g by cesium or formamidinium for the A-site,
tin for the B-site, as well as bromide or chloride for the X-site [61]. In fact, recent
reports of high performing perovskite solar cells base on a alloying of different A-,
B- or X-site ions into one crystal structure, like FA1-x-yMAyCsxPb(I1-zBrz)3, that
result in stable crystal structures with record efficiencies [9, 61]. Yet, in order to
study the fundamental properties of hybrid metal halide perovskites, this work will
focus on the hybrid perovskite MAPbI3 and compare it to FAPbI3 to study the
impact of the organic cation on fundamental physical properties.

While the ideal perovskite structure is cubic, decreasing the temperature results
in phase transitions into lower symmetry perovskite structures of reduced dynamic
disorder. In case of MAPbI3, the high symmetry cubic crystal structure (T > 330 K)
transforms into lower symmetry tetragonal (330 K > T > 160 K) and orthorhombic
(T < 160 K) structures by tilting of the PbI6 octahedron around the C-axis [62–
64]. Cubic, tetragonal and orthorhombic MAPbI3 are direct semiconductors with
slightly shifted but comparable band gaps of around 1.6 eV [65]. The rotational
freedom of organic cations is significantly restricted within the orthorhombic phase,
while they can rotate quasi-randomly in the tetragonal phase, and even highly
disordered in all unit cell directions in the cubic phase [64, 66].

The electronic band structure of metal halide perovskites is mostly determined
by the inorganic sublattice. In case of MAPbI3, the top of the valence band is
composed of an antibonding linear composition of 6s and 5p orbitals of lead and
iodide, respectively, while the bottom of the conduction band is predominantly
composed of empty 6p orbitals of lead [67, 68]. However, the organic sublattice
is expected to significantly impact the electronic landscape, as well. Structural
fluctuations and dynamic disorder by rotation of the organic cation and distortion
of the PbX6 octahedra have been proposed to cause significant changes in the
electronic structure [69]. For instance, the rapid reorientation of the organic cation
is expected to be the origin of the high dielectric properties of the material [33],
and has also been proposed to cause a dynamic band structure, with a fluctuating
transition between a direct and an indirect band gap [70]. Likewise, several proposed
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physical models are based on the manipulation of charge carrier dynamics by a direct
coupling of charge carriers with either freely rotating [70–72] or with collectively
oriented organic cations [66, 73].

The diverse material properties of metal halide perovskites are based on the fact
that the crystal binding extends beyond purely covalent/ionic bonding and includes
significant contributions from van der Waals interaction and hydrogen bonding
between the organic and inorganic sublattices [74, 75]. Additionally, the soft nature
of the Pb-I bonds allows a deformation of the inorganic octahedra, e.g. by symmetry
breaking of the organic sublattice [70] or polaron formation [41]. These mechanical
and vibrational properties are displayed in the small bulk and Young’s moduli that
show that the material is rather ”soft” [74, 76–79], and possesses complex phonon
properties [75]. In this respect, metal halide perovskites have been described to be
similar to plastic crystals, featuring a crystal-liquid duality [80, 81].

A low formation energy of only 0.1-0.27 eV [26, 82], as well as the crystal’s ionicity
allow an easy crystallization process at low temperatures [60, 83]. Consequently,
not only single crystals but also polycrystalline thin films can be easily prepared
by solution-processing. The resulting films can have grain sizes of several hundreds
of nanometers up to millimeters [84, 85]. On the other hand, their low forma-
tion energy also results in facile decomposition of the perovskite structure. This
intrinsic instability of metal halide perovskites is a major obstacle for their commer-
cial application. The structural instability is enhanced by elevated temperatures or
atmospheric interactions with oxygen or moisture [18]. Likewise, phase segregation
of mixed compounds into single component metal halide perovskites is a current
limitation of alloyed metal halide perovskites [86, 87].

Due to their excellent optoelectronic properties, metal halide perovskite films have
proven to be well-suited as absorber materials in solar cells. Before describing the
application of metal halide perovskite films in photovoltaic devices, the general
working mechanism of solar cells will be briefly introduced in the following section.

2.2. Perovskite Solar Cells

Basic Principle of Solar Cells

A solar cell is an electrical device that converts the energy of light directly into
electricity. The general solar cell architecture is composed of a central layer, con-
taining a semiconducting absorber material, and two extracting electrodes that are
connected to an external load. Figure 2.2 displays the three major steps necessary
for photovoltaic energy conversion: First, a photon with an energy larger than the
band gap of the absorber material is absorbed. Based on the photoelectric effect
[88], the energy of the photon is transferred to an electron that is excited to the
conduction band, leaving behind a hole in the valence band. Next, the resulting
electron-hole pair is required to separate into free charge carriers, that are then
transported in opposite directions through the central layer to get extracted at sep-
arate electrodes. The separation and transport of electrons and holes in opposite
directions, and the resulting net current flow out of the device, require a built-in
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Figure 2.2.: a) Working mechanism of a solar cell: Photon absorption in the active
layer generates an electron-hole pair in the conduction and valence band
(1), that is separated into an electron and a hole (2), followed by their
transport and extraction at opposite electrodes.

asymmetry in the solar cell. This is achieved by application of electrodes with dif-
ferent work functions that give rise to an intrinsic built-in potential Vbi between
the outer contacts. Additionally, the charge carrier selectivity at the contacts is
further increased by specific modulations of the central layer, e.g. by a pn-junction
in inorganic crystalline silicon solar cells or by electron or hole selective layers in
organic or perovskite solar cells [89].

In a simplified model, a solar cell can be described by a direct current (DC) equival-
ent circuit that combines a diode with a saturation current Js,n and a photogenerat-
ing current source Iph, with parasitic shunt resistances Rsh and series resistances Rs

(see Figure 2.3a). The current density in this circuit is derived by the generalized
Shockley equation:

J(V ) =
1

A

Rsh

Rs +Rsh

(
Is,n

(
exp

(
q (V − IRs)

nkBT

)
− 1

)
+

V

Rsh
− Iph(V )

)
(2.1)

with A as device area, kB as Boltzmann constant, T as temperature, q as elementary
charge and n as the ideality factor of the diode. Figure 2.3b displays a typical J-V
curve of a solar cell measured under illumination or in dark (Iph = 0).

For maximum power generation, a solar cell is operated at its maximum power point
(MPP), that maximizes the generated electric power Pel = V ×I at the applied bias
Vmax and the resulting photocurrent density Jmax. The power conversion efficiency
(PCE) of a solar cell is determined by the ratio of the produced electric power Pel

to the incident light power Plight:

PCE =
Pel

Plight
=
JmaxVmax

Plight
=
JscVocFF

Plight
(2.2)

Here, the short-circuit current Jsc describes the photocurrent produced without
external load (V = 0) and the open-circuit voltage Voc describes the photovoltage
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Figure 2.3.: a) Equivalent circuit of a solar cell, including a photocurrent source
that produces the current Iph; a diode that determines the saturation
current Is,n; a shunt resistance Rsh and a series resistance Rs; and a
voltage source. b) Illustration of a current density-voltage (J-V) curve
of a solar cell under illumination (solid line) and in dark (dotted line),
following Equation 2.1. Important device parameters are highlighted.

produced at open-circuit conditions (J = 0). During the transition from short-
circuit to open-circuit condition, the recombination rate increases until it equals
the photogeneration rate at Voc, resulting in zero current flow. At this voltage, the
quasi-Fermi levels of electrons and holes, QFLe and QFLh, are flat and the open-
circuit voltage is determined by their difference with qVoc = QFLe − QFLh [90].
Hence, the open-circuit voltage reflects the maximum energy that can be generated
from any absorbed photon. Due to thermalization of photoexcited charge carriers to
the band edges, the potential a solar cell can produce has an upper limit eVoc ≤ Eg.
The fill factor FF is given by the ratio FF = VmaxJmax/VocJsc and is a measure
of how efficient charge carriers can be extracted under an increasing external load.
From Equation 2.2 it can be derived that efficient solar cells require all parameters
Jsc, Voc and FF to be maximized.

In 1961, Shockley and Queisser derived a universal upper limit for the power con-
version efficiency of all solar cells [91]. Within the thermodynamic description of
an idealized solar cell, that contains only one semiconductor absorber layer, the
Shockley-Queisser limit predicts a band gap dependent maximum achievable power
conversion efficiency, that can reach an efficiency of 33 % for band gaps around
1.5 eV. It assumes that every incident photon with energy larger than the band
gap is absorbed and converted into an electron and a hole, while incident photons
with an energy smaller than the band gap do not contribute to a photocurrent.
Furthermore, the potential of all photogenerated charges is expected to be inde-
pendent of the energy of the initially absorbed photons, as charge carriers with
excess energy quickly thermalize to the band edges. Consequently, large band gaps
restrict the amount of absorbed photons, while small band gaps cause high en-
ergy losses due to thermalization. Further thermodynamic considerations postulate
that losses due to radiative recombination cannot be avoided. The principle of de-
tailed balance states that every material that absorbs light must also emit light.
This approach of reciprocity between absorption and emission was first proposed
by Kirchhoff [92] and was refined by Planck for black body radiation [93] and by
Würfel for non-equilibrium conditions [94]. A recent adaption of the reciprocity



12 2.2. Perovskite Solar Cells

relation to parameters relevant for solar cells by Rau et al. will be explained briefly
in the following [19]. If only radiative recombination pathways exist, the absorbed
photon flux equals the emitted photon flux at Voc, with Voc = V rad

oc . However, real
devices experience a loss ∆Voc in open-circuit voltage if additional non-radiative
recombination pathways are present [19]:

∆Voc = V rad
oc − Voc = −kBT

q
ln (EQELED (Voc)) (2.3)

Here, the external quantum efficiency EQELED = Jem(V )/Jinj(V ) describes the
ratio between injection current Jinj(V ) and radiative emission current Jem(V ), if
the solar cell is operated as a light emitting diode (LED) at applied forward bias
V. Hence, the maximum Voc can be evaluated in terms of the solar cell’s ability to
emit light, making it necessary to minimize non-radiative recombination channels
for high power conversion efficiencies. The different recombination mechanisms,
that depend on the defect properties of the material and the intensity of absorbed
photons, are explained in detail in Section 2.3.

Likewise, losses in the short-circuit current Jsc can arise from inefficient photon
absorption, e.g. via reflection or gradual absorption edges, inefficient charge separ-
ation as well as incomplete charge collection. Charge separation is determined by
the binding energy of the electron-hole pair, called exciton binding energy, which
is directly related to their Coloumb forces and the material’s dielectric properties.
The charge collection efficiency depends of the charge carrier transport properties,
which are governed by both drift and diffusion processes [89], and the competing
mechanisms of charge carrier recombination. Such recombination losses can be re-
duced by a high product of charge carrier mobility and lifetime, that allows charges
to reach the electrodes before recombination takes place.

Perovskite Solar Cells

In general, perovskite solar cells comprise a metal halide perovskite layer as absorber
material that is sandwiched between an electron and a hole selective layer (see
Figure 2.4). These selective layers act as blocking interfaces for the opposite charge
carrier by an unfavorable offset of energy levels that significantly reduces the charge
transfer rate of the respective charge carrier. This asymmetric device architecture
introduces a rectifying behavior that is necessary for the working mechanism of a
solar cell.

Metal halide perovskites have been implemented successfully in a variety of solar
cell architectures. Initially, only thin layers of MAPbI3 were applied as photoactive
sensitizers on mesoporous n-type TiO2 or AlO3 [95]. However, the ability of am-
bipolar charge transport [95], as well as long charge carrier diffusion lengths above
1 µm [96], allowed the layer thickness of metal halide perovskites to be increased
to around 250-400 nm for enhanced light absorption [96]. Since then, the rapid de-
velopment of metal halide perovskites resulted in a variety of device architectures
of either mesoporous or planar heterojunctions with different inorganic or organic
electron and hole selective layers [46, 97]. Figure 2.4 displays the structure and
energy levels of a typical planar perovskite solar cell, comprised of a transparent,



Chapter 2. Metal Halide Perovskites for Photovoltaic Applications 13

Figure 2.4.: Left: Energy levels of a ITO/PEDOT:PSS/MAPbI3/C60/Ag per-
ovskite solar cell. The transport of photoexcited charge carriers is dis-
played schematically. Right: SEM image of a MAPbI3 films processed
using a one-step precursor solution and a vacuum-assisted annealing
process. SEM image presented with the courtesy of Hao Hu.

conducting electrode of indium tin oxide (ITO), a hole selective polymer layer PE-
DOT:PSS, the metal halide perovskite MAPbI3, a C60 fullerene electron selective
layer, and a top silver electrode.

Thin films of metal halide perovskite are typically processed from precursor solu-
tions at low temperature [83], but co-evaporation of the different material compon-
ents is applicable, too [98]. During the early stages of perovskite solar cell research,
polycrystalline films of metal halide perovskite were rather inhomogeneous and not
dense, causing severe reproducibility issues between different research groups due to
large variations in the stoichiometry and morphology of films [97]. Since then, sig-
nificant advancements in processing conditions have been achieved, e.g. by solvent
[84] or compositional engineering [61], resulting in smooth and compact polycrys-
talline films [85]. Figure 2.4 presents a scanning electron microscopy (SEM) image
of a typical, polycrystalline MAPbI3 film, as used for experimental measurements
in Chapter 7. These films were prepared with a one-step precursor solution and
a vacuum-assisted annealing step, resulting in compact layers with grain sizes of
around 500 nm [99]. Current strategies for improved performances and stabilities
rely on an alloying of various anions and cations within one crystal structure [18].
As a result, today’s best performing perovskite solar cells, that can reach efficien-
cies above 20 %, have evolved from the prototypical MAPbI3 compound into mixed
compounds like (MAyFA1-y)Pb(BrxI1-x)3 or (CsyFA1-y)Pb(BrxI1-x)3 that allow to
tune the band gap to lower energies [9, 100].
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Figure 2.5.: Current density-voltage curve of a MAPbI3 perovskite solar cell (device
architecture as shown in Figure 2.4), a) measured from low to high
voltages and b) measured in reverse from high to low voltages. Calcu-
lated power conversion efficiencies (PCE) are displayed. Data presented
with the courtesy of Susanne Koch.

As internal quantum efficiencies are close to 100 % over the whole absorption spec-
trum [101], photocurrents in optimized perovskite solar cells are at their practical
limits. It is therefore imperative to improve open-circuit voltages in order to further
improve the device performance. Identifying and suppressing non-radiative recom-
bination sources in the device stack is expected to ultimately drive the open-circuit
voltage further up and thus paving the way towards power conversion efficiencies
higher than 22 % [32, 102]. A summary of the current scientific understanding of
the nature defects in metal halide perovskites and their role as non-radiative re-
combination centers is provided in Section 2.4.1, while Chapter 4 - 7 present
a comprehensive investigation of the multiple origins and influences of defects in
MAPbI3 and FAPbI3.

At the current stage of perovskite solar cells, a successful commercialization is
hampered by insufficient long-term operational stability [46, 103]. Irreversible de-
gradation of perovskite solar cells can be initiated by atmospheric influences like
heat, moisture, or oxygen [18, 46]. For instance, the low melting point of MAPbX3

based perovskites, that allows crystallization at low temperatures, also causes rapid
degradation after prolonged exposure to temperatures above 150 ◦C [104]. How-
ever, current research suggests significant stability improvements by good encapsu-
lation as well as compositional engineering [18]. In particular, mixed metal halide
perovskites like (CsyFAxMA1-x-y)Pb(BrzI1-z)3 measured at the MPP at 20 ◦C in a
nitrogen atmosphere retain 95 % in efficiency after 500 h of operation [105]. Like-
wise, addition of large organic cations into the perovskite [53], as well as structural
engineering of 2D/3D compounds show promising stabilities of up to one year [106].
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Despite an irreversible decomposition of perovskite solar cells, reversible changes
in device performances, and material properties have been observed upon electric
stress or illumination [35, 107–109]. These slow transients in material properties
on the time scale of microseconds to hundreds of seconds have been a large subject
of debate [110–112], as they are assumed to cause the rate-dependent hysteresis of
J-V curves observed for several types of perovskite solar cells [111–113]. Depend-
ing on the device architecture and operation temperature, current density-voltage
(J-V) measurements of perovskite solar cells can exhibit severe hysteresis in solar
cell parameters [112]. As different power conversion efficiencies can result from
different measurement conditions, e.g. for opposite scan directions as displayed in
Figure 2.5, the question arose how to measure the ”real” device efficiency of per-
ovskite solar cells. After considerable debates, protocols of holding the device at the
maximum power point until a steady state value is reached, have been established
[105, 114]. The dependence of the device performance on its electrical bias history
is explained by a polarization of the perovskite by application of electric fields that
results in the temporary existence of counteracting fields with slow responds times.
Several mechanisms of this transient polarization have been proposed, including
ferroelectric contributions or ionic motion [50, 73, 115, 116], which will be discussed
in detail in Section 2.5.1-2.5.3. While the presence of ferroelectricity by a col-
lective alignment of polar organic cations is still a subject of debate, a large body of
experimental evidence has established a broad consensus on the ionic conductivity
in metal halide perovskites [109]. It is now accepted that current-voltage hysteresis
effects are, at least partly, a result of ionic accumulation at the charge selective
interfaces [117, 118]. However, many aspects concerning the nature and impact of
ionic motion in metal halide perovskites are still unclear and are investigated in
detail in Chapter 5 and Chapter 6. The role of organic cation alignment on the
device performance of perovskite solar cells is investigated in Chapter 7.

2.3. Optoelectronic Properties

Metal halide perovskites are semiconductors with exceptional optoelectronic proper-
ties, such as high radiative efficiencies [17], a high dielectric constant [33], ambipolar
charge transport [119–121], a moderate charge carrier mobility [122], as well as long
charge carrier diffusion lengths [96, 120], that make them well-suited for application
in solar cells [123], LEDs or lasers [124]. The following section provides an overview
of these optoelectronic properties and the electronic processes taking place after
photoexcitation. The impact of these material properties on device performance
will be discussed with respect to the working mechanism of perovskite solar cells.

Photon Absorption

Figure 2.6 illustrates the processes that are initiated by photon absorption, including
photoexcitation, charge carrier generation and charge carrier cooling. In general,
incident photons can be absorbed by a semiconductor if their energy is larger than
the material’s band gap Eg. The band gaps of metal halide perovskites can be tuned
by compositional engineering, resulting in band gaps of e.g. 1.48 eV, 1.57 eV and
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2.20 eV for FAPbI3, MAPbI3 and MAPbBr3, respectively. This band gap tunability
is highly desirable for light emission applications (e.g. LEDs or lasers), as well as
for multijunction solar cells [125]. Thanks to their relatively small band gap, a
broad range of the solar spectrum can be absorbed. Band gaps between 1.0-1.5 eV
are beneficial for photovoltaic energy conversion, as they are close to the ideal band
gap given by the Schockley-Queisser limit (described in Section 2.2). Due to their
direct band gap and a high density of states in the conduction band, metal halide
perovskites possess large absorption coefficients above 104 cm−1 [126]. Hence, thin
films of only a few hundreds of nanometers are sufficient to achieve almost complete
light absorption, enabling light-weight and flexible applications.

Charge Carrier Generation

Figure 2.6a demonstrates how absorption of a photon promotes an electron into the
conduction band and generates an electron-hole pair. Depending on the exciton
binding energy of the material and the thermal energy, the photoexcited electron-
hole pair either separates in free carriers or forms a bound exciton. During the
early stages of metal halide perovskite-based research, the nature of such photoex-
cited states was under debate [128, 129]. However, several reports have determined
exciton binding energies in MAPbI3 to be in the order of a few meV at room temper-
ature [45, 130–132], which facilitates the separation of electron-hole pairs into free
electrons and holes, as displayed in Figure 2.6b. Charge separation was found to
take place on ultrafast time-scales within the first 20 fs after photoexcitation [133],
and has been proposed to be induced by electrostatic potential fluctuations, either
by random orientations of the of the organic cations [45, 134] or by structural fluctu-
ations of the inorganic lattice [135]. At low temperatures, exciton binding energies

Figure 2.6.: a) Photoexcitation by photon absorption promotes an electron from
the valence band (VB) to the conduction band (CB) and creates an
electron-hole pair. b) Separation into free charge carriers with excess
energy. c) Cooling of charge carriers to the band edges via phonon
emission. Image adapted from reference [127].
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around 30 meV result in Warnier-Mott type excitons [136].

The low exciton binding energy of metal halide perovskites bases on their high
dielectric constant εr [45]. For instance, the dielectric constant was found to be
εr ∼ 17 − 70 for MAPb3 at room temperature and in dark at low frequencies (∼
10-1000 Hz) [31, 39, 131]. The high dielectric constant is a result of the strong
polarizability of the crystal lattice and will be discussed in Section 2.5 in further
detail.

Charge Carrier Cooling

Depending on the energy of the absorbed photon, charge carriers are provided with
excess energy above the band edges. Subsequent thermalization of these hot car-
riers occurs through scattering with lattice phonons [133] (see Figure 2.6c). The
resulting electron-phonon coupling was determined to be dominated by scattering
from longitudinal optical phonons via Fröhlich interaction [137]. Thereby, a coup-
ling to the stretching modes of the Pb-halide moieties and the torsional motion of
the organic cation have been identified [133].

The cooling period of hot charge carriers has been observed with lifetimes as long
as 100 ps, which is 2-3 orders of magnitude slower than for conventional, inorganic
semiconductors [42, 138]. This slowed thermalization has been explained by two
mechanisms: The molecular reorientational motion of organic cations could provide
a dynamic screening of energetic carriers and hence reduce the Coulomb interaction
responsible for its scattering with longitudinal optical phonons [42]. On the other
hand, a hot-phonon bottleneck, caused by thermal isolation between the charge
carrier population and optical phonons or a reduced phononic density of states,
has also been proposed to prolong the carrier cooling [75, 132]. During cooling,
transport of hot carriers was observed to persist over hundreds of nanometers [139].
This field of research is especially interesting for perovskite solar cells, as a long-
range transport of hot carriers would allow to preserve their excess energy until they
are extracted at adjacent electrodes. Such a successful extraction of hot carriers
could be used to achieve solar cells efficiencies exceeding the Shockley-Queisser limit
by an increase in the open-circuit voltage.

Charge Carrier Transport

Table 2.1 summarizes reported values that are relevant for electronic transport
in MAPbI3 and compares them to crystalline silicon. Good electronic transport
requires a high product µ · τ of charge carrier mobility µ and charge carrier lifetime
τ . This relation is closely related to the charge carrier diffusion length LD:

LD =

√
µτkBT

q
(2.4)

In this respect, metal halide perovskites feature excellent electronic transport prop-
erties with modest mobilities of 1-30 cm2/Vs for polycrystalline films [96, 140] and
up to 200 cm2/Vs for single crystals [142], and charge carrier lifetimes of 100 ns
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Material Mobility
µ

(cm2/Vs)

Effective
mass m*

(m0)

Lifetime
τ (µs)

Diffusion
length
LD (µm)

Reference

MAPbI3

film
1 - 30 - 0.01 - 10 0.1 - 1 [122, 126, 140, 141]

MAPbI3

crystal
24 - 200 0.23/0.29 0.3 - 100 2 - 175 [68, 120, 142–144]

Si
crystal
(e-/h+)

1450/500 0.19/0.16 ≈ 1000 1000/600 [145]

Table 2.1.: Properties of electronic charge carriers in MAPbI3 films compared to
single crystalline MAPbI3 and silicon. Adapted from reference [15].

- 15 µs [141]. The combination of modest mobilities and long lifetimes results in
extremely long charge carrier diffusion lengths of 100 nm - 1 µm in polycrystalline
films [96, 126] and up to 175 µm in single crystals [120].

The electronic mobility µ directly relates to the electronic band structure, with

µ =
e

m∗
τs (2.5)

The relatively small effective mass m∗ of around 0.23 m0 for electrons and 0.29 m0

for holes [68], with m0 as rest mass of electrons, is close to those of prototypical
inorganic semiconductors such as Si or GaAs and is one reason for the relatively
high electronic mobilities µ in metal halide perovskites. The similar effective mass
of electrons and holes highlight the ambipolar charge transport in metal halide per-
ovskites. The scattering lifetime τs has been shown to be mainly determined by
electron-phonon scattering, rather than impurity scattering [146]. As phonon scat-
tering is reduced with decreasing temperatures, increasing mobilities are observed at
low temperatures [147, 148]. Zhu et al. have proposed that charge carriers are pro-
tected from scattering with charged impurities by a screening of mobile electronic
charge and immobile charged defects via large polarons [42].

Furthermore, a mechanism of photon recycling has recently been shown to occur
in metal halide perovskites [149, 150]. The term photon recycling describes the
process where photons that have been emitted due to radiative recombination, are
reabsorbed instead of being emitted out of the film. This reabsorption of emitted
photons has been demonstrated to take place at least once for each photoexcited
state, which can be transported over distances as large as 50 µm [149]. These experi-
mental results provide evidence that energy transport is not only determined by the
diffusive charge transport but also by multiple absorption-diffusion-emission events,
offering another explanation for the measured charge carrier diffusion lengths, that
are surprisingly long for solution-processed, polycrystalline films.

The above mentioned mechanisms of large polaron formation, photon recycling,
etc., are expected to significantly impact the charge carrier lifetime in metal halide
perovskites, that is eventually terminated by one of multiple recombination events,
as discussed next.
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Charge Carrier Recombination

The mechanism and dynamics of charge carrier recombination play a fundamental
role for the device physics of solar cells, as the lifetime of free charge carriers and
their related diffusion lengths LD limit the time/distance available for charge ex-
traction at the adjacent electrodes, before competing recombination takes place.
After photoexcitation, the decay of the free charge carrier density n(t) is given by:

dn

dt
= −k1n− k2n

2 − k3n
3 (2.6)

with k1, k2 and k3 as rate constants for monomolecular, bimolecular and Auger
recombination, respectively. Figure 2.7 illustrate the different recombination mech-
anisms.

Monomolecular recombination is defined as a process involving one particle, which
can either be a single electron or hole in the conduction or valence band, as well
as a bound electron-hole pair. As photoexcited states in metal halide perovskites
have been determined to separate into free charge carriers at room temperature, the
monomolecular rate constant k1 is most likely caused by trap-assisted recombination
(Figure 2.7a). Thereby, the rate constant k1 depends on the cross section, energetic
depth, density and distribution of trap states. As these parameters are significantly
dependent on sample preparation, a wide range of values of 1× 106-250× 106 s−1

has been reported for k1 in metal halide perovskites (corresponding to τ1 = k−1
1 =

4 ns - 1 µs) [127].

Bimolecular recombination depends on both the density of free electrons ne and
holes nh, with nenh = n2 for photoexcitation. In fact, bimolecular recombination
of free electrons and holes can be viewed as an intrinsic, photon-emitting recombin-
ation that directly relates to the reverse process of photon absorption. Reported
values of k2 (0.6× 1010 to 14× 1010 cm3s−1) display a smaller dependence on pro-
cessing conditions as it relies on intrinsic material properties. The low value of k2

has attracted significant scientific interest, as it is 4 - 5 orders of magnitudes lower
as predicted by Langevin theory [122], that defines the ratio of bimolecular recom-
bination rate and charge carrier mobility to be k2/µ = q/ε0εr. As Langevin theory
assumes that electrons and holes recombine once they move within their joint cap-
ture cross section, reduced values of k2 indicate a mechanism that acts again the
recombination of free charge carriers.

One explanation for the low k2 bases on the Coulomb screening of charge carriers
by local polarization of the crystal lattice via formation of large polarons, either by
a deformation of the PbX3 sublattice or orientation of organic cations [41, 42]. An-
other theory explaining the slow carrier recombination bases on fluctuations in the
crystal structure that cause a dynamic band structure, fluctuating between a direct
and an indirect band gap [43, 70]. As the indirect band gap is proposed to be only
slightly lower than the direct band gap, the small energetic difference is expected to
not greatly affect the absorption strength, while prolonging the lifetime of charge
carriers due to momentum conversion. Furthermore, the above discussed effect of
photon recycling is expected to prolong the experimentally measured bimolecular
recombination rate.
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Auger recombination is a many-particle process, that involves the recombination of
a free electron with a free hole and an energy and momentum transfer to a third
charge carrier (either an electron or hole). Due to the requirement of energy and
momentum conversion, k3 largely depends on the material’s band structure. As
Auger recombination (k3 ∼ 1× 10−28 cm6s−1 [127]) starts to dominate for high
charge carrier densities [151], it is only relevant for application of metal halide
perovskites in lasers or solar concentrators.

The total charge carrier recombination rate

r(n) = k1 + nk2 + n2k3 (2.7)

is dependent on the charge carrier density n and is inversely proportional to the
lifetime of free charge carriers τ = r(n)−1. Hence, the diffusion length LD of free
charge carriers in Equation 2.4 can be rewritten as

LD(n) =

√
µkBT

r(n)q
(2.8)

As k2 and k3 are mostly intrinsic material properties, the diffusion coefficient is
determined by the rate constant k1 of trap-assisted recombination. Likewise, the
radiative efficiency of recombination φ(n), or photoluminescence quantum efficiency
(PLQE), is also mainly influenced by trap-assisted recombination:

φ(n) =
nk2

k1 + nk2 + n2k3
(2.9)

Figure 2.7.: Recombination mechanisms: a) Monomolecular recombination via
charge trapping at a defect state with an energy Et lower than the con-
duction band minimum (non-radiative). b) Bimolecular recombination
of an electron and a hole with photon emission (radiative). c) Auger
recombination of an electron and a hole with energy and momentum
transfer to a third charge carrier (non-radiative). Image adapted from
reference [127].
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Here, it is assumed that only bimolecular recombination results in radiative photon
emission (see Figure 2.7). Wetzelear et al. have shown that monomolecular re-
combination is non-radiative in metal halide perovskites, with an energy transfer
to lattice phonons instead of photon emission [20]. Likewise, Auger recombination
is non-radiative as the released energy of electron-hole recombination is transferred
to a third particle.

As monomolecular, trap-assisted recombination has been shown to dominate at
charge carrier densities that are typical for photoexcitation with an intensity of
one sun [20, 32, 151], much focus has been placed on reducing the density of trap
states to improve both the charge carrier diffusion length LD(n) and the radiative
recombination efficiency φ(n). Although MAPbI3 films can have a high internal
PLQE (independent of effects like photon-recycling and light-outcoupling efficiency)
up to 70 %, significant non-radiative recombination is still present even within the
bimolecular intensity regime [32]. As the radiative recombination efficiency directly
determines the open-circuit voltage Voc (see Equation 2.3), further improvements
of the Voc towards its theoretical limit of Voc = 1.3 V require the elimination of
non-radiative recombination channels via deep trap states [152]. Such electronic
trap states arise from defects in the crystal structure of metal halide perovskites,
as discussed in the following section.

2.4. Crystal Defects

In general, defects are interruptions of the periodic crystal structure by misarrange-
ment of atoms or molecules. Defects can be either of extrinsic or intrinsic nature.
While extrinsic defects are commonly formed by impurities via inclusion of foreign
atoms, intrinsic defects are formed by point or structural defects of the intrinsic
crystal lattice, as displayed in Figure 2.8. Point defects are imperfections in the
unit cell itself, that can arise from vacancies (unoccupied lattice sites), antisites
(occupation of lattice sites by wrong atoms or molecules) or interstitials (atoms or
molecules occupy crystal positions that are not occupied in the perfect unit cell).
Structural defects describe imperfections on the larger scale, including dislocations
and grain boundaries. Figure 2.8b shows how grain boundaries are formed if two
regions with different orientations of their crystal structure (grains) are pressed up
against each other.

The two most common point defects in an ionic crystal are Frenkel defects and
Schottky defects. While a Schottky defect consists of a pair of cation and anion
vacancies of two different ionic species, a Frenkel defect forms when one ion is
displaced from its lattice position, creating a vacancy and an interstitials of the
same ionic species. As both types of defects comprise a stoichiometric amount of
opposite charge, defect formation maintains charge neutrality in the crystal in both
cases.

The impact of defects on electronic charge transport depends on their energetic po-
sition, their density and their capture cross section, which is a parameter describing
how easily a defect interacts with free charge carriers. Defects form electronic trap
states, that are able to capture free charge carriers, if their energetic position is
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Figure 2.8.: Schematic illustration of a crystal lattice with two different atoms (red
and blue circles) at the lattice sites. Possible origins of defects can be
a) point defects and b) structural defects (here: grain boundaries).

below the conduction band minimum or above the valence band maximum of a
semiconductor. Figure 2.9 illustrates how the relative energetic position Et of the
trap state to the conduction band minimum (or to valence band maximum) determ-
ines if the defect forms a shallow trap (Et ≈ kBT ) or a deep trap state (Et � kBT ).
While shallow defects continuously capture and release charge carriers and thereby
mainly reduce their mobility, deep trap states typically capture a charge carrier
until they eventually recombine with an opposite charge carrier via non-radiative,
monomolecular recombination (Shockley-Read Hall recombination). As explained
above (Equation 2.9 and Equation 2.3), this non-radiative, trap-assisted recombina-
tion mechanism is a major loss mechanism in solar cells by reducing the open-circuit
voltage. Improving device performances therefore requires to either minimize the
density, energy depth or capture cross section of deep trap states, or all together.

Figure 2.9.: Schematic illustration the defect energy level within the band gap of
a semiconductor, forming either a shallow trap state (Et ≈ kBT ) or a
deep trap state (Et � kBT ). The same mechanism applies to defects
close to the valence band edge.
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2.4.1. Defects in Metal Halide Perovskites

As thin films of metal halide perovskites are commonly processed from solution and
crystallized at low temperatures, formation of defects is almost unavoidable. The
resulting polycrystalline films are therefore prone to inhomogeneous film formation
and grain boundaries [153, 154], with a high sensitivity of the film morphology on
the specific crystallization conditions [155–157]. Consequently, typical defect dens-
ities of polycrystalline MAPbI3 films are in the order of 1016 cm−3 [24, 32]. This
corresponds to one in a million unit cells containing a defect and is comparable
to highly crystalline organic semiconductors [158]. In contrast, metal halide per-
ovskite single crystals (109-1010 cm−3) [119, 159], as well as crystalline inorganic
semiconductors like crystalline silicon (108-1010 cm−3) possess significantly lower
defect densities [160].

Despite their moderate defect densities, metal halide perovskites films achieve excel-
lent optoelectronic properties as discussed in Section 2.3, including high radiative
efficiencies and long charge carrier lifetimes. This indicates a reduced electronic im-
pact of defects on charge carrier transport in metal halide perovskites. Hence, the
question arises if only shallow energetic depths Et or reduced capture cross sections
make defects in metal halide perovskite electronically benign. However, the sharp
absorption onset of metal halide perovskites displays small Urbach energies of 20-
40 meV, reflecting a low density of sub-band gap states close to the band edges, that
is typically caused by disorder in the crystal structure [27, 161, 162]. In order to
understand the remarkable, defect-tolerant properties of metal halide perovskites,
further in-depth studies are of utmost importance to reveal the exact nature and
respective energy levels of defects. It is expected that a thorough understanding
of the origin of defects will enable rational solutions towards their elimination and
ultimately yield device performances approaching theoretical power conversion effi-
ciency limits of 29-33 % [17, 32]. As the majority of studies focuses on the reference
model MAPbI3, the following paragraphs will summarize reported theoretical and
experimental work on defects in MAPbI3. Table 2.2 provides a summary of the
reported defect properties in MAPbI3, while Figure 2.10 presents an overview of
the various parameters determining defect properties in metal halide perovskites.

Reported Theoretical Work

Theoretical calculations based on first-principle studies have been the primary
choice of method to gain insight into the nature of defects in MAPbI3 [16, 26,
65, 82, 163, 164], with recent application to MAPbBr3, MAPbCl3 and FAPbI3

[165, 166]. These studies typically determine both the defect formation energy, a
parameter characterizing the probability of a defect to form, and the defect energy
level. It was found that the most likely point defects in MAPbI3 are vacancies Vx of
species X (VMA, VPb and VI) and interstitials Xi (MAi and Ii) [26, 65, 82]. However,
most of these defects form energy levels that are either in close proximity to the
band edges or not in the band gap at all [26, 65, 82]. In contrast, interstitials (Pbi

and Ii), as well as antisites XY (IPb, Pbi, IMA), where species X resides on the site
of species Y, are predicted to form deep defects with Et > 0.4 eV, but calculated
formation energies are too high to expect considerable densities of these defects at
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room temperature [26, 82]. However, based on a dependence of formation energy
on iodide-rich or iodide-poor precursor conditions, Buin et al. propose that the
density of deep defects of IPb increases for iodide-rich precursor conditions [26]. Du
et al. also suggest iodide related defects (i.e. Ii) to be the dominant source of deep
trap states in MAPbI3 [164]. Besides point defects, metal halide perovskites thin
films comprise a high density of grain boundaries. Yet, at least in case of MAPbI3,
theoretical calculations predict that grain boundaries do not generate states in the
band gap and are therefore proposed to be electronically benign [16, 167].

Several crystal properties have been suggested to be responsible for the shallow
defect energy levels of point defects and grain boundaries. Due to the antibonding
nature of the Pb lone pair s and the halogen p orbital, broken bonds are expected to
create states within the bands instead of within the band gap [65]. Likewise, based
on the ionic characteristics of metal halide perovskites no dangling bonds arise
from vacancy formation [65, 168], in contrast to other crystalline semiconductors
like silicon. Other explanations for the observed defect tolerance base on a reduced
capture cross-section of defects [17, 23]. Assuming a Coulombic model for the
capture cross-section St, a capture event occurs when the electrostatic potential
energy exceeds thermal energy kBT , as displayed in the following relation for the
capture cross-section St [23]:

St =
q

16π(εrε0kBT )2
(2.10)

Due to the quadratic relation, a high dielectric constant can significantly reduce the
capture cross-section of charged trap states. In fact, the static dielectric constant
of MAPbI3 has been measured to be εr ≈ 17 − 70, which is rather high compared
to Si (εr = 11.0) or GaAs (εr = 12.9) [17]. On the other hand, long lifetimes of
trapped charge carriers (10-100 µs) before recombination with an opposite charge
carrier takes place, have been cited to make defects electronically benign during
their occupation [27].

Reported Experimental Work

To date, limited conclusive experimental studies are available to support these the-
oretical reports. Although a variety of experimental approaches exists to study the
density and energetic depth of defects, a direct correlation to a specific crystallo-
graphic origin remains a major challenge.

The energy level of defects can be determined by thermally stimulated current
measurements (as explained in Section 3.4 and applied in Chapter 7) [29, 171],
admittance spectroscopy [30, 31], and sensitive external quantum efficiencies [31].
These different approaches present experimental evidence for the existence of deep
level defects in MAPbI3 films with energetic depths of 0.50-0.66 eV [29, 31]. How-
ever, admittance spectroscopy measurements indicate that shallower defects with
energetic depths of 0.24-0.35 eV might also be present in MAPbI3 films [30, 31].
Similar doping and defect densities in MAPbI3 are also interpreted as evidence for
the existence of shallow defects close to the band edges, that act as unintentional,
intrinsic dopants [65, 168, 172, 173].
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Ref. Origin Energy Et

(eV)
Density (cm−3) Method

[26] Pbi, Ii,
PbI, IPb

0.5 - 0.7 high for
iodide-rich

growth conditions

DFT

[82] Pbi, PbI,
IPb, IMA

0.5 - 0.7 - DFT

[29] - 0.5 1015 TSC

[31] - 0.24/0.66 1016 Admittance spectroscopy

[30] - 0.35 - 0.55 - Admittance spectroscopy

[169] - 0.17 1016 Admittance spectroscopy

[169] hole trap 0 - 0.5 1015 − 1016 EQE and TAS

[24] - - 1016 PL decay

[170] - - 1016 − 1018 PL intensity map

Table 2.2.: Reported defect properties of MAPbI3 listed for different theoretical
and experimental methods: Density functional theory (DFT), thermally
stimulated currents (TSC), admittance spectroscopy, external quantum
efficiency (EQE), transient absorption spectroscopy (TAS) and photo-
luminescence measurements (PL).

For the experimental determination of the defect density, dynamic photolumines-
cence or transient absorption measurements [24, 150, 174], as well as J-V meas-
urements can be applied [119, 159]. Furthermore, thermally stimulated current
measurements and admittance spectroscopy allow to correlate (lower limits of) de-
fect densities with defect energy levels. Typically, these various methods determine
similar defect densities in the order of 1016 cm−3 [24, 31, 150, 174].

Decreasing photoluminescence intensity with increasing temperature for films or
single crystals of MAPbI3 have been interpreted as an increase in the density of
thermally activated defect states [24, 32, 175, 176]. Furthermore, a spatial inhomo-
geneity of defect densities has been revealed by spatially resolved photoluminescence
maps, with variations over two orders of magnitudes up to 1018 cm−3 [170]. Both
confocal and wide-field photoluminescence maps show local heterogeneity between
different grains, as well as reduced radiative emission at grain boundaries [177].
Recent work suggests that local chemistry [108] or even specific grain orientations
substantially impact local defect densities [178].

The role of grain boundaries on charge carrier transport and recombination remains
a subject of debate. Although grain boundaries are characterized by reduced pho-
toluminescence intensity, photoluminescence lifetimes are equal as in grain interiors
[174, 179]. It is therefore assumed that grain boundaries do not dominate non-
radiative recombination in MAPbI3 films [102, 179]. Further evidence for the bene-
ficial role of grain boundaries are provided by nanoscale electronic measurements,
like scanning Kelvin probe microscopy (SKPM) and conductive atomic force mi-
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Figure 2.10.: Infographic of the various parameters that are expected to determine
defect properties in metal halide perovskites.

croscopy. An improved charge carrier separation and collection is observed at grain
boundaries, that might be related to a small potential barrier of tens of meV along
them [180, 181]. Hence, conflicting reports of either enhanced or unaffected solar
cell performances for increasing grain sizes might be resolved by the fact that not
a decrease in grain boundary density but an increase in crystal quality of the grain
interior is responsible for the improved device characteristics [102, 154].

In contrast to grain boundaries, crystal surfaces have been unambiguously demon-
strated to posses increased defect densities [182, 183]. Spectroscopic characteriza-
tion of MAPbI3 present experimental evidence that crystal surfaces posses increased
trap state densities of around 1017 cm−3 compared to densities of 1015 cm−3 in the
bulk [182], which are supposed to arise due to the susceptibility of surfaces for
structural deformations.

While experimental results provide insights into the energy depth, density and spa-
tial distribution of defects in metal halide perovskites, their crystallographic source
remains unclear. Conclusive experimental evidence suggests predominately electron
trapping [20, 27], however hole trapping has been reported, too [183]. Effective re-
duction of electron trap states by chemical surface passivation of MAPbI3 films with
Lewis bases, such as pyridines, thiophenes or trioctylphosphine oxide [141, 184], or
fullerenes [30], suggest that undercoordinated lead or iodide vacancies at film sur-
faces form major sources of non-radiative defects.

With respect to solar cell operations, the impact of external stress, e.g. of illumin-
ation or atmospheres, has to be considered, as well. The effect of light-soaking on
defect properties of metal halide perovskites have been widely discussed, based on
a variety of experimental observations. Radiative recombination has been demon-
strated to either decrease [185], or increase [24, 108, 163, 186], or initially increase
and then decrease [187], under light exposure in vacuum or nitrogen atmosphere.
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In addition, significant enhancement in radiative emission by exposure to oxygen
atmospheres have been reported [185–187]. This oxygen boosting has been related
to a deactivation of non-radiative defects by photochemical reactions involving pho-
togenerated charge carriers and oxygen related species. On the other hand, pho-
toinduced migration of ionic defects has been demonstrated to reduce the overall
amount of non-radiative defect sites by spatially redistributing mobile defects [108].
Similar triggering of ionic motion by illumination also causes halide segregation
of mixed halide perovskite films, leading to inhomogeneous energy landscapes and
inefficient charge carrier collection [86]. The ability of ions to migrate through the
crystals is also a major source of polarization in metal halide perovskites and will
be discussed in detail in Section 2.5.3.

2.5. Polarization

In general, the polarization
#—

P is defined as the vector sum that expresses the density
of permanent or induced electric dipole moments in a dielectric material. An electric
dipole moment #—µi is generated by the separation of charge qi over a distance di:

#—µi = qi ·
#—

di (2.11)

Application of an electric field
#—

E to a dielectric material can polarize the material,
causing the vector sum of all electric dipoles, and hence the polarization

#—

P inside
a material of volume V , to be larger than zero:

#—

P =
1

V

∑
#—µi (2.12)

Figure 2.11 displays that these dipole moments µi, and the resulting polarization,
can be caused by different mechanisms, taking place on various length scales. While
atomic polarization describes the separation of the center of a nucleus and the elec-
tron cloud within a single atom, ionic polarization happens by the displacement of
ions from equilibrium position within an ionic solid. The orientation of molecular
dipoles in the direction of an electric field, which would otherwise be thermally
randomized, is called orientation polarization. Polarization on an even larger scale
is described as interface polarization and involves the movement of charge carriers
under an applied electric field. Usually, interface polarization results in an align-
ment of charge dipoles at grain boundaries or interfaces between the material and
an electrode. The polarization

#—

P varies as a function of the applied electric field
#—

E
and is closely related to the dielectric constant ε = ε0εr, with ε0 as permittivity of
empty space and εr as dielectric constant. The expression

#—

P = (εr − 1)ε0 ·
#—

E (2.13)

is derived from the electric displacement field
#—

D:
#—

D = ε0 ·
#—

E +
#—

P = ε · #—

E (2.14)

As all polarization mechanisms respond to an electrical field by shifting masses, the
dielectric response of a material to an AC electric field is highly frequency depend-
ent. Hence, the dielectric constant εr decreases with increasing frequency due to
freezing out of each polarization mode, starting with slow processes of interface po-
larization, followed by faster processes of ionic polarization and atomic polarization,
and eventually resulting in the dielectric constant of vacuum, i.e. ε0.
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Figure 2.11.: Schematic illustration of different polarization mechanisms and cor-

responding charge configurations under an applied electric field
#—

E.
Image adapted from reference [188].

Piezo-, Pyro- and Ferroelectricity

Electric polarization of a material can result in piezo-, pyro- or even ferroelectric
properties. In general, all materials experience a small change in dimension when
exposed to external forces like an electric field, mechanical stress or a change in tem-
perature. Depending on their material structure, this small change in dimension can
result in a change in electrical polarization by shifting the relative position of atoms
within the unit cell. Thereby, the symmetry of the crystal’s unit cell determines
if the material exhibits piezo-, pyro- or ferroelectric effects. Out of the 32 classes
of crystal symmetry point groups, 20 noncentrosymmetric groups are piezoelectric,
thus being polarizable under mechanical stress. Within this group of piezoelectric
crystal structures, 10 point groups are pyroelectric, with permanent dipoles that
make the material spontaneously polarizable. If this spontaneous polarization is
reversible by an external electric field, the material exhibits ferroelectric proper-
ties. Figure 2.12 displays the relationship between piezo-, pyro- and ferroelectric
materials.
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Figure 2.12.: Classification of piezo-, pyro- and ferroelectric materials.

2.5.1. Polarization in Metal Halide Perovskites

MAPbI3, and related hybrid perovskites, possess a strong polarizability, with a
dielectric constant of εr ≈ 50 at a frequency of 1 kHz and a static dielectric constant
of εr ≈ 25, as predicted by electronic structure calculations [39, 189]. The following
four polarization mechanisms have been discussed to contribute to the high dielec-
tric constant of hybrid perovskites: (1) ionic polarization by the off-center shift
of Pb2+ in the inorganic sublattice PbI3 [73, 190], (2) displacement between the
organic (MA+) and inorganic sublattices (PbI3

-) [190], (3) orientation polarization
caused by the dipole moment of the rotating organic cation [66, 73, 191], (4) as
well as interface polarization caused by migration of mobile ions under an applied
electric field [35, 38, 50].

The contribution of each of these polarization mechanism in metal halide perovskites
is still under debate. Based on first principle calculations it is expected that the off-
center motion of lead is very weak, while the polar organic cations are expected to
contribute a major portion to the polarization in metal halide perovskites [190, 192].
Identifying the relevant polarization mechanisms is a current issue in perovskite
solar cell research. Slow polarization mechanisms are expected to cause complex
transient responses in metal halide perovskites [110, 111, 193], including the above
discussed current-voltage hysteresis of perovskite solar cells [117, 118]. These slow,
transient phenomena observed under applied electric fields have been explained
both in the context of ferroelectric properties caused by the polar organic cations
[73], as well as by migration of mobile ions [50, 117]. In the following, the processes
of ionic and orientational polarization (organic cation polarization) and interface
polarization (ion migration), and their potential impact on device performance, will
be discussed in detail.

2.5.2. Ionic and Orientation Polarization

As perovskite oxides are well known to be ferroelectric [194], metal halide per-
ovskites have also been proposed to possess ferroelectric properties [195, 196]. Early
work suggested that ferroelectric order in metal halide perovskites could help to im-
prove charge separation and to reduce charge recombination via ferroelectric domain
walls (favorable) [37, 45, 197], or cause the hysteresis in current-voltage curves via
ferroelectric domain switching (unfavorable) [73]. Likewise, Rashba splitting, an
effect arising from a breaking of inversion symmetry that is also associated with
ferroelectricity, has been proposed to lead to long carrier lifetimes and reduced car-
rier recombination [43, 44]. Understanding the chemical origin and orientation of
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ferroelectric domains would allow to realize intriguing device functionalities by com-
bining both semiconducting and ferroelectric properties in metal halide perovskites,
e.g. an enhancement of solar cell performances by ferroelectric polarization [198].
However, both the existence of ferroelectric properties and its potential impact on
device operation, as well as the polarization mechanism responsible for the proposed
ferroelectricity are still highly controversial. In the following, both theoretical and
experimental work will be summarized to give an overview of the current state of
knowledge.

Reported Theoretical Work

Theoretical work on Rashba splitting in MAPbI3 suggests that polarized domains
arise both from the Pb-I bond and the organic cation rotation [43, 44]. However, a
detailed polarization analysis by Fan et al., that included orientational polarization
by the organic cation and ionic polarization by a shift of organic and inorganic
sublattices, as well as by a off-center displacement of lead, indicates that the organic
cation contributes the majority to the calculated polarization in MAPbI3 [190]. This
orientation polarization by polar organic cations has been proposed to result in a
stable formation of ferroelectric domains in MAPbI3 at room temperature, with a
macroscopic polarization of 8-38 µC/cm2 [45, 190], which is comparable to typical
perovskite oxides like KNbO3 [199].

Yet, the relatively weak interaction (25-100 meV) and rapid rotations of MA cations
(residence times of around 14 ps at 295 K) suggest that their polar ordering is
unlikely at room temperature [59, 66]. As the relaxation times of rotating or-
ganic cations have been shown to be highly temperature dependent [200], other
studies have calculated that organic cations align in micrometer-sized domains at
low temperature, while the domain size decreases with increasing temperature due
to increasingly disordered molecules [73]. This low temperature alignment of or-
ganic cations has been proposed to be either of polar [66, 201] or antipolar nature
[66, 73, 202]. Yet, the persistence of polar domains into the room temperature phase
is still under debate. Filipetti et al. have proposed that with increasing temper-
ature polarization is progressively suppressed and ferroelectric ordering is hindered
by the large configurational entropy [201]. In contrast, Frost et al. have suggested
that randomly oriented ferroelectric domains persist at room temperature and can
be oriented into a net polarization by application of an electric field [73].

Although the switching of ferroelectric domains has been proposed to cause the
current-voltage hysteresis of perovskite solar cells [73], it is now commonly ac-
cepted that the switching dynamics of 0.1-1 ms of organic cations are too fast to
contribute to the observed slow hysteresis phenomena [66]. Further proposed con-
tributions of ferroelectric domains to solar cell performance base on variations in
the potential landscape caused by ferroelectric domain walls, that selectively at-
tract either electrons or holes, and thereby improve charge separation and reduced
charge recombination in perovskite solar cells [37, 45]. By studying the polarization
mechanism of organic cations in detail across the orthorhombic-tetragonal phase
transition, Section 7.3 presents experimental evidence of the impact of cation
alignment on solar cell performance in perovskite solar cells.
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Reported Experimental Work

Several microscopy techniques have provided experimental proof of local polarized
domains in metal halide perovskites. Using scanning tunneling microscopy, MA
cations have been shown to align both in polar and antipolar domains in MAPbBr3

at low temperature [203]. Likewise, transmission electron microscopy [204] and
numerous piezo-force microscopy (PFM) measurements [205–209] display intrinsic
polar domains within single crystals and grains of thin films of MAPbI3 at room
temperature, with domain widths of around 100 nm. Some of these reports further
present experimental evidence of improved charge carrier extraction at domain walls
[205], enhanced polarizability by photoexcitation [208], as well as the existence of
polar domains even for the fully inorganic metal halide perovskite CsPbI3 [210].
However, the switchability of these polar domains by external electric fields remains
unclear. While some reported PFM measurements present a change in polarization
direction by 180◦ by external electric fields [206, 210], other reports did not observe a
switching of polar domains with similar electric fields (∼ 1-10 V/µm) [190, 204, 207].
Therefore, no consensus exists if the observed polar domains are of ferroelectric
nature.

On the macroscopic scale, several studies investigated the ability to switch the ob-
served polar domains by electric fields using P-E loop measurements, by detecting
changes in polarization P with a reversing electric field E. Interestingly, most re-
ported P-E loops on MAPbI3 display no ferroelectric properties on the macroscopic
scale at room temperature [34, 190, 211]. In contrast, Rakita et al. presented P-E
loops measured on MAPbI3 single crystals at 204 K that resemble typical ferro-
electric properties and claimed that the alignment of organic cations can result in
ferroelectric domains in tetragonal MAPbI3, yet not at higher temperatures due to
their increased thermal fluctuation [195]. Due to this poor polarization retention at
room temperature, Gue et al.. proposed that metal halide perovskites are in fact
relaxor ferroelectrics [212].

At this point it has to be noted that the experimental determination of ferroelectric
properties in metal halide perovskites is obscured by several mechanisms. First of
all, the analysis of P-E loops can easily be misinterpreted, as even bananas have
been shown to display ferroelectric-like P-E loops [213]. Next, if polar domains
form on the microscopic scale, as indicated by PFM measurements, the strongly
dynamic disorder of organic cations at room temperature could lead to zero averaged
polarization at the macroscopic scale [201]. And finally, the relatively high electronic
and ionic conductivity of metal halide perovskites is expected to further obscure
measurements of small remnant polarization [190, 210].

2.5.3. Interface Polarization: Ion Migration

Another mechanism of polarization, that is expected to play a major role in many
dynamic phenomena of metal halide perovskite based devices, is the migration of
mobile ions under external stresses like electric fields or illumination.
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Ion Migration in Solids

In general, ionic conduction in solids describes the movement of an ion from one site
to another through defects in a crystal lattice. Driving forces for ionic conduction
can be electric fields or concentration gradients. The ionic conductivity σion is
determined by:

σion = nion · Zion · q · µion (2.15)

with nion as density of mobile ions, Zion as ionic charge and µion as the mobility
of ions. Equation 2.15 shows that the relevance of ionic conduction is determined
both by the ionic carrier density nion and the ionic mobility µion. The ionic carrier
concentration can be composed of extrinsic or intrinsic defects. Typical intrinsic
defects include mobile vacancies or mobile interstitials (see Figure 2.13a), whose
concentration can be thermally enhanced at higher temperatures. The ionic mobil-
ity µion is related to the diffusion coefficient Dion by the Einstein relation:

Dion =
kBT

q
· µion (2.16)

Assuming a static lattice, the transport of ionic vacancies or interstitials can be
described by discrete jumps. Given this hopping description, adaption of rate the-
ory gives the following relation for the jump frequency υ and the related diffusion

Figure 2.13.: a) Schematic illustration of mobile vacancies and mobile interstitials
in an ionic solid. b) Schematic illustration of the migration and ac-
cumulation of positive and negative ions at negatively and positively
biased electrodes, respectively. Each hopping step to the next lattice
site requires the activation energy Ea. Image adapted from reference
[47].
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coefficient Dion [214]:

υ(T ) ∼ exp

(
−Ea

kBT

)
(2.17)

Dion(T ) = D0 · exp

(
−Ea

kBT

)
(2.18)

The activation energy Ea results from the required lattice distortion that is ne-
cessary for the ionic movement. Typical perovskite-type oxides like LaBO3 (B =
Cr, Mn, Fe, Co) exhibit oxygen ion migration with activation energies of 0.5-0.9 eV
[215].

Figure 2.13b displays how the resulting migration of mobile ions under an electric
field causes an accumulation of charge at the biasing electrodes, resulting in interface
polarization.

Ion Migration in Metal Halide Perovskites

Several experimentally observed phenomena in metal halide perovskites have been
attributed to the formation of defects and their ability to migrate within the crys-
tal lattice. These effects range from current-voltage hysteresis, to a switchable
photovoltaic effect, and light-induced changes of optical and electronic properties
[35, 107–109]. While it is now accepted that the mixed ionic-electronic conductivity
[216], combined with low defect formation energies [217], can give rise to the com-
plex transient responses of metal halide perovskites with time scales of 10−3-103 s
[110–112], the interplay of these factors is still poorly understood and is currently
of great interest for perovskite-based solar cells.

In recent literature, the organic A-site cation, halide X-site anion, and even the lead
B-site cation have all been proposed or even demonstrated to be mobile in MAPbI3

films [48, 107, 109, 110, 218, 219]. Table 2.3 summarizes calculated activation ener-
gies for ionic species related to iodide, methylammonium or lead. It has to be noted
that varying theoretical calculations predict either vacancy-dominated [49, 50, 52],
or equivalent migration of associated Frenkel defects of halide vacancies and in-
terstitials [47, 51]. Although there exists a considerable range in reported values,
these calculations suggest that iodide vacancies or interstitials are the most mobile
species in MAPbI3, while the high activation energy of lead of over 2 eV excludes a
significant impact of lead migration at room temperature (see Table 2.3). However,
the close proximity of calculated activation energies between iodide and MA related
ions, as well as the similarly wide range of experimentally measured activation en-
ergies (0.1-0.6 eV), do not allow to draw direct conclusions about the contribution
of specific mobile species to the ionic conductivity in MAPb3. Furthermore, ex-
perimentally measured activation energies of ion migration in perovskites usually
do not contain any information about the probed species. Although experimental
reports have claimed that methylammonium ions would be the dominant mobile
species [107], direct experimental proof of iodide migration suggest that halide-
related defects are the most mobile species in metal halide perovskites [218, 222].
Nevertheless, the broad range of observed response times within the operation of
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Ionic Species Activation Energy Ea (eV) References

Theory: I 0.08 - 0.58 [47–52]

Theory: MA 0.46 - 1.12 [47–51]

Theory: Pb 2.3 [49]

Experiment 0.1 - 0.6 [49, 116, 216, 220, 221]

Table 2.3.: Range of calculated activation energies for the migration of iodide (I),
methylammonium (MA), or lead (Pb) related mobile ionic species in
MAPbI3 (including values for associated vacancies and interstitials).
The range of experimentally determined activation energies of ion migra-
tion in MAPbI3 is presented without an ionic assignment, as the probed
ionic species is often unknown.

perovskite solar cells might indicate that several ionic conduction mechanisms are
present on different time-scales.

On a microscopic scale, ionic migration has been proposed to posses a strong de-
pendency of activation energies on crystal direction [51, 223]. Furthermore, a local
screening of moving ionic charge by coupled rotation of organic dipoles has been pro-
posed to assist the migration of iodide in MAPbI3 [224]. On the macroscopic scale,
grain boundaries have been suggested to enhance ionic mobility [225, 226]. This
impact of film morphology on the extent of ionic conductivity is further supported
by increased activation energies determined for MAPbI3 single crystals compared
to polycrystalline films [227]. Likewise, activation energies have been reported to
depend on crystal strain [228], as well as on illumination with significant reductions
in Ea during photoexcitation [227].

Stability Issues due to Ion Migration

Ion migration is seen as a primary stability concern of halide perovskite-based photo-
voltaic and optoelectronic devices [35, 46]. Ionic movement has been show to lead
to fast (hysteresis) [111–113] and slow performance degradation (reversible losses,
recover to initial value after dark storage for several hours) [110].

The movement of ions within the perovskite layer and their accumulation at ad-
jacent layers during the device operation of perovskite solar cells is expected to
influence, i.e. screen, the electric field distribution within the device. Low mobilit-
ies of mobile ions cause ionic defects to respond slowly to the applied electric field,
and result in a dependence of charge collection efficiency on the biasing history and
the applied voltage rate [111–113]. Numerical models, that successfully reproduced
the experimentally observed current-voltage hysteresis, show that slow moving ions
with a diffusion coefficients of around 10−11 cm2/Vs are able to explain the ob-
served hysteresis in perovskite solar cells. These models either assumed an ionic
charge buildup close to the blocking layers that screens the applied potential [118],
or a combined action of ion migration and electronic charge traps, that serve as
recombination centers [117, 229]. A correlation between the immobilization of ions
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by passivation of grain boundaries with fullerene derivatives and reduced current-
voltage hysteresis further emphasizes the significant contribution of mobile ions to
hysteresis phenomena in perovskite solar cells [30, 230]. Furthermore, the extent of
hysteresis was found to depend on the solar cell architecture [229], with a milder
impact on device performance for planar p-i-n devices [85, 231]. It is therefore
essential to understand how the defect formation and subsequent accumulation of
mobile defects at interfaces affect the device performance in the long-term, because
minor reversible losses can also be an obstacle for long-term stability.

Furthermore, light-induced formation of sub-band gap emissive states in mixed hal-
ide perovskite films, such as MAPb(I0.8Br0.2)3, has been explained in the context
of mobile ions [86, 232]. It has been proposed that the steep carrier generation
gradient that exists during localized (laser) illumination, together with the slower
mobility of iodide, results in bromide depletion at the illuminated area. Despite
the proven reversibility of this effect after storage in dark, such phase segregation
can cause reversible losses by the formation of recombination centers and become
consequent obstacles for implementation. Beside reversible processes, irreversible
changes in film properties for application of electric fields larger than 1 V/µm have
been explained by a decomposition of the perovskite film due to an ultimate accumu-
lation of immobilized ions at the electrodes, that is enhanced in moist atmospheres
[233, 234].

Recent approaches to suppress ion migration, e.g. via surface passivation of grain
boundaries [30, 230], or larger grain sizes [227], highlight the possibility to con-
trol ionic conductivity through defect passivation and chemical engineering, which
should be investigated further. Additionally, the interaction of mobile ions and
electronic charge carriers is not well understood, yet. Although changes in emis-
sion properties under bias have been assigned to mobile ions [233–235], it is still
unclear if ion migration necessarily causes the creation of deep trap states, that
substantially reduce charge carrier lifetimes. As ionic motion is mainly triggered
by electric fields and illumination, and is known to happen during device operation
[109], it is important to better understand the correlation between voltage, light,
defects, mobile ions and electronic charge carriers. This interplay of mobiles ions
with electronic charge carriers and the resulting changes in defect properties are
investigated for thin films of MAPbI3 and FAPbI3 in Chapter 5.

Up to now, only few reports studied the ionic mobility µion in metal halide per-
ovskites, which is of utmost importance to evaluate the dynamics and hence time-
scales of ionic motion in perovskite devices. The wide range of these few theoret-
ically and experimentally determined ionic mobilities (10−6-10−11 cm2/Vs) [36, 49,
52, 216, 236] calls for an experimental technique that allows a direct investigation
of mobile ions in metal halide perovskites. For this purpose, Chapter 6 presents
a novel approach to determine both Ea and µion of the same ionic species, that
allows to directly observe and quantitatively analyze ion migration in metal halide
perovskites.





3. Methods

This chapter summarizes the experimental and computational methods that have
been used in this work. Besides a brief report of standard experimental techniques, a
detailed description of the principles of photoluminescence (Section 3.2), scanning
Kelvin probe microscopy (Section 3.3) and thermally stimulated current measure-
ments (Section 3.4) is given, as these techniques have played a key role in the
following experimental investigation.

3.1. Optoelectronic and Structural Characterization
Methods

Absorption Measurements

UV/Vis absorption measurements were performed with a double-beam (sample and
reference beam) Agilent CARY 5000 UV-VIS-NIR spectrometer, within an integ-
rating sphere. Samples were placed in the sphere center using a Center Mount
Sample Holder, while the light beam was incident on the sample under a small
angle to ensure a nearly complete light collection in the sphere.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) was carried out with a Zeiss Ultra high res-
olution FESEM in the Nanostructure Laboratory at the University of Konstanz at
acceleration voltages of 1-10 kV and working distances of 1-5 mm. Sample structures
were imaged by scanning with a focused high energy electron beam.

Impedance Spectroscopy

Impedance spectra were recorded with a Metrohm Autolab PG-STAT302N and an
integrated FRA2 module. Measurements were done in a continuous flow cryostat
(ST-100, Janis Research Company) in a vacuum of ≤ 10−5 mbar. Impedance spec-
tra were recorded in dark at frequencies between 1 MHz - 1 Hz and at 0 V bias. The
dielectric constant was extracted directly from the measured complex impedance Z
at 1 kHz by approximating the device as a parallel plate capacitor.

37
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Temperature-Dependent Measurements

All temperature-dependent measurements were performed in a continuous flow cryo-
stat with optical windows (ST-100, Janis Research Company). Samples were at-
tached to a copper plate, whose temperature was controlled by liquid nitrogen or
helium and a temperature controller (Model 335, Lake Shore Cryotronics Inc.), with
a temperature sensor attached to the copper plate. In case of continuous heating
or cooling, samples were kept for 20 min at the start temperature to reach thermal
equilibrium, before starting the measurement. In case of stepwise temperature in-
creases or decreases, samples were kept at the each target temperature for at least
10 min to reach thermal equilibrium, before starting the measurement. If not oth-
erwise noted, measurements were performed after an initial thermal cycling from
room temperature to 78 K and back to room temperature.

Temperature-Dependent Tracking of Solar Cell Performances

Solar cell performance parameters, i.e. either the short-circuit current density (Jsc)
or the open-circuit voltage (Voc), were tracked continuously while cooling or heat-
ing the device at a constant rate of 1.5 K/min, using a source measurement unit
(Keithley 2400). Solar cells were illuminated with a white light LED of reduced
light intensity (5 mW/cm2) to prevent heating of the solar cell. The measurement
was controlled by a MATLAB script (written by Eugen Zimmermann), that either
continuously measured the current at 0 V (short-circuit current mode) or tracked
the voltage around zero current (open-circuit voltage mode).

3.2. Photoluminescence Measurements

3.2.1. Basic Principle

Photoluminescence (PL) is the optical emission of light of a material after photoex-
citation. As described in detail in Section 2.3, excitation of a semiconductor with
photons of energy larger than the bandgap Eg (Ephoton ≥ Eg) creates excited states
within the material. These photoexcited states can undergo several processes, e.g.
charge carrier separation, charge carrier relaxation, diffusion or photon-recycling,
before they eventually recombine on typical time-scales between pico- to micro-
seconds. In case of radiative recombination, an optical system of lenses and filters
can be used to guide the emitted photons to a detector that records the photolumin-
escence signal. Within this thesis, different implementations of photoluminescence
measurements were applied to gain insight into the energetic landscape of metal
halide perovskites, in particular spatially-, spectrally- and temporally-resolved pho-
toluminescence measurements. Time-resolved photoluminescence spectra were ac-
quired with a streak camera, whose basic working mechanism and implementation
in a femto-second laser system are explained in the following.
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Figure 3.1.: Schematic representation of the streak camera setup. Colored lines
depict pathways of the excitation pulse to the sample, whose emitted
signal is directed into the streak camera. Dotted lines show electrical
connections.

3.2.2. Streak Camera

A powerful approach to obtain time-resolved photoluminescence spectra is provided
by streak camera measurements. Figure 3.1 illustrates the streak camera setup
applied in this work. The components of the used laser and detection system are
listed below, while a detailed description of the working principle of the applied
components can be found in reference [237].

Laser System

The excitation source consists of a fs-laser system with a tunable wavelength between
350-1000 nm. A continuous wave (cw) pump laser (Coherent Verdi G20 OPSLaser-
Diode System), with a wavelength of 532 nm is used to pump the Titanium:Sapphire
(Ti:Sapphire) oscillator. Based on the modelocking method, the Ti:Sapphire oscil-
lator generates ultrafast pulses with a pulse width of ≥ 150 fs and a repetition rate
of 76 MHz, within a wavelength range between 700-1000 nm. Guiding the laser
pulses through the nonlinear crystal of a Coherent SHG second harmonic genera-
tion system provides a wavelength range of 350-490 nm. In order to measure time
ranges longer than 13 ns, the repetition rate of 76 MHz has to be reduced. This re-
duction in pulse frequency is achieved by a Coherent PulseSelect Ti:Sapphire pulse
picker, that dumps all pulses except the nth pulse (n = 20 - 5000) by utilizing an
acousto-optical effect. The sample is excited in reflection and the emitted photons
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Figure 3.2.: Schematic representation of the main components of a streak camera
and its working principle. Image taken from reference [238].

are collected by a set of two convex lenses, that focuses the light into the entrance
slit of the streak camera.

Detection System

A Hamamatsu Universal Streak Camera C10910-01, whose operation principle is
displayed in Figure 3.2, is used to spectrally and temporally resolve the emitted
photoluminescence. First, the photoluminescence signal is focused into a SP-11
spectrograph for spectral dispersion in the horizontal direction. This slit image is
then projected on a S-20 photocathode that converts each photon into an electron,
with a good spectral sensitivity between 200-900 nm. As the accelerated electrons
pass between a pair of deflection plates, high voltage is applied to the deflection
plates at a time synchronized with the arrival of the signal. Synchronization of
the sweep voltage with the arrival of the emitted photons is achieved by an op-
tical trigger diode, that detects the excitation pulses directly after the Ti:Sapphire
oscillator, and a delay unit in the streak camera, that adjusts the temporal offset
between the trigger signal and the photoluminescence signal. As the sweep voltage
between the deflection plates changes with time, electrons that arrive at different
times are deflected with different vertical angles, providing a temporal resolution
along the vertical axis. Before the electrons reach the phosphor screen, which con-
verts them back into photons, they are multiplied by a multi-channel plate (MCP).
Finally, the photons are recorded with an ORCA-R2 Digital CCD Camera.

A typical streak camera measurement of a P3HT (Poly(3-hexylthiophene-2,5-diyl))
polymer film is shown in Figure 3.3. The spectral information is displayed along
the horizontal axis and the temporal evolution of the signal is displayed along
the vertical axis. As an approximation, the instrument response function, that
determines the spectral and temporal resolution, is assumed to be equal to the
measured signal of excitation pulses scattered into the streak camera (see inset in
Figure 3.3). Depending on the time-scale of photoluminescence decay, two streak
camera options are available, that vary in the applied functions of the sweep voltage.
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Figure 3.3.: Streak camera measurement of a P3HT film on mesoporous TiO2 ex-
cited at 440 nm. Spectral resolution is along the horizontal axis and
temporal resolution along the vertical axis. The inset shows the meas-
urement of scattered excitation pulses with a temporal width of 5 ps,
which is approximated as the temporal resolution of this specific meas-
urement. The image is taken from reference [237].

Synchroscan Mode

Time ranges between 70 ps - 13 ns can be measured with the Synchroscan Unit
M10911-01, that applies a sine-wave voltage to the deflection plates and is applicable
for 76 MHz excitation and low signal strength, as it integrates consecutive signals on
the CCD camera before the camera reads out the signal. The temporal resolution of
the synchroscan unit depends on the selected time range (≥ 2 ps in the shortest time
range), as well as on the temporal width of the excitation pulse and the electronic
jitter of the diode and the delay units.

Single Sweep Mode

Time ranges of 1 ns - 1 ms can be accessed by the Slow Single-Sweep Unit M10913-
01, that applies a linear voltage ramp to the sweep electrodes within the chosen time
range, with a time resolution of 20 ps for the fastest time range. As the modelocked
Ti:Sapphire oscillator creates laser pulses with a 76 MHz frequency, the laser pulses
have to be directed through the pulse picker to reduce the excitation frequencies
in order to achieve the desired time delay (e.g. 1 ns - 1 ms) between the excitation
pulses.
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3.2.3. Experimental Details

Experimental Details: Time-Resolved Photoluminescence

Chapter 4 presents detailed streak camera measurements. For these measure-
ments, samples were mounted in a continuous flow cryostat (ST-100, Janis Research
Company) and were measured under a vacuum ≤ 10−5 mbar. The above described
fs-laser system was used as excitation source, with pulses of 400 nm wavelength.
The Hamamatsu Universal Streak Camera C10910-01 was used as detection sys-
tem. For time ranges ≤ 13 ns, the synchroscan mode was applied and samples
were excited with a 76 MHz pulse frequency and excitation densities of 7× 1010-
3× 1011 photons/cm2. For time ranges ≥ 13 ns, the single sweep mode was applied
and samples were excited with a 50 kHz pulse frequency (beam path was directed
through the pulse picker) and excitation densities of 1.5× 1013 photons/cm2 (higher
excitation densities were required to achieve sufficient signal-to-noise ratios due to
the lower pulse frequency). The excitation density was controlled by a neutral dens-
ity filter wheel. Directly before the entrance slit of the streak camera, the signal was
filtered by a 480 nm long pass filter to block the excitation laser. The instrument
response function depended on the investigated time range and was around 12 ps
for synchroscan and several nanoseconds for single sweep measurements.

Spectral and shading corrections were applied to all streak camera measurements.
For reference measurements, the emission of a calibrated tungsten lamp was scattered
into the entrance slit of the streak camera using a homogeneously illuminated spec-
tralon plate. For spectral intensity calibration, the calibration spectrum of the lamp
was measured in focus mode (no electric field is applied to the deflection plates).
Further shading corrections were necessary to account for electric field inhomogen-
eities between the deflection plates, as well as non-linearities in the multi-channel
plate and the phosphor screen, that may impact the temporal resolution. For shad-
ing corrections, the calibration spectrum of the lamp was measured in operation
mode (an electric field is applied to the deflection plates), applying the same adjust-
ments as in typical streak camera measurements (e.g. entrance slit width, spectral
grading, etc.). Vertical variations in the measured spectrum of the continuously
emitting lamp were used to calibrate shading errors. Separate shading corrections
were acquired for synchroscan and single sweep mode units. More details on spectral
and shading corrections can be found in reference [239].

Experimental Details: Spectrally-Resolved Photoluminescence

Photoluminescence spectra displayed without time resolution were acquired using
the Hamamatsu Universal Streak Camera C10910-01 as detector system. For these
measurements, samples were mounted in a continuous flow cryostat (ST-100, Janis
Research Company) and were measured under a vacuum ≤ 10−5 mbar.
Chapter 4 displays photoluminescence spectra without time resolution that were
acquired by measuring full photoluminescence decays as described above, using
the single sweep unit. Samples were excited with 400 nm pulses at a repetition
rate of 50 kHz and an excitation density of 1.5× 1013 photons/cm2, generated by
the second harmonic of the Ti:Sapphire oscillator. Photoluminescence decays were
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then integrated over time to obtain time-independent photoluminescence spectra.
Chapter 7 displays steady-state photoluminescence spectra that were acquired
with a 400 nm continous-wave (cw) laser as excitation source (excitation intensity
of 50 mW/cm2) and the synchroscan unit in focus mode (no electric field applied
to deflection plates) as detection system.

Experimental Details: Spatially-Resolved Photoluminescence

Chapter 5 presents spatially resolved photoluminescence measurements that were
conducted in the group of Prof. David S. Ginger at the University of Washington.
The sample was mounted in a flow cell (internal volume ∼ 2 ml), continuously
purged with nitrogen gas flowing at 0.2 l/min. Unless otherwise noted, nitrogen
with a purity of 99.995 % was used, that was further purified with a moisture fil-
ter that consisted of a desiccant and molecular sieves (DRIERITE gas purifier).
The flow cell was placed on a XY piezo stage placed on a Nikon Eclipse T2000-
U inverted confocal microscope. The piezostage was controlled via custom code
used to operate an Asylum Research MFP-3D AFM controller. A 488 nm laser
was pulsed at 400 Hz, attenuated using a variable neutral density filter wheel, and
then coupled into the confocal microscope using a single mode fiber. The laser
was focused on the sample with a Plan Fluor 40x/0.60 NA objective after passing
through a 50:50 beam-splitter. While the laser raster scanned the sample, the pho-
toluminescence signal was collected by the objective and went through the same
beam splitter. The signal was then filtered by 500 nm long pass filters and was
collected by a Hammamatsu photosensor module (PMT, H7422P-40 ). A Stanford
Research SR830 lock-in amplifier was used to measure the magnitude of the PMT
current signal at the laser reference frequency. The lock-in amplifier output voltage
signal was then used to construct the photoluminescence maps. Based on the used
objective, the optical resolution was ∼ 500 nm. Photoluminescence measurements
were always done after 30 min light soaking, unless otherwise noted. For photolu-
minescence measurements on lateral electrodes, the electrodes were connected to
a Keithley 2400 and were either both grounded or the right electrode was biased
with + 9 V. Optical excitation resulted in a carrier concentration in the order of
3× 1019 cm−2s−1, while charge injection densities were in the order of 1018 cm−2s−1.
Time-resolved line scans were performed by repeatedly measuring the same line
across the electrode gap, each line scan taking 12 s.

3.3. Scanning Kelvin Probe Microscopy

Scanning Kelvin probe microscopy (SKPM) is a non-destructive technique that
enables nanometer-scale imaging of the surface potential of a variety of materials
and devices, ranging from organic solar cells [240] to biomaterials [241]. Its nano-
scale resolution has been achieved by integration of Kelvin probe measurements
into atomic force microscopy (AFM) [242]. In the following, the working principles
of AFM and SKPM will be introduced, briefly. A more detailed discussion of
the working mechanism of SKPM measurements and their applications is given in
reference [243].
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3.3.1. Basic Principle of Atomic Force Microscopy

Atomic force microscopy (AFM) is a high-resolution type of scanning probe micro-
scopy that allows to image a specimen’s surface with nanometer resolution [244].
During AFM measurements, a mechanical probe, consisting of a spring-like can-
tilever and a sharp, nanometer-sized tip, raster scans the surface of the specimen
and detects the interaction between the sample and the tip (see Figure 3.4a). AFM
operates either in contact, intermediate (tapping) or non-contact mode. In contact
mode, the AFM tip is in direct contact with the sample surface and the repulsive
force between tip and sample deflects the cantilever. The cantilever deflection is
monitored via the position of a reflected laser spot on a 4-quadrant photodetector,
which is used as a feedback signal. In tapping or non-contact mode, the tip is extern-
ally oscillated at, or close to, its resonance frequency f0 = 1/(2π)∗

√
k/m∗, with an

operating mass m∗ and spring constant k of the cantilever. For topography imaging,
van der Waals forces act between tip and sample and cause a variation in oscillation
amplitude (tapping mode) or resonance frequency (non-contact mode) [245]. Typ-
ically, tapping mode and non-contact mode are referred as amplitude modulation
(AM) and frequency modulation (FM), respectively [243]. In AM mode, decreases
in the tip-sample distance increase the tip-sample interaction, and hence reduce the
oscillation amplitude. The amplitude change is monitored and regulated by the
feedback system that keeps the tip-sample distance at a fixed amplitude set-point.
Consequently, AM mode depends directly on the force F between tip and sample
[245]. In contrast, FM mode AFM detects changes in the resonance frequency f0

that depend on the force gradient ∂F
∂z between tip and sample:

f
′
0 ≈ f0 ∗

(
1− 1

2k

∂F

∂z

)
(3.1)

As the force gradient is most sensitive at the tip apex and depends less on the
tip shaft or the cantilever, an enhanced spatial resolution is achieved compared
to AM mode [243, 245]. For FM mode, the feedback system is used to keep the
oscillation frequency at a fixed frequency set-point. While scanning across the
sample surface, the topography of the sample is obtained by the feedback signal of
frequency changes.

3.3.2. Scanning Kelvin Probe Microscopy

A schematic illustration of a SKPM setup is shown in Figure 3.4b. Imaging of the
surface potential of a sample is achieved by measuring the electrostatic interaction
between the sample and the AFM tip. For that purpose, the tip-sample distance
is increased compared to typical distances for topography imaging to make the tip
more sensitive for long-range electrostatic forces (F ∝ z−2) instead of short range
van der Waals forces (F ∝ z−6). The electrostatic force forms between tip and
sample if a contact potential difference (CPD) exists between the two materials:

VCPD =
φtip − φsample

−q
(3.2)
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Figure 3.4.: Schematic illustration of an AFM setup for a) topography and b) sur-
face potential imaging (SKPM). The setup consists of a laser and a
photodetector that detects height changes of a cantilever caused by tip-
sample interactions. Feedback loops are used to adjust the tip-sample
distance z and the bias VDC during the measurement. The image is
adapted from reference [246].

Here, φtip and φsample are the work functions of tip and sample. Figure 3.5a displays
the energy levels of tip and sample when both materials are spatially separated and
not electrically connected. Upon electric contact, a current flow will align both
Fermi energy levels to reach thermodynamic equilibrium (Figure 3.5b). While the
Fermi levels are aligned, the vacuum levels of tip and sample split and a CPD
forms. The charging of tip and sample results in an electrostatic force between the
two materials. This force is nullified by application of an external bias between
tip and sample. Typically, a bias V = VDC + VACsin(ωt) is applied to the tip,
with a frequency ω different to the tip’s resonance frequency. For the simplest
approximation of the electrostatic force between tip and sample, the system is
treated as a parallel plate capacitor with energy U = 1

2CV
2 and capacity C. Then,

the electrostatic force is the derivative of the capacitive energy with respect to the
tip-sample distance z:

F (z, t) = −∂U
∂z

= −1

2

∂C

∂z
(VDC + VACsin(ωt)− VCPD)2 (3.3)

Due to the electrical force F (z, t), additional oscillating components will superim-
pose on the mechanical oscillation of the AFM tip, that is driven at its resonance
frequency f0. A lock-in amplifier is employed to extract the electrical force com-
ponent with frequency ω:

Fω(z, t) ∝ −1

2

∂C

∂z
(VCPD − VDC)VACsin(ωt) (3.4)

The value of the surface potential, or CPD, is determined by application of a bias
of VDC = ±VCPD that nullifies the output signal of the lock-in amplifier, and
subsequently the electrostatic force (see Figure 3.5c). The sign of VDC depends on
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Figure 3.5.: Principle of Kelvin probe measurements: a) Energy levels of tip and
sample before electric contact. b) Electrical contact of sample and tip
leads to a Fermi level alignment. The vacuum energy level Evac of the
sample is reduced by the contact potential difference CPD. c) A DC
bias is applied to the tip to nullify the differences in vacuum energy
levels. The image is adapted from reference [248].

its application to either tip or sample. A map of the surface potential is acquired
by measuring the value of VDC at each point of the sample surface. The spatial
resolution is in the order of tens of nanometers, which is reduced compared to the
nanometer resolution of AFM topography imaging due to the long-range interaction
of the electrostatic force compared to van der Waals forces. Application of FM
mode SKPM or deconvolution of SKPM and AFM topography images can be used
to improve the spatial resolution [247].

3.3.3. Surface Potential of Semiconductors

If the probed sample is a semiconductor, the simplified model of a parallel plate
capacitor with a one-dimensional charge distribution at the plate’s surface is not
valid anymore. In contrast to metals, charges are not exclusively located at the
semiconductor surface, but are distributed inside the material with a distribution
depth depending on the applied voltage and the tip-sample distance. For that case,
Hudlet et al. have derived Fω(z, t) to be [249]:

Fω(z, t) =
Qs

ε0

CICD

CI + CD
VACsin(ωt) (3.5)

whereQs is the charge in the sample and CI and CD are the air gap and space-charge
capacities, respectively. In general, the local surface potential of semiconductors is
affected by the charge density in the sample as expressed by the Poisson equation.
The surface potential is therefore determined by surface or bulk charges, doping
concentrations, surface dipoles or interfacial electronic states in hetero-structures
[247].



Chapter 3. Methods 47

3.3.4. Experimental Details

Chapter 5 and Chapter 6 present SKPM measurements that were conducted in
the group of Prof. David S. Ginger at the University of Washington.

Time-Resolved SKPM on Lateral Electrodes

The sample was mounted in a flow cell (internal volume ∼ 2 ml) and was continu-
ously purged with nitrogen gas flowing at 0.2 l/min. The flow cell was placed on
a XY piezo stage within a Nikon Eclipse T2000-U inverted confocal microscope.
The piezostage was controlled via custom code used to operate an Asylum Research
MFP-3D AFM controller. SKPM measurements were done in FM mode (lift height:
20 nm) using a Cr/Pt - coated silicon tip (Mikro-Masch 325 kHz, 40 N/m). An AC
bias was applied to the tip (700 Hz, 2 V peak-to-peak). The displayed potential
equals the bias applied to the tip to nullify the contact potential difference (CPD),
with Vtip = −VCPD.

SKPM measurements were performed on metal halide perovskite films in a lateral
electrode geometry with a gap width ∼ 10 µm, as displayed in Figure 5.2 and Figure
6.1. The cantilever was oriented parallel to the long axis of the gap to minimize
artifacts and scanning was performed in the direction perpendicular to the long axis
[250]. Single line scans were performed by repeatedly measuring the same line across
the electrode gap, each line scan taking 12 s. Electrodes, which were connected to
a Keithley 2400, were either both grounded or the right electrode was biased with
+9 V.

Temperature-Dependent SKPM

Temperature-dependent SKPM measurements were done with a Cypher ES Envir-
onmental AFM (Asylum Research) in AM mode (lift height: 30 nm) in a nitrogen
atmosphere. Using the same lateral electrode geometry as described above, the
SKPM signal was measured by repeatedly scanning the same line across the elec-
trode gap, each line scan taking 6.6 s. Measurements were done after application
of +8 V to the left electrode for 30 min and were started directly after the bias had
been turned off and both electrodes were grounded. After one measurement, the
temperature of the chamber was raised by + 10 K and allowed to equilibrate for
15 min. Then, the device was biased again at + 8 V at the left electrode for 30 min
before conducting the next SKPM measurement.

3.4. Thermally Stimulated Current Measurements

Thermally stimulated techniques are well established techniques to study the prop-
erties of electronic trap states in semiconductors, with respect to their density and
energetic depth. In 1946, Randall and Wilkins first introduced thermally stimulated
luminescence measurements (TSL) to study trap states in inorganic semiconduct-
ors [251]. This approach has been developed further by Haering and Adams, who
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presented a complementary technique of thermally stimulated currents (TSC) in
1960 [252]. Within the last decades, both TSL and TSC measurements have been
adapted to study trap states in organic semiconductors [171, 253–255], with recent
applications to metal halide perovskites [29, 256, 257]. The underlying principle of
thermally stimulated techniques is discussed in Section 3.4.1, and a brief overview
of approaches to analyze TSC curves is provided Section 3.4.2 - Section 3.4.3.
Due to the potential interference of TSC measurements with pyroelectric currents,
possible current contributions caused by pyroelectric polarization are reviewed in
Section 3.4.4.

3.4.1. Basic Principle

The basic principle of thermally stimulated techniques for trap state analysis is
straight forward. First, trap states are filled with electronic charge carriers at a
temperature that is sufficiently low compared to the trap activation energy Et.
Trap filling can be done by illumination of the sample or by charge injection. Dur-
ing illumination, electrons and holes are equally photoexcited and can subsequently
thermalize into trap states of lower energy. In contrast, charge injection via attached
electrodes can be used to selectively inject either electrons or holes, which can be
used to verify the existence of electron or hole traps [258]. At the low temperature,
excited charge carriers thermalize within the density of electronic trap states and
become energetically ”trapped”. Then, during the actual thermally stimulated cur-
rent measurement, a linear increase in temperature results in a successive release of
the trapped carriers into the conduction band due to a rise in thermal energy. In
case of thermally stimulated luminescence measurements, the detrapping is recor-
ded via the radiative recombination of released electrons and holes. For thermally
stimulated current measurements, two electrodes and an electric field need to be
applied to the sample to measure an increase in current when charge carriers are
released into the conduction band. Therefore, while TSL measurement require an
equal distribution of trap states for both electron and holes, TSC measurements
allow to record the release of charges from unipolar traps into the conduction band.
For illustration, Figure 3.6 displays the energetic position of a mono-energetic trap
within the band gap of a semiconductor, with a relative energy distance Et to the
conduction band minimum, as well as all relevant processes that can take place
during the thermal detrapping of charge carriers.

Figure 3.7a illustrates the sequences of a typical TSC measurement and the result-
ing TSC spectrum. By displaying the measured current against temperature, TSC
spectra contain information about the density, activation energy and energetic dis-
tribution of trap states. The analysis of TSC spectra with respect to the density
and energy level of trap states will be discussed in the following.
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Figure 3.6.: Schematic energy diagram of a semiconductor with valence band (VB),
conduction band (CB) and a mono-energetic trap state at energy Et

below CB. Three dynamic processes are presented: 1) Thermal release
of a trapped electron, with time constant τt. 2) Recombination of
electrons in CB and holes in VB, with time constant τ . 3) Retrapping
of free electrons from CB to the trap state. The density of states and
the electron density in the conduction band are given by Nc and nc,
respectively. Likewise, the density of states and the electron density at
the trap level are given by Nt and nt.

3.4.2. Density of Trap States

A lower limit of the total trap state density Nt can be obtained by integration of
the thermally stimulated current ITSC over time:

Nt ≥
1

qV

∫
peak

ITSCdt (3.6)

Here, q is the elementary charge and V the volume of the sample. Equation 3.6 only
provides a lower limit of the trap state density Nt, as both incomplete trap filling as
well as recombination of released charge carriers of opposite sign might take place
and reduce the amount of charge carriers that can contribute to the thermally
stimulated current [254]. This relation illustrates the complimentary nature of
TSL and TSC measurements, as charge carriers, that recombine radiatively and
contribute to TSL measurements, are not able to contribute to TSC measurements.

3.4.3. Energy Level of Trap States

The simplest model to describe TSC spectra bases on unipolar carrier trapping
in one discrete trap level [252, 259]. Here, only electron traps are assumed for
simplicity, but the same considerations apply to hole traps as well. The probability
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τ−1
t for detrapping of an electron from a trap of depth Et relative to the conduction

band minimum at temperature T is given by:

τ−1
t = ν0 exp (−Et/kBT ) (3.7)

Here, kB is the Boltzmann constant and ν0 = NcStνth is called the attempt-to-
escape frequency, with Nc as the density of states within the conduction band, St
as the capture cross section of the trap states and νth as the thermal velocity of
electrons in the conduction band. After trap filling, the density of electrons in the
conduction band nc(t) is given by:

dnc
dt

= −nc
τ
− dnt

dt
(3.8)

While nc(t) describes the density of electrons in the conduction band, nt(t) describes
the density of electrons in trap states. The first term describes the decrease in
free electrons due to recombination with free holes, with an average lifetime τ
before recombination takes place. The second term relates to the change of trapped
electron density, with

dnt
dt

= −nt
τt

+ nc (Nt − nt)Stνth (3.9)

While the first term of Equation 3.9 describes the thermal release of trapped charges
into the conduction band, the second term represents the retrapping of free electrons
back into trap states. Thereby, two regimes of slow retrapping and fast retrapping
have been proposed [259]. While for fast retrapping, the probability of recapture of
free electrons at trap states is high ( (Nt − nt)Stνth >> τ−1), the regime of slow
retrapping allows to neglect recapture processes, as electron and hole recombination
or charge extraction occurs faster than electron retrapping.

In case of slow retrapping, the thermally stimulated conductivity σ(T ) = q ·µ·nc(T ),
with µ as electron mobility in the conduction band, has been described by Haering
and Adams in 1960 as [252]:

σ(T ) = qµntτν0 exp

(
−Et

kBT
− ν0

β

∫ T

T0

exp

(
−Et

kBT

)
dT

)
(3.10)

Here, a constant heating rate dT/dt = β is assumed. Furthermore, the temperature
dependencies of the mobility µ, the lifetime τ and the attempt-to-escape frequency
ν0 are neglected. By repeated integration of the integral of Equation 3.10, Cowell
and Woods have shown that a good approximation of σ(T ) is achieved by skipping
all but the first term in the series [259]:

σ(T ) ≈ A exp
(
−Θ−B exp(−Θ)Θ−2

)
(3.11)

with A = qµnt,0τν0 and nt,0 as density of initially filled traps, B = ν0Et/βkB and
Θ = Et/kBT . Note that nt,0 ≈ Nt if one assumes that all electronic trap states are
filled initially.

For fast retrapping, Haering and Adams have shown that [252]:

σ(T ) =
Ncqµnt,0

Nt
exp

(
−Et

kBT
− Nc

Ntβτ

∫ T

T0

exp

(
−Et

kBT ′

)
dT ′
)

(3.12)
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Again, by repeated integration of the integral, Cowell and Woods derived the fol-
lowing approximation of Equation 3.12:

σ(T ) ≈ C exp

(
−Θ +D

∫ Θ

Θ0

exp(−Θ)Θ−7/2

)
(3.13)

where C = Ncqµnt,0/Nt and D = NcE
5/2
t /NtβT

3/2
m k

5/2
B τ . As the term Nc contains

T
3/2
m , D is constant over temperature.

Finally, the conductivity σ(T ), the active area A and the electric field strength E
can be used to calculate the thermally stimulated current ITSC(T ):

ITSC(T ) = A · E · σ(T ) (3.14)

If a set of discrete levels exists in the material, the total current consists of the sum of
the currents from each trapping level [260]. Figure 3.7b-d presents calculated TSC
spectra for a mono-energetic trap in the slow retrapping regime, based on Equation
3.14 and Equation 3.11. One can see that even for a mono-energetic trap distribu-
tion, the TSC spectra display no single peak, but rather a temperature-dependent
distribution. This bases on the fact that the thermal activation of trapped charges
is a statistic process. In fact, Figure 3.7b-d illustrate that the height and width of a
TSC spectrum not only depend on the trap depth Et, but also on the heating rate β
and the attempt-to-escape frequency ν0. The spectra get broader with deeper trap
levels, lower attempt-to-escape frequencies and faster heating rates. Deeper trap
levels also shift the TSC peak maximum to higher temperatures, as an increased
thermal energy is necessary to release trapped charges (Figure 3.7b). Likewise, a
lower attempt-to-escape frequency shifts the TSC peak maximum to higher temper-
atures, as charges attempt to escape the trap less frequently and hence statistically
delay the event of detrapping (Figure 3.7c). The TSC peak height increases with
faster heating rates, as the same amount of trapped charge is released within shorter
time periods for faster heating rates (Figure 3.7d).

Equation 3.11 can be used to fit TSC spectra with Et and ν0 as fit parameters,
and additional fit parameters nt,0 and Nt in case of fast retrapping in Equation
3.13. However, the broad temperature range that needs to be considered when
fitting complete TSC spectra does not necessarily allow to assume that the mobility
µ, lifetime τ and attempt-to-escape frequency ν0 are temperature independent.
Moreover, curve fitting requires to determine if the regime of slow retrapping or
fast retrapping is valid, which has been proposed to be derivable from the shape
of the TSC peak or the decay of the TSC signal when stopping the heating at the
peak maximum [261, 262].

Therefore, a simpler approach is commonly used to determine the trap depth Et,
that evaluates a smaller temperature range. For the initial rise method only the
rise of the TSC signal, when emptying of electronic trap states begins, is evaluated
[261]. For this range, the integral in Equation 3.10 is sufficiently small and can be
neglected. Then, the reduced relation

ITSC(T ) ∝ exp

(
−Et

kBT

)
(3.15)
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Figure 3.7.: a) Illustration of the sequences of a TSC measurement: First, traps
are filled at low temperature. Then, a linear increase in temperature
results in a current peak due to the thermal release of trapped charges.
Calculated TSC spectra using Equation 3.14 and Equation 3.11 for
different a) trap depths Et, b) temperature rates β and c) attempt-to-
escape frequencies ν0. Applied parameters: Active area A = 0.1 cm2,
electric field E = 1 V/µm, electron mobility µ = 1 cm2/Vs, electron
lifetime τ = 10−6 s.

can be applied in an Arrhenius plot of ln(ITSC(T )) against 1/T and the slope
−Et/kB can be fitted. As this method only evaluates a small temperature range
at the rise of the TSC peak, the temperature dependencies of µ, τ and ν0 are less
significant.

3.4.4. Polarization Current

Besides the thermal release of trapped charge carriers, a temperature dependent
change in the net polarization of a material can also contribute to thermally stim-
ulated currents. Such (de-)polarization currents base on the pyroelectric effect (see
Section 2.5), that describes the ability of certain materials to generate an electric



Chapter 3. Methods 53

Figure 3.8.: Schematic illustration the polarization state of a material between two
electrodes for a) constant, b) decreasing and c) increasing temperat-
ure. If a change in temperature modifies the material’s polarization,
the surface charge of the material changes, giving rise to pyroelectric
currents outside the material to compensate the internal electric poten-
tial. Image adapted from reference [263].

potential when they are heated or cooled. The origin and properties of pyroelectric
currents will be discussed in the following.

Polarization Currents

The origin of pyroelectric currents bases on the coupling of the dielectric displace-
ment

#—

D, which is given by
#—

D = ε0
#—

E+
#—

P , with temperature. Here, ε0 is the vacuum
permittivity and

#—

E the electric field. The total polarization
#—

P is represented by
induced and spontaneous polarization with

#—

P =
#—

P ind +
#—

P S . In the absence of an
electric field

#—

E,
#—

P ind = 0 and
#—

D =
#—

P S . The pyroelectric coefficient p is described
by [264]:

p =
d ~D

dT
=
d ~PS

dT
(3.16)

As displayed in Figure 3.8, a change in
#—

P is equivalent with a change in surface
charge density, causing an electric field outside the sample. Charge carriers from
the surrounding electric circuit compensate this arising electric field and give rise
to a displacement current, called pyroelectric current.

A variety of methods exists to characterize the pyroelectric effect that either apply
linear or periodic temperature variations [264]. A widely used, simple technique
bases on measuring the current between two electrodes that are attached to opposite
sides of a sample, while linearly ramping the temperature. A change in polarization,
typically around a crystal phase transition [265–267], gives rise to a current peak.
Integration of this current I allows to quantify the respective polarization P :

P =

∫
I

Aβ
dT (3.17)

Here, the active device area A and the heating rate β are applied. With this ap-
proach, the spontaneous polarization of various pyroelectric materials, including
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ceramics, polymers and two-dimensional multilayered perovskites has been determ-
ined to be in the order of several µC/cm2 [265–269]. Thereby, the presence of fer-
roelectric properties can be verified if the observed polarization is reversible upon
application of external electric fields [267]. However, analysis of pyroelectric cur-
rents has to be done with care, as they can be confused with other processes. In
particular, if electret materials are probed, non-vanishing polarization in the ab-
sence of electric fields does not necessarily stem from the crystal structure, but can
be formed by frozen-in negative and positive charge carriers. Furthermore, contri-
butions of the thermal release of trapped charge carriers, as discussed in Section
3.4.1 - 3.4.3, have to be taken into account when studying pyroelectric currents
[268, 270]. A good approach is to study pyroelectric currents not only during heat-
ing, but also during cooling, thereby excluding contributions by thermally released
charge carriers. Alternatively, as demonstrated by A. G. Chynoweth in 1956, pyro-
electric currents can be examined by periodic changes in temperature that are not
affected by trapped charges [271], e.g. by periodically turning an infrared laser on
and off.

3.4.5. Experimental Details

Figure 3.9 schematically displays the setup used for TSC measurements in Chapter
7. TSC measurements were performed in a continuous flow cryostat (ST-100, Janis
Research Company). Samples were attached to a copper plate, whose temperature
was controlled by a temperature controller (Model 335, Lake Shore Cryotronics,
Inc.) and liquid nitrogen. Within the cryostat, samples were contacted with gold
coated contact pins (INGUN Prüfmittelbau GmbH ) and coaxial cables. Outside the
cryostat, coaxial cables were converted into triaxial cables that were connected to
a subfemto-ampere remote source measurement unit with a specified typical peak-
to-peak noise of 800 fA (Keithley 2636A). A continuous shielding of all wires was
essential to ensure the noise level to be ≤ 1 pA. The grounding shields of coaxial
and triaxial cables were grounded with the cryostat. If desired, the Keithley also
served as voltage source.

TSC measurements were performed in complete darkness at 0 V to avoid overlap of
thermally stimulated currents with injection or photoinduced currents. Solar cells
were continuously heated or cooled at a constant rate (standard heating rate was
3 K/min) and thermally stimulated currents were detected with the Keithley. To
ensure a negligible thermal delay between the temperature sensor and the perovskite
layer, temperature rates of 1.5 K/min or slower were required. The measurement
was controlled by a self-written MATLAB script. Several variations of TSC meas-
urements have been applied:

To study the distribution of electronic trap states, illuminated TSC measurements
were applied. Trap filling was achieved by illuminating the device through optical
windows with a blue LED (∼ 10 mW/cm2, λ = 400 nm) for 10 min at 80 K. Before
linearly increasing the temperature, a dwell time of 10 min was applied after illumin-
ation to allow photoexcited charge carriers to reach thermal equilibrium. Then, the
temperature was linearly increased and thermally detrapped charges were detected
by an increased current flow with the Keithley, as displayed in Figure 3.7a. As no
electric field was applied during all TSC measurements, this implies that detrapped
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Figure 3.9.: Experimental setup used for thermally stimulated current (TSC)
measurements.

charges are extracted from the sample only due to the built-in voltage of the solar
cell, given by the work function differences of the adjacent layers. However, it has
to be noted that due to instrument specifications of the source-measure unit, ap-
plication of zero bias could not be achieved in this setup, but instead minor biases
of up to 60 µV were applied by the Keithley if the output of 0 V was intended. Dark
TSC measurements were done in the same procedure without the initial trap filling
step.

For current vs. time measurements, the device was cooled down in dark either
with or without an external bias from 295 K to a target temperature at a rate of
12 K/min. When the target temperature was reached, the TSC signal was immedi-
ately measured against time at the constant target temperature at 0 V.

If biases were applied to the sample at low temperatures, the sample was rested at
80 K until the polarization peak occurred in the TSC signal to ensure a complete
transformation of the perovskite into the low temperature phase. Then, biases
were applied for 10 min at 80 K, followed by a dwell time of 10 min at 0 V, before
increasing the temperature at a constant rate.

3.5. Simulations

3.5.1. Ab Initio Calculations of Defect Energies

Chapter 5 presents ab initio calculations that were done by Hongbin Liu, a Ph.D.
student in the group of Prof. Xiasong Li at the Chemistry Department of the
University of Washington (Seattle, USA).
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Defect energy levels Et of Pb interstitials in MAPbI3 and FAPbI3 were calcu-
lated. Calculations were performed with the Vienna Ab initio Simulation Package
[272, 273], using a plane-wave basis set with the projector augmented wave (PAW)
method and Perdew-Burke-Ernzerhof exchange correlation function [274, 275]. The
wave functions were expanded in plane waves with an energy cutoff of 500 eV. For
H, C, N, Pb, and I atoms, 1s, 2s2p, 2s2p, 6s6p, and 5s5p valence electrons were
explicitly treated, respectively. The convergence criterion in total energy was set to
10−4 eV. Structural relaxations were first performed on the non-defect unit cell. To
achieve similar trap state densities for tetragonal MAPbI3 and cubic FAPbI3, the
Pb interstitial was introduced into a 3x3x3 supercell in case of MAPbI3 (defect dens-
ity: 3.9× 1019 cm−3) and into a 5x5x5 supercell in case of FAPbI3 (defect density:
3.1× 1019 cm−3). The supercell with defects was relaxed before the total energies
were calculated. In structural relaxations, positions of all atoms were relaxed until
the Hellman-Feynman forces became below 0.06 eV/Å. The simulated orbitals of
the relaxed tetragonal MAPbI3 and cubic FAPbI3 supercells are displayed in Figure
3.10.

The Brillouin zones of MAPbI3 and FAPbI3 supercells are represented by the G-
point (0, 0, 0) and R-point (0.5, 0.5, 0.5) respectively, being consistent to their
valence band maximum and conduction band minimum location. The defect trans-
ition energy was calculated using the following formalism if the VBM was set to be
the zero-reference [276]:

EF =
∆E(α, q)−∆E(α, q′)

q − q′
(3.18)

∆E(α, q) = E(α, q)− E(host)± naµa + qεV BM (3.19)

Here, E(α, q) is the total energy of a cell including the host material as well as the
defect in charge state q, and E(host) is the total energy of the cell containing just
the host. εV BM is the valence band maximum of the host crystal, na is the number
of atoms being removed/added during the defect formation from the host crystal,
and µa is the energy of the elemental solid.

3.5.2. Drift-Diffusion Simulation of Mobile Ions

A one-dimensional drift-diffusion model was implemented to simulate the experi-
mental SKPM results in Chapter 6, using MATLAB’s built-in partial differential
equation solver for parabolic and elliptic equations (pdepe). As described in detail
below, the model solves the continuity and Poisson’s equation for mobile negative
and positive charge carriers and the electrostatic potential as a function of space
and time.

Two one-dimensional drift-diffusion equations are applied to model the evolution of
charge densities nion(x, t) and pion(x, t) of negative and positive ionic species. The
ionic current densities of positive and negative ions, Jn and Jp, are described by:

Jn(x, t) = q · µn · E(x, t) · nion(x, t) + q ·Dn · ∇nion(x, t) (3.20)

Jp(x, t) = q · µp · E(x, t) · pion(x, t) + q ·Dp · ∇pion(x, t) (3.21)
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Figure 3.10.: Tetragonal 3x3x3 supercell of MAPbI3 (top) and cubic 5x5x5 supercell
of FAPbI3 (bottom), that have a Pb interstitial at their center. Yellow
isosurfaces display the simulated orbitals of the conduction band min-
imum (CBM), valence band maximum (VBM) and the defects Pbi

q+.

Here, E(x, t) is the electric field, µn and µp are the mobilities and Dn and Dp the
diffusion coefficients of negative and positive ions, respectively. It is assumed that
the Einstein relation with D = (kBT/q)·µ is valid and that the mobilities µn and µp
are constant over time [277]. The Poisson equation is applied to relate the potential
V with the charge density ρ(x, t):

∇2V (x, t) =
q

ε0εr
ρ(x, t) =

q

ε0εr
(pion(x, t)− nion(x, t)) (3.22)
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Figure 3.11.: a) Simulated charge density of mobile ions (nion(x, t) in red and
pion(x, t) in blue) and b) simulated potential using Equation 3.20 -
3.25, for T = 300 K and µn = µp = 1.2× 10−9 cm2/Vs.

Combining Equation 3.20 - 3.22 into the continuity equation allows to calculate the
temporal evolution of the ionic distribution:

dnion(x, t)

dt
=

1

q
∇Jn(x, t)− krec · nion(x, t) · pion(x, t) (3.23)

dpion(x, t)

dt
=

1

q
∇Jp(x, t)− krec · nion(x, t) · pion(x, t) (3.24)

To describe the annihilation of Frenkel defects upon encounter of oppositely charged,
mobile defects, a recombination term is included in Equation 3.23 and Equation
3.24, with the Langevin recombination constant krec [278]:

krec =
q

ε0εr
· µp + µn

2
(3.25)

The boundary conditions were set to be completely reflective for ionic charge. The
initial conditions of the ionic distribution and potential profile were chosen to fit
the measured data that was acquired immediately after application of the electric
field. As an example, Figure 3.11 displays the ionic charge density and potential
simulated for a temperature T = 300 K and µn = µp = 1.2× 10−9 cm2/Vs.

The simulated data was then fitted to the measured SKPM data by optimizing the
simulated to the measured potential using a simulated annealing algorithm within
MATLAB’s optimization toolbox. The fit parameters were the ionic mobilities µn
and µp.



4. Impact of Surface Defects on
Photoexcited States

This chapter is based on the research paper Impact of Crystal Surface on Photoex-
cited States in Organic-Inorganic Perovskites, which I have written as part of my
Ph.D. [279]. For this study, particles were synthesized and structurally characterized
by Tom Kollek and Daniel Wurmbrand as part of their Ph.D. and Bachelor theses,
respectively. Preliminary photoluminescence measurements were done by Eugen
Zimmermann. All published absorbance and photoluminescence measurements, in-
cluding the data presented below, were measured by myself. Data evaluation was
a joint work by Eugen Zimmermann and me, while I have written and edited the
manuscript.

Recent reports have suggested that the majority of deep trap states is loc-
ated at the crystal surface of metal halide perovskites [182, 183]. This chapter
presents an in depth spectroscopic investigation of the nature of these surface
trap states, and their interaction with photoexcited states in different temper-
ature regimes. For an exclusive study of surface defects, a model system of
submicron-sized MAPbI3 single crystals is applied, that allows an increased
impact of surface defects due to the particles’ low defect density in the bulk
and a large surface-to-volume ratio. Positively charged surface defects are
identified by various photoluminescence (PL) measurements and a comparison
of different chemical surface modifications. These surface defects are determ-
ined to cause non-radiative recombination at room temperature, which is a loss
mechanism for solar cell performance (Section 4.2). At temperatures below
100 K, the origin of multiple emission peaks is identified as the recombination
of free and bound excitons, whose population ratio critically depends on the
properties of surface defects (Section 4.3). As electron-rich surface modifiers
were identified to effectively passivate trap states at the crystal surface, these
results highlight the potential of chemical surface passivation to reduce the
impact of trap states on photoexcited states and photovoltaic device perform-
ance.

59
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4.1. Surface Modified MAPbI3 Crystals

For this study, single-crystalline MAPbI3 cuboids with dimensions of around 500-
1000 nm and different surface modifications (see Figure 4.1 and Figure A.1) were
synthesized using a particle growth method based on the single source precursor
CH3NH3PbI3TEG2 as described briefly in the following. A detailed synthesis pro-
tocol of functionalized and unpassivated MAPbI3 particles has been published by
Kollek et al. [280, 281].

Crystal Synthesis

The liquid precursor CH3NH3PbI3TEG3 was injected at 30 ◦C in a solution of
CH2Cl2 containing the desired capping agent, under vigorous stirring. The crystal-
lization of CH3NH3PbI3 (= MAPbI3) was induced over time (10-15 min) by select-
ively removing the TEG (triethylene glycol) molecules. For surface passivation, the
surfactants (4-hexylthiophen-2-yl)methylammonium iodide and dodecylammonium
iodide had been used for hexylthiophene and alkyl chain cuboids, respectively. The
resulting MAPbI3 particles were dispersed in water-free chlorobenzene and drop-
cast slowly at 60 ◦C on silicon substrates, that were previously cleaned in detergent,
acetone, and isopropanol for 5 min each.

Suitability of Surface Modified MAPbI3 Crystals for Defect Analysis

The resulting single crystals are a very suitable model system to study the impact of
the surface defects on photoexcited states, because they possess a high surface-to-
volume ratio due to their submicrometer size, as well as a low bulk trap state density
due to their single crystallinity. As displayed in Figure 4.1d, the crystals are surface
passivated by organic molecules that consist of a NH3

+ head group and a functional
end group. During particle growth, these passivation molecules attach to the A-site
of the ABX3 perovskite structure by ionic interactions and hydrogen bonding of
the NH3

+ head group [57, 280]. To evaluate the nature of surface states and the
effectiveness of their passivation, two different functional end groups are applied,
which are either formed by an insulating alkyl chain (C12H25) or by a conjugated
hexylthiophene (C11H17S) possessing a high electron density at its sulfur atom.
These cuboids will be called alkyl chain cuboids and hexylthiophene cuboids in the
following. For their surface passivation, the surfactants dodecylammonium iodide
and (4-hexylthiophen- 2-yl)methylammonium iodide were applied during particle
growth, respectively. As the surface molecules not only vary in their electronic
properties, but also in their steric structure, different attachment modes of the
molecules to the crystal surface are observed. Scanning electron microscopy (SEM)
images displayed in Figure 4.1 and Figure A.1 reveal slightly rod-liked structures for
some hexylthiophene cuboids that deviate from the highly cubic structures of the
alkyl chain cuboids. Likewise, X-ray diffraction (XRD) measurements presented in
Figure A.2 indicate a small variation in the aspect ratio of crystal directions caused
by the different surface modifications. These differences can be explained by the
bulky size of the hexylthiophene that causes a favored linkage to the [100] and
[010] crystal direction of the perovskite crystal due to the tetragonal distortion of



Chapter 4. Impact of Surface Defects on Photoexcited States 61

Figure 4.1.: SEM images of a) alkyl chain cuboids, b) hexylthiophene cuboids, and
c) unpassivated particles. The scale bar is 2 µm. d) Schematic illustra-
tion of surface passivation of MAPbI3 cuboids (I = pink, Pb = grey,
N = green, C = black). Right: Surface molecules are composed of a
NH3

+ head group (bottom) and a functional end group R (top). Curly
lines indicate chemical bonds between NH3

+ head and functional end
group. The NH3

+ head group attaches to the crystal surface at the
A-site of the ABX3 structure.

MAPbI3, that leads to a larger opening angle of the stretched inorganic octahedron
at this crystal direction [64]. In contrast, the straight alkyl chain is well known
to have a favorite attachment in the [001] crystal direction. This facet-selective
attachment of linker molecules to different MAPbI3 crystal directions and its impact
on the crystalline shape of similar submicrometer-sized particles is discussed in
detail in a related publication by Kollek et al. [281]. The different steric demands of
the passivation molecules also influence the surface coverage of the functionalization,
as nuclear magnetic resonance (NMR) studies of dissolved cuboids reveal that the
surface coverage of hexylthiophene cuboids is by a factor of 10 lower compared to
alkyl chain cuboids (see Figure A.3). This dual influence of surface passivation on
both the electronic and crystallographic surface landscape will be considered in the
following discussion. Furthermore, a residue of TEG molecules was found to remain
adsorbed on the surface of all MAPbI3 particles after the workup (see Figure A.3).
As all particles had the same TEG on their surface and the amount of residual
TEG disagreed with the observed trend in the density of trap states, we concluded
that TEG had no influence on the observed differences in depth and density of trap
states.
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Particles without a selective surface passivation were included in the study as well,
which were synthesized according to the same procedure but without additional
capping agents. These particles will be called unpassivated particles in the follow-
ing. The absence of surface passivation molecules during crystal growth results in
polycrystalline particles with uncontrolled geometry, as can be seen in Figure 4.1c.
The comparison of unpassivated particles to passivated cuboids allows to compare
intrinsic and modified crystal surfaces.

In the following discussion, photoluminescence measurements of the differently pas-
sivated crystal surfaces will be compared. In particular, photoluminescence meas-
urements were conducted at different temperatures to investigate the interaction
of surface defects with either free electronic charge carriers at room temperat-
ure (Section 4.2) or with excitons at low temperature (Section 4.3). Thereby,
temperature- and intensity-dependent photoluminescence measurements were ap-
plied to gain insight into the energy and density of surface defects.

4.2. Room Temperature Photoluminescence

Figure 4.2a,b show absorbance and photoluminescence measurements acquired at
295 K, that are accounted to the radiative band-to-band transition of electrons and
holes. This assumption bases on exciton binding energies of MAPbI3 that were
determined to be below 10 meV at room temperature and around 16-30 meV at low
temperatures, which supports the notion of free charge carriers at room temperat-
ure and dominant Wannier-Mott type excitons at low temperatures [130, 131, 136].
Figure 4.2a displays relatively similar absorbance and photoluminescence spectra
at 295 K for the different particles. This similarity in bulk absorbance and emission
spectra is expected, as the particles only differ in their surface properties. How-
ever, the photoluminescence decays presented in Figure 4.2b show an increased
decay rate for the unpassivated particles. This reduced photoluminescence lifetime
can be related to an increased non-radiative, trap-assisted recombination due to
a higher trap state density either in the bulk of the polycrystalline particles or
at their crystal surface (see Equation 2.7) [24]. However, Figure 4.2b also shows
that the photoluminescence lifetime differs between the different surface passiva-
tion molecules of the single-crystalline cuboids, with a reduced photoluminescence
lifetime in case of insulating surface passivation. As the alkyl chain cuboids and
the hexylthiophene cuboids only differ in their surface properties, a higher dens-
ity of surface trap states can be concluded for the alkyl chain cuboids, leading
to enhanced non-radiative recombination and shorter photoluminescence lifetimes.
The varying impact of passivation molecules on surface states is further supported
by the dependency of the total photoluminescence intensity on temperature, dis-
played in Figure 4.2c. In general, thermally activated quenching processes reduce
the photoluminescence intensity for metal halide perovskites with increasing tem-
perature [176, 282]. The relation between the photoluminescence intensity I and
the temperature T can be described as follows [283]:

I(T ) =
I0(

1 +A exp
(
−E1
kBT

)
+B exp

(
−E2
kBT

)) (4.1)
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Figure 4.2.: a) Absorbance and PL spectra for the different MAPbI3 particles at
295 K, b) PL decays at 295 K, and c) integrated PL intensity as a
function of temperature, normalized to the PL intensity at 10 K.

with a photoluminescence intensity I0 at zero temperature, an activation energy
E1 for thermally induced exciton dissociation, and an activation energy E2 for
non-radiative recombination processes caused by electron-phonon interactions. As-
suming an efficiency of 100 % for radiative emission at 10 K, the photoluminescence
intensity decreases from 10 K to 295 K to 1.9 % and 2.7 % for the unpassivated
particles and the alkyl chain cuboids, respectively. In case of the hexylthiophene
cuboids, thermally induced non-radiative recombination pathways are significantly
reduced, leading to a noticeably higher radiative efficiency of 12.8 % at 295 K. As
no significant change in the exciton binding energy E1 for the different particles
is assumed, these differences in photoluminescence intensity are more likely due to
variations in the activation energy E2 for interactions between photoexcited states
and phonons. Based on the significant decrease in non-radiative recombination
pathways compared to the alkyl chain cuboids, this indicates reduced lattice inter-
action and hence less surface lattice distortions for the hexylthiophene cuboids.

It has to be noted that the peak in photoluminescence intensity around the orthorhombic-
tetragonal phase transition at 165 K occurs reproducibly for all particles (Figure
4.2c). Similar amplification of the photoluminescence emission around the trans-
ition has also been reported for MAPbI3 films, yet its physical origin, e.g., a coex-
istence of the two crystal phases, is still under debate [175, 284, 285].
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4.3. Low Temperature Photoluminescence

Next, the interaction of the different MAPbI3 particles, and in particular of their
surface states, with photoexcited excitons is investigated in detail for the orthorhombic
phase of MAPbI3 at low temperatures.

Photoluminescence Spectra at Low Temperature

Figure 4.3a depicts that photoluminescence spectra of the different particles pos-
sess multiple emission peaks at temperatures below 100 K. The physical origin of
these multiple photoluminescence emission peaks within the orthorhombic phase
of MAPbI3 has been widely discussed in related literature [176, 282, 286–289].
The two most prominent proposed mechanisms will be shortly introduced: In both
mechanisms, the high energy emission peak is addressed to free excitons (FE) in
the orthorhombic phase. While one mechanism assigns the lower energy peak to
remaining inclusions of tetragonal MAPbI3 within the orthorhombic phase, that
have a narrower band gap compared to orthorhombic MAPbI3 [129, 282, 286–288],
the other mechanism describes the formation of bound excitons (BE) that are loc-
alized at electronic trap states [176, 289]. However, Phuong et al. assume that
tetragonal inclusions are caused by strain imposed at grain boundaries in polycrys-
talline MAPbI3 films and therefore propose that this two-phase coexistence is not
apparent in MAPbI3 single crystals [129]. As the MAPbI3 cuboids investigated
here do not exhibit grain boundaries, we assign the occurrence of multiple emission
peaks to the recombination of free and bound excitons, according to the study by
Fang et al. on MAPbI3 single crystals [176]. The formation of trap-related bound
excitons at temperatures below 100 K is supported by significant variation in the
photoluminescence peak ratio for the different particles in Figure 4.3a. Especially
in case of the alkyl chain and hexylthiophene cuboids, which only differ in their
surface properties, we do not expect differences in the phase transition process, but
rather in the trap state density at the crystal surface. Furthermore, Figure 4.3a
shows that the lower energy photoluminescence peak increases with decreasing tem-
perature for all particles, which opposes the decrease of tetragonal inclusions with
decreasing temperature observed for MAPbI3 films. For inorganic semiconductors
like doped silicon, photoluminescence from bound excitons has already been studied
extensively [290]. Thereby, excitons lose their kinetic energy owing to localization
at trap states and the binding energy of the resulting BE state equals the energy
difference between the photoluminescence emission peaks of FE and BE states.

Figure 4.3a shows that, compared to the single-crystalline cuboids, the unpassiv-
ated particles have a more pronounced lower energy photoluminescence peak for all
temperatures between 25-100 K, revealing an increased number of excitons bound
to trap states. For both single-crystalline cuboids the photoluminescence spectra
show similar and overall higher ratios of FE to BE states at 100 K. With decreasing
temperature, however, the BE peak of the alkyl chain cuboids constantly increases
and the photoluminescence spectrum approaches the spectrum of the unpassivated
particles at 25 K. For a better comparison, the photoluminescence spectra were fit-
ted with three Gaussian curves, one for the high energy peak of FE states and two
for the lower energy peak of BE states (BE1 and BE2), as exemplarily presented
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Figure 4.3.: a) PL spectra of the different particles at temperatures of 25-100 K.
b) PL spectrum of hexylthiophene cuboids at 100 K fitted with three
Gaussian curves for the FE, BE1 and BE2 peaks. c) Relative peak
heights of FE/(BE1+BE2) against temperature, extracted from Gaus-
sian fits. d) Peak positions of FE (dotted line), BE1 (broken line) and
BE2 states (solid line), extracted from Gaussian fits.

in Figure 4.3b. The origin of the two lower energy peaks as trap state mediated
BE states has been clarified by Fang et al. by excitation intensity dependent pho-
toluminescence measurements [176]. The evolution of the peak ratio FE/(BE1 +
BE2) as a function of temperature is shown in Figure 4.3c. The general evolution of
the peak ratios shows that decreasing temperatures lead to an increased trapping
of excitons and thus, increased formation of BE states due to lacking energy of the
surrounding thermal bath. However, large variations in peak ratio are apparent for
the different particles. As the relation between the BE population and temperature
is expected to depend on the density and energetic distribution of trap states, these
two properties will be discussed in the following.

To study differences in the energetic distribution of trap states, the temperature
evolution of the photoluminescence peak position is evaluated in Figure 4.3d. For
all particles, similar FE peak positions prove the independence of the energy of free
excitons from the surrounding trap state environment. It is therefore concluded that
free excitons are mobile and gain additional energy with higher temperature due
to interaction with the surrounding thermal bath. In case of unpassivated particles
and alkyl chain cuboids, the higher energy peak BE1 features a similar energy
increase with increasing temperature and approaches the energetically higher BE1

peak position of the hexylthiophene cuboids only at 100 K. The lower energy peak
BE2, however, is more independent of temperature for all particles between 25-
100 K, reflecting highly immobile and deeply trapped excitons. At 25 K, the BE1

and BE2 peak positions of hexylthiophene cuboids are shifted to higher energies
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Figure 4.4.: PL spectra of MAPbI3 particles at 50 K for different excitation intens-
ities, i.e. 2.5× 1013, 2.5× 1014, 7× 1014 photons/cm2. Red arrows
highlight the decrease in BE peak height with increasing excitation
intensity.

by 40 meV and 28 meV, respectively. The blue-shifted photoluminescence peak
positions for hexylthiophene surface passivation indicate reduced binding energies
for bound excitons and likewise reduced trap state energies. For alkyl chain cuboids
and unpassivated particles, on the other hand, similar trap state energies can be
concluded due to their identical BE photoluminescence peak positions.

To evaluate differences in the trap state density, excitation intensity dependent
photoluminescence measurements are performed (Figure 4.4). Due to the finite
number of trap states, an increase in excitation intensity will lead to a filling of
trap states and an increasing amount of free photoexcited states upon a threshold
intensity. As shown in Figure 4.4, an increase in excitation intensity only leads to
a small increase of the high energy FE peak for the unpassivated particles, which
supports their higher trap state density discussed above. In case of the single-
crystalline cuboids, the same intensity increase causes a significantly stronger rise of
the FE peak intensity, leading to a continuous increase of the FE/(BE1 + BE2) peak
ratio with increasing excitation intensity for the alkyl chain cuboids, and a quick
saturation for the hexylthiophene cuboids already at low excitation intensities. The
earlier intensity saturation for hexylthiophene cuboids reveals a reduced trap state
density for surface passivation with hexylthiophene compared to modification with
insulating alkyl chains. All excitation intensity dependent effects were instantaneous
and reversible.

The similarity in trap state energy of alkyl chain cuboids and unpassivated particles,
in combination with the lower trap state density of the alkyl chain cuboids com-
pared to the unpassivated particles, agree well with the temperature evolution of
the photoluminescence spectra presented in Figure 4.3a. Based on the analogous
trap state energies, the same nature of trap states can be assumed for none and
insulating surface passivation. In contrast, the reduced density and energy of these
surface trap states for hexylthiophene cuboids confirm the superior trap state pas-
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sivation by hexylthiophene surface modifiers. These findings are consistent with
our measurements at room temperature.

Time-Resolved Photoluminescence at Low Temperature

Time-resolved photoluminescence measurements are evaluated to study the dynam-
ics of excitons and the interaction between free and bound excitons at low temper-
atures. Figure 4.5a-c show photoluminescence decays at 10 K for the investigated
particles. The photoluminescence dynamics can be fitted with biexponential de-
cay functions, with a fast component of several hundreds of nanoseconds and a
slow component of several microseconds. While for the unpassivated particles the
slow decay component dominates with a lifetime of 4.6 µs, the majority of pho-
toexcited states in the single-crystalline cuboids recombines within the fast decay
component with a lifetime of around 200 ns. Figure 4.5d-f present the photolu-
minescence spectra detected at different delay times after photoexcitation. Initial
states corresponding to the fast decay component are of higher energy, followed by
continuously red-shifting states with significantly longer lifetimes. Due to the dif-
ferences in peak position and lifetime, we assign the initially emitting high energy
states to free excitons and the long-lived, lower energy states to bound excitons.
Consistent with the photoluminescence spectra presented in Figure 4.3, the relative
population of bound excitons is higher for unpassivated particles, while for single-
crystalline cuboids fast decaying free excitons are more pronounced. The dynamic
interaction between free and bound excitons will be analyzed in more detail below
(Figure 4.6). Similar long photoluminescence lifetimes of bound excitons of up to
5 µs have already been observed for MAPbI3 single crystals at 5 K and have been
attributed to bound triplet excitons [176].

Apart from that, the significant difference in lifetime of free and bound excitons
can be related to an efficient capturing of free excitons due to large radii of free
Wannier-Mott excitons and resulting large capture cross sections of trap states,
facilitating a dynamic conversion of free to bound excitons. Furthermore, a giant
oscillator strength has been characterized for bound excitons in inorganic semi-
conductors [291], which might also contribute to efficient luminescence of bound
excitons in metal halide perovskites. An energy shift of around 40 meV takes place
during the photoluminescence decay for all particles, which displays the energy
difference of free and bound excitons at 10 K. However, the dynamics of this tem-
poral photoluminescence peak shift differ between the different particles. In case of
the single-crystalline cuboids the major part of the photoluminescence shift takes
place within the first 500 ns, while for the unpassivated particles the energy shift
evolves continuously during the whole photoluminescence decay of > 15 µs. This
continuous redshift of the photoluminescence spectra reveals that excitons in the
unpassivated particles interact with a broader energy distribution of trap states,
while for the single-crystalline cuboids excitons are affected by a smaller distribu-
tion of trap states. It is therefore concluded that single-crystalline cuboids possess a
high crystallinity within the crystal bulk and that trap states are spatially restricted
to the crystal surface.

To investigate the initial decay dynamics in more detail, time-resolved photolumin-
escence measurements are performed with enhanced time resolution on a smaller
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Figure 4.5.: a) - c) PL decays (black circles) fitted with biexponential decays (red
line). Fit results: Unpassivated: t1 = 0.36 µs (41.6 %) and t2 = 4.65 µs
(58.4 %), alkyl chain cuboids: t1 = 0.21 µs (85.4 %) and t2 = 2.47 µs
(14.6 %), hexylthiophene cuboids: t1 = 0.21 µs (85.7 %) and t2 = 2.29 µs
(14.3 %). Normalized PL spectra of d) unpassivated particles, e) alkyl
chain cuboids, and f) hexylthiophene cuboids at different delay times
after excitation. Arrows indicate spectral shift during decay.

time range of 2 ns (Figure 4.6). These measurements are performed at 50 K, where
the FE and BE photoluminescence peaks are more distinct. We want to note that
due to instrumental limitations (the Streak camera requires a repetition rate of
76 MHz for the synchroscan unit) these measurements were done with a repetition
rate of 76 MHz, leading to a build-up of photoexcited states with lifetimes longer
than 13 ns. Although this build-up might impact the photoluminescence decay on
longer time scales, we expect the initial dynamics after photoexcitation to be less
affected. The dynamics of the free exciton emission at higher energies are charac-
terized by a fast initial decay component with a decay time of around 50 ps for all
particles (Figure 4.6d,e). For excitation densities above 1011 photons/cm2 an initial
rise in photoluminescence intensity can be resolved for the BE peak, which can be
fitted with a monoexponential rise function with a time constant of around 60 ps
(Figure 4.6d,e). The similarity of time constants of the FE decay and the BE rise
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Figure 4.6.: Fast PL decay components of MAPbI3 particles measured at 50 K.
a) - c) Left: streak camera images for excitation intensities of
7× 1010 photons/cm2. Right: Integrated decays for free excitons (FEs)
(light blue, 1.61-1.70 eV) and bound excitons (BEs) (dark blue, 1.47-
1.61 eV). PL dynamics of FE (filled circles) and BE states (open circles)
for d) alkyl chains and e) hexylthiophene cuboids for an excitation in-
tensity of 2.3× 1011 photons/cm2, fitted with a biexponential decay
function for FE and an exponential rise function for BE dynamics.
Time constants of the fast decay component are displayed.

indicates an energy transfer from free to bound excitons by exciton trapping on a
time scale of tens of picoseconds. A comparable energy transfer mechanism from
majority to minority species has been observed for tetragonal inclusions in MAPbI3

films [129].

4.4. Origin of Surface Defects

The discussed photoluminescence measurements at room temperature and at low
temperature reveal a reduction in trap state energy and density, as well as reduced
lattice distortion, for surface passivation of MAPbI3 single crystals with hexyl-
thiophene. In contrast, surface modification with insulating alkyl chains proves
to be much less efficient for the passivation of surface trap states. As alkyl chain
and hexylthiophene cuboids are both single-crystalline, it is concluded that the
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Figure 4.7.: Illustration of positively charged surface defects of MAPbI3 caused by
iodide vacancies, which can be passivated by the electron-rich sulfur of
the hexylthiophene, but not by the insulating alkyl chains (I = pink,
Pb = grey, N = green, C = black, S = yellow).

origin of the different trap state properties is located at the crystal surface rather
than in the bulk. Furthermore, low temperature photoluminescence measurements
revealed identical photoluminescence peak positions of bound excitons for unpas-
sivated particles and alkyl chain cuboids, indicating similar trap state energies for
unpassivated surfaces and surfaces passivated with insulating modifiers. The sim-
ilarity of surface trap states for unpassivated particles and alkyl chain cuboids are
further supported by the fact that unpassivated particles and alkyl chain cuboids
vary significantly in their surface structure, crystallinity, and surface-to-volume ra-
tio and only share a nonexistent or insulating surface passivation. It is therefore
concluded that passivation by electron-rich hexylthiophenes significantly manipu-
lates trap state properties by donating electron density to positively charged defects
at crystal surface. This charge transfer is not possible for surface passivation with
insulating alkyl chains.

A likely origin of these positively charged trap states are iodide vacancies, i.e. un-
dercoordinated lead, at the crystal surface, as illustrated in Figure 4.7. The pres-
ence of positively charged surface trap states has also been proposed by Noel et al.
and deQuilettes et al., who could significantly reduce non-radiative recombination
channels and enhance solar cell performances by post-deposition of Lewis bases
on MAPbI3 films [141, 184]. Similarly, PCBM (= phenyl-C61-butyric acid methyl
ester)-based surface treatments or amino-functionalized electron transport layers
have been applied to neutralize positively charged surface defects, improving solar
cell performance and reducing the current-voltage hysteresis of MAPbI3 solar cells
[30, 292].

Considering the lower surface coverage with hexylthiophene surface modifiers com-
pared to alkyl chain modifiers, their successful trap state passivation demonstrates
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the effectiveness electron-rich surface passivation. However, it has to be considered
that the facet-dependent attachment of hexylthiophene modifiers may influence the
efficient trap state reduction due to a crystal facet dependent density of trap states
[178]. The rod-like structure of the hexylthiophene cuboids might reduce the rel-
ative surface area of crystal facets possessing a higher trap state density. Likewise,
it cannot be excluded that the crystal direction that is preferentially passivated
by hexylthiophenes has an enhanced trap state density, enabling a more efficient
passivation of surface trap states by hexylthiophenes based modifiers.

4.5. Summary

Using a model system of submicron-sized MAPbI3 particles with different surface
modifications, surface defects and their interaction with photoexcited states were
investigated by photoluminescence measurements in different temperature regimes.
A comparison of surface passivation by electron-rich hexylthiophenes and insulating
alkyl chains revealed the presence of positively charged trap states at the crystal
surface. The energy and density of these surface trap states could be reduced with
hexylthiophenes, while an insulating surface passivation leads to similar trap state
energies as for unpassivated surfaces. Hence, it is suggested that iodide vacancies,
resulting in coordinative unsaturated lead, exist at the crystal surface of MAPbI3

and cause surface lattice distortions.

At room temperature, the identified surface trap states act as electron traps and
thereby increase non-radiative recombination rates. Similar results on MAPbI3 thin
films [141, 184], that also showed increased radiative emission after surface passiv-
ation with electron-rich modifiers, indicate that these positively charged surface
defects are intrinsic to MAPbI3 and form independent of the preparation route.
The successful passivation of these surface defects highlights the potential to im-
prove perovskite solar cell device performance by effectively passivating trap states
at the surface of perovskite films.

Additionally, the presented results help to understand the origin of multiple emission
peaks of orthorhombic MAPbI3, that has been debated recently [129, 176, 282, 286–
289]. By comparing differently passivated crystal surfaces, the high and low energy
photoluminescence peaks were identified to originate from bound and free excitons,
respectively, whose relative population depends on the surface properties of the
particles. In particular, a fast initial photoluminescence decay component of free
excitons is identified to be caused by exciton trapping on a time-scale of tens of
picoseconds at 50 K, resulting in bound excitons with lifetimes of up to several
microseconds at 10 K.





5. Interplay of Mobile Ions and Injected
Charge Carriers

This chapter is based on the research paper Interplay of Mobile Ions and Injected
Carriers Creates Recombination Centers in Metal Halide Perovskites Under Bias
[293]§, which I have written as part of my Ph.D. Most of this work was conducted
during my research stay at the group of Prof. David S. Ginger at the Chemistry
Department of the University of Washington (Seattle, USA). Material and device
preparation, as well as SKPM and most photoluminescence measurements were
done by myself. Jake Precht, a Ph.D. student in the group of Prof. David S.
Ginger, did additional photoluminescence measurements on FAPbI3 based devices.
Ab initio calculations were done by Hongbin Liu, a Ph.D. student in the group of
Prof. Xiasong Li at the Chemistry Department of the University of Washington
(Seattle, USA). The manuscript was written and edited by myself.

Previous studies have reported that electric field-induced migration of ionic
defects can cause the formation of non-radiative trap states [230, 234, 235].
However, the chemical nature of these trap states is still unclear, as well as the
role of simultaneous ionic and electronic conduction. In this chapter, the in-
teraction of mobile ions and electronic charges is shown to determine the form-
ation of non-radiative defects during electric poling of MAPbI3 and FAPbI3

films. Using multimodal scanning microscopy combining in-situ photolumin-
escence and scanning Kelvin probe microscopy (SKPM) in a lateral electrode
geometry, temporal changes in radiative recombination are correlated with the
spatial concentration of ionic and electronic charge carriers. Importantly, trap
formation with both charge injecting and blocking contacts is compared. Even
though ion migration takes place in both cases, we observe the formation of
new non-radiative defects in MAPbI3 only in the presence of injected electrons,
suggesting that redox processes play a key role. Based on density functional
theory (DFT) simulations, the reduction of Pb2+ to Pb0 is proposed to be
responsible for the new defects formed in our films. These results underscore
that defect properties in metal halide perovskites are not only determined by
the migration of mobile ions, but are also highly sensitive to their interaction
with injected electronic charge.

§Reproduced in part with permission from ACS Energy Letters. Copyright 2018 American

Chemical Society.
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5.1. Literature Review on Trap State Formation by Ion
Migration

Literature reports of slow changes in emission properties of metal halide perovskites,
including photoinduced halide segregation [86, 87], photoinduced increases in pho-
toluminescence intensity [24, 186], and bias-induced photoluminescence quenching,
have been associated with the motion of ions and demonstrate the sensitivity of
emission properties of metal halide perovskites to local stoichiometry. Poling ex-
periments on MAPbI3 with lateral electrodes have revealed both reversible and
irreversible motion of ions under applied electric fields and decreases in photolu-
minescence intensity close to the electrodes have been interpreted as trap formation
due to ion motion [230, 234, 235]. However, the nature of these field-induced non-
radiative recombination centers is still unclear, as most defect energies for mobile
ionic species, such as interstitials or vacancies of iodide and methylammonium, are
assumed to be shallow [16, 26, 168].

Recent reports have further emphasized that the charge carrier population impacts
the intimate relationship between ion migration and non-radiative recombination
pathways [108, 109]. The collective action of ionic and electronic charges during
electric poling is also assumed to be a major cause of current-voltage hysteresis
in perovskite solar cells and calls for an improved understanding of the impact
of simultaneous ion migration and charge trapping on recombination mechanisms
[109, 117, 229, 233].

In this study, the interplay of ion migration and charge injection during electric
poling and its impact on trap formation are studied using lateral junctions that
allow to profile local surface potentials via SKPM, while simultaneously probing
local changes in non-radiative recombination rates due to trap formation via photo-
luminescence. To test if changes in non-radiative decay rates are induced solely by
ion motion, or depend on charge injection, surface potential and photoluminescence
profiles are compared for injecting and insulator-coated contacts.

5.2. Materials and Device Fabrication

Lateral electrodes were fabricated in the architecture glass/perovskite/Au for in-
jecting contacts or glass/perovskite/PMMA/SiO2/Au for insulator-coated contacts
with an electrode distance of ∼ 10 µm. Unless otherwise noted, all materials were
purchased from Sigma-Aldrich or Alfa Aesar and used as received. Methylam-
monium iodide (MAI) and formamidinium iodide (FAI) were purchased from Dyesol
Ltd. Glass substrates were sequentially cleaned by sonicating in dilute detergent,
acetone and 2-propanol for 10 min each, followed by oxygen plasma treatment.
Then, the substrates were transferred into a nitrogen-filled glovebox. The stoi-
chiometric MAPbI3 precursor solution consists of 1 M PbI2 and 1 M methylam-
monium iodide (MAI) dissolved in a mixed solvent of 35 % DMSO and 65 % DMF
and was filtered before use. The precursor was spin-coated on the glass substrate
and directly transferred into an anisole bath. After 20 s the films were removed
from the bath and blow-dried with a nitrogen gun. Films were then heated at 60 ◦C
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Figure 5.1.: a) AFM topography line scan and b) map of a MAPbI3 film on glass.
c) Schematic illustration of the device structure.

for 3 min and at 100 ◦C for 5 min. FAPbI3 films were prepared similarly, using a
FAPbI3 precursor solution of 1 M PbI2 and 1 M formamidinium iodide (FAI) mixed
in 35 % DMSO and 65 % DMF and using annealing steps of 70 ◦C for 5 min and
170 ◦C for 10 min. The thickness of MAPbI3 and FAPbI3 films was determined
with a profilometer to be ∼ 250 nm. For insulating contacts 5 wt% of poly(methyl
methacrylate) (PMMA, Mw 120 k) was dissolved in toluene and spin-coated on top
of the perovskite layer at 8000 rpm for 1 min. Then, a 50 nm thick SiO2 layer was
prepared by electron-beam physical vapor deposition. Gold contacts with an elec-
trode distance of ∼ 10 µm were thermally evaporated with a 0.0005” round tungsten
wire held taut across the evaporation mask to create the lateral junction. Thermal
gold evaporation was done at a rate of 0.1 nm/s to give a thickness of 40 nm. A
typical MAPbI3 film topography with grain sizes of around 200 nm and the final
device structure are displayed in Figure 5.1.

5.3. Photoluminescence Before Application of an Electric
Field

The applied experimental geometry is depicted in Figure 5.2a. Although photo-
luminescence and SKPM measurements probe the sample from top and bottom,
respectively, a comparison of the two image modalities is fair in these samples, as
reported carrier diffusion lengths of 100-2000 nm are comparable to the film thick-
ness (∼ 250 nm) [96, 122, 147, 294], and SKPM measurements probe the charge dis-
tribution over a thickness comparable to the charge screening length of ∼ 100 nm.
Variations in the electric field strength along the film thickness are assumed to be
negligible, as the gap width (∼ 10 µm) is significantly larger than the film thickness.
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Figure 5.2.: a) Device geometry for photoluminescence (through glass) and
SKPM measurements (at top surface). b) Topography cross
section and photoluminescence maps for c) MAPbI3/Au and d)
MAPbI3/PMMA/SiO2/Au across the electrode gap. Vertically dotted
lines indicate the position of the electrode edges.

Figures 5.2b-d show the topography of the 10 µm wide electrode gap and photo-
luminescence maps of MAPbI3/Au and MAPbI3/PMMA/SiO2/Au devices prior
to electric poling. These MAPbI3 films are deposited by an antisolvent method
without further surface treatment, producing films with photoluminescence prop-
erties comparable to common reports in the literature, though their lifetimes (∼
100 ns) are shorter than the very best surface-passivated materials (see Figure B.1).
In case of injecting contacts, the photoluminescence intensity is reduced in the vi-
cinity to the contacts due to charge transfer into the metal (Figure 5.2c) [295]. In
contrast, charge injection is blocked for the insulator-coated contacts, resulting in
an increased photoluminescence intensity below the electrodes due to reflection of
the laser at the electrode and double-pass excitation of the perovskite (Figure 5.2d).

The photoluminescence maps in Figure 5.2c-d show a fairly homogeneous distri-
bution of intensity throughout the electrode gap, despite small local variations,
consistent with the typical photoluminescence heterogeneity of perovskites films
[174, 177, 296]. Due to the relatively small grain sizes of the perovskite film of
around 200 nm (topography displayed in Figure 5.1), the optical resolution (∼
500 nm) is not sensitive to specific grains, but instead presents the overall distribu-
tion of photoluminescence intensity between the two electrodes. Hence, repeatedly
scanning a single line across the electrode gap, as presented below in Figure 5.4,
allows a real-time observation of changes in photoluminescence intensity between
the electrodes. The vertical features in these images result from consecutive lateral
scanning over the same slightly heterogeneous lateral line profile (the y-axis is time,
not position).

Before studying the influence of external electric fields, samples were irradiated by
the excitation laser for 30 min to yield stabilized recombination rates. Figure 5.3
shows the dynamic rise in photoluminescence intensity during this light-soaking
process. Such increases in photoluminescence intensity upon illumination are a



Chapter 5. Interplay of Mobile Ions and Injected Charge Carriers 77

Figure 5.3.: Initial photoluminescence increase during light soaking measured below
the electrodes (solid line) and within the electrode gap (dotted line) for
a) MAPbI3/Au and b) MAPbI3/PMMA/SiO2/Au.

well known phenomena in metal halide perovskites and have been attributed to
an annihilation of Frenkel defects that is promoted by an enhanced ionic mobil-
ity during light exposure [108, 163]. The consequent elimination in non-radiative
recombination centers in the film is expected to cause the observed slow increase
in photoluminescence intensity. Reversed decreases in photoluminescence intens-
ity below the contacts of MAPbI3/Au devices are assigned to an improved charge
transport to the gold electrodes and subsequent charge injection, as a reduction in
defect density also increases the charge carrier diffusion length (Figure 5.3a).

5.4. Photoluminescence During and After Application of an
Electric Field

After stabilized radiative recombination rates have been achieved upon initial light
soaking, a bias of +9 V has been applied to the right electrode, while the left elec-
trode was grounded. This bias yields an electric field of around 0.9 V/µm, which is
similar to fields encountered in working perovskite solar cells. Figure 5.2a shows the
change in photoluminescence intensity of a MAPbI3/Au device during such electric
poling. Similar to previous observations [233, 235], the total photoluminescence
intensity is instantly reduced by around 20 % when the bias is applied, as the elec-
tric field and direct contacts promote separation and extraction of photogenerated
charges [297]. More interestingly, non-uniform photoluminescence quenching occurs
at the negative electrode and starts to propagate towards the positive electrode on a
time scale of over 1200 s. After electric poling, both electrodes are grounded and the
photoluminescence intensity slowly recovers over approximately 900 s (Figure 5.4b).
As photoluminescence quenching and recovery feature a continuously propagating
front, migration of charged ions from one electrode to another is assumed to cause
the changes in photoluminescence intensity. These results are similar to the re-
port by Zhang et al., who observed a reversible photoluminescence quenching in
MAPbI3 from the negative towards the positive electrode on similar time scales
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Figure 5.4.: Photoluminescence scan of a single line within the electrode gap for
a), b) MAPbI3/Au and c), d) MAPbI3/PMMA/SiO2/Au. Measure-
ments were done during a), c) a bias of +9 V and b), d) after bias.
Above each measurement schematic illustrations display the used device
configuration.

[295]. Likewise, electric poling measurements by Jacobs et al. led to photolumines-
cence quenching around the negative electrode, yet in their case photoluminescence
quenching was irreversible [233]. Importantly, these [233, 295], and other studies
[234, 235], interpret bias-induced quenching in perovskites primarily in the context
of field-induced ion migration. Next, it is shown that charge injection is a critical
component of this quenching process.

Figure 5.4c,d show what happens when the same biasing experiment is performed
using insulator-coated contacts that can pole the sample with an applied field, but
not inject or extract carriers. Notably, Figure 5.4c,d show that no quenching oc-
curs in MAPbI3 films in this case. This experiment indicates that the reversible
trap formation observed when biasing MAPbI3 films (Figure 5.4a,b) requires charge
injection, not just field-induced ion motion. As the gap width (∼ 10 µm) is signi-
ficantly larger than the insulator thickness (∼ 80 nm), only minor potential drops
are expected to occur at the insulating layer (∼ 0.1 V), as confirmed by SKPM
profiles. It is therefore excluded that the absence of photoluminescence quenching
in insulator-coated devices is due to a smaller electric field. This claim is further
verified by the fact that the entire 9 V is observed to drop across the 10 µm wide
junction (Figure 5.6d) and tested biases up to 20 V on insulator-coated devices do
not cause any changes in the photoluminescence either. Additionally, as all bias-
induced changes were found to be reversible even without application of a reversed
electric field, field-induced migration of metallic gold into the perovskite layer is not
expected to cause the differences between direct and insulator-coated electrodes.

Previous reports have shown that interaction with the atmosphere, i.e. moisture and
oxygen, can have a severe impact on photoluminescence properties of MAPbI3 films
[186, 234, 298]. By performing our measurements in a nitrogen atmosphere, using
nitrogen gas with 99.995 % purity that was further purified with a moisture filter,



Chapter 5. Interplay of Mobile Ions and Injected Charge Carriers 79

Figure 5.5.: Initial photoluminescence increase during light soaking meas-
ured within the electrode gap of a) MAPbI3/Au and b)
MAPbI3/Au/PMMA/SiO2 in N2 (dotted line) or dry air atmosphere
(solid line). c) PL scan of a single line within the electrode gap for
MAPbI3/Au/PMMA/SiO2 during a bias of +9 V measured in a N2

atmosphere.

the potential impact of oxygen and moisture on the presented poling experiments
is significantly reduced. Furthermore, reports of moisture facilitated degradation
processes during electric poling demonstrate an irreversible decomposition of the
perovskite [234, 298], while Figure 5.4a,b displays a completely reversible photolu-
minescence quenching, indicating that remnant traces of moisture play no role for
the observed formation of new non-radiative defects.

Although only minimal traces of moisture and oxygen may remain present in the
poling measurements, further control measurements were performed to exclude that
the insulating PMMA/SiO2 layer prevents photoluminescence quenching due to its
encapsulating effect. In fact, it is seen that the PMMA/SiO2 layer blocks oxygen
and potential remnant traces of moisture, as dry air boosts the photoluminescence
intensity rise for MAPbI3/Au devices during initial light soaking (Figure 5.5a),
while a change in atmosphere has no impact on the photoluminescence rise for
MAPbI3/Au/PMMA/SiO2 (Figure 5.5b). Therefore, additional measurements were
performed to investigate if this encapsulating effect is responsible for the absence of
photoluminescence quenching in insulator-coated devices. Yet, Figure 5.5c displays
that poling measurements on lateral electrodes of MAPbI3/Au/PMMA/SiO2, that
have charge injecting contacts and block interaction with the atmosphere, again
result in a transient reduction in photoluminescence intensity, evolving from the
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negative to the positive electrode. It is therefore concluded that solely charge in-
jecting contacts, and not interaction with the ambient atmosphere, is a necessary re-
quirement to observe field-induced photoluminescence quenching in MAPbI3 films.
The smaller magnitude of photoluminescence quenching observed in Figure 5.5c for
MAPbI3/Au/PMMA/SiO2 compared to MAPbI3/Au (Figure 5.4a) might indicate
that the underlying mechanism of photoluminescence quenching takes place at the
film surface and is reduced if the surface is covered with the polymer PMMA. To
examine possible differences in the mechanism of ion migration for injecting and
blocking contacts, changes in the surface potential are considered in the following,
using scanning Kelvin probe microscopy (SKPM).

5.5. Ion Migration Studied by Kelvin Probe Measurements

SKPM has proven to be extremely useful for the investigation of electric-field driven
ion migration between lateral electrode structures [107, 295, 299–304]. In general,
Kelvin probe measures the contact potential difference (CPD) between the work
functions of tip and sample (VCPD = (φt−φsample)/−e), and is affected by changes
in the charge distribution in the film, e.g. due to doping or localized charged surface
defects. The potential displayed in Figure 5.6 is the DC bias VDC that is applied
to the tip to nullify the contact potential difference with VDC = - VCPD.
Figures 5.6a-c show the evolution of the SKPM signal over time within the electrode
gap for charge injecting contacts during and after electric poling of MAPbI3/Au
devices. During electric poling, the applied potential of 9 V drops uniformly across
the electrode gap (Figure 5.6a). With time, a minor shift of this potential drop
towards the positive electrode takes place. After electric poling, the SKPM signal
is increased by around +200 meV close to the negative electrode, which is consistent
with a positive Fermi level shift, as one would expect from an increased concentra-
tion of electrons near the negatively biased contact (Figure 5.6b,c). This increased
SKPM signal dissipates slowly, but does not fully recover to its initial state within
the ∼ 1500 s time frame measured here (Figures 5.6b,c). Similar increases of the
SKPM signal close to the electrodes after electric poling have already been reported
for MAPbI3/Au devices and have been interpreted as doping of the perovskite film
[107, 295, 299]. This doping has previously been assigned to an accumulation of
charged defects close to the electrodes that causes electronic charge injection into
the perovskite film to maintain charge neutrality. Hence, this data is interpreted as
indication that during electric poling, mobile ions migrate across the electrode gap.
This ion motion, together with charge carrier injection from the electrodes, leads
to a net increase in negative carrier density in the film after biasing. There appears
to be only a slight difference in the behavior of positive and negative species at the
negative/positive electrodes, in this case.

Insulator-coated contacts prevent the injection of large concentrations of electronic
carriers and hence allow a more direct observation of intrinsic ionic and electronic
charge motion (Figure 5.6d-f). With insulator-coated contacts, it is observed that
during bias the potential is initially screened within the electrode gap with a sym-
metric potential drop at both electrodes (Figure 5.6d). This electrolytic-capacitor-
like potential drop then evolves into a more resistor-like behavior with a constant
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Figure 5.6.: SKPM scan of a single line within the electrode gap of a) - c)
MAPbI3/Au and d) - f) MAPbI3/PMMA/SiO2/Au, measured a) and
d) with +9 V bias applied to the right electrode and b), c), e), f) at
0 V bias after turning off the +9 V bias. The black line in b) displays
the SKPM CPD signal prior to biasing. CPD sign convention is such
that more positive bias applied to tip corresponds to a shallower (more
n-type) work function. Each line presents a line scan with 12 s time
resolution, arrows depict temporal evolution. Shaded areas show topo-
graphy of the electrode gap.
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electric field distribution in the junction within the first 400 s, and it can be seen that
the entire 9 V potential drop across the electrode gap. The initially fast time scales
involved (≤ 12 s) indicate that an unintentional electronic doping of the perovskite
film at the level of ∼ 1014-1015 cm−3 (calculation details are given below) leads to
the observed initial charge accumulation and potential screening at the insulator-
coated contacts, as charges cannot be extracted [62]. On slower time scales, ions
start to migrate towards the electrodes, causing a redistribution of the field and
carriers within the film to restore neutrality.

Notably, when scanning the potential after the bias is removed, significant residual
negative and positive potential peaks of over 2 V are observed close to the positive
and negative electrode, respectively (Figure 5.6e,f). These potential peaks are much
larger than in the presence of injected carriers and are assigned to the accumulation
of charged mobile ions. Figure 5.6e,f shows the relaxation of the potential profile
after removal of the bias, and shorting of the contacts. The potential takes several
hundred seconds to return to its initial condition, a time scale consistent with ionic
motion, deep trapping of carriers, or both. The similar density and decay kinetics
of oppositely charged ionic defects at each electrode suggests a paired origin of
positive and negative mobile ions, e.g. some particular species of vacancies and
their equivalent interstitials.

Application of the Poisson equation allows to extract the net charge carrier density,
ρ(x), from the measured potential peaks:

d2V

dx2
=

1

ε0εr
ρ(x) (5.1)

as it is commonly done in lateral SKPM experiments [300, 304, 305]. Here, ε0 is
the vacuum permittivity and εr the relative dielectric constant (the static εr = 25
is taken for the perovskite) [189]. Figure 5.7 displays the resulting distribution of
charge density with a maximum of ∼ 2× 1015 cm−3 close to the electrode edges,
which is compatible with reported defect densities in MAPbI3 films [24, 170]. This
charge density presents a net charge density of electronic and ionic carriers, as a
partial screening of ionic charge by intrinsic, oppositely charged electronic carriers
is expected. Therefore, the measured net charge density is assumed to provide a
lower limit of redistributed ionic density after poling. As displayed in Figure 5.7, the
extracted net charge density is highest at the electrode edges and decays towards
the gap center with an exponential decay length of approximately 700 nm. Here,
it has to be noted that factors like defects in the insulating layer [306], deviations
between bulk and surface charge densities, as well as the choice of dielectric constant
might affect the accuracy of the extracted charge density - but in all cases these
factors would lead to underestimation of the potential and ion densities relative to
those measured with injecting contacts. In other words, the qualitative conclusions
will remain unaffected, and are in fact strengthened by these considerations.

Comparing Figure 5.6a-c and Figure 5.6d-f for charge injecting and blocking con-
tacts, respectively, shows that the dynamics of ion migration are slowed if charges
are injected. This might base on the fact that ions, that are accompanied by charge
carriers of opposite sign, have slower dynamics due to a reduced drift under an elec-
tric field. It is therefore concluded that ion migration is taking place both with and
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Figure 5.7.: Left: Measured potential within the electrode gap of
MAPbI3/PMMA/SiO2/Au after turning off the +9 V bias. Right:
Charge density in MAPbI3/PMMA/SiO2/Au after bias, extracted
from the measured potential using Equation 5.1.

without charge injecting contacts, however as migrating ions have different amounts
of screening, their dynamics and impact on the contact potential difference vary.

Estimation of Intrinsic Electronic Carrier Density

To extract an upper limit of the intrinsic electronic carrier density present within
the herein probed perovskite films, two approaches are applied. First, the insulator-
coated lateral devices are approximated as a parallel plate capacitor (Figure 5.8a).
The capacitor plate area A is approximated by the product of film thickness (∼
250 nm) and electrode width (∼ 1.25 mm). By fitting the potential drop close the
electrode edges with mono-exponential decays (Figure 5.8b), the screening lengths
of d1 = 780 nm and d2 = 550 nm are extracted for potential drops of ∆ U1 = 3.6 V
and ∆ U2 = 4 V for the negative and positive electrode side, respectively. Using
the capacity C of a parallel plate capacitor, the charge Q, that is needed to screen
the potential ∆U , can be calculated with:

Q = C ·∆U =
ε0εrA

d
·∆U (5.2)

to be Q1 = 3.2× 10−13 C and Q2 = 5× 10−13 C for the positive and negative charge,
respectively. Assuming that this charge is attracted only from the volume V within
the electrode gap (≈ 3.12× 10−15 m3), an upper limit of the intrinsic electronic
carrier density of p = 6× 1014 cm−3 and n = 1× 1015 cm−3 for holes and electrons
can be concluded, respectively.

Next, as a cross-check, the intrinsic electronic carrier density is evaluated based on
the Debye screening length λD, using:

n =
ε0εrkBT

λ2
Dq

2
(5.3)

For λD = 550 nm, the negative electron charge density can be estimated to be n =
1.2× 1014 cm−3 in the herein probed perovskite film, in good agreement with the
estimates above.
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Figure 5.8.: a) Dimensions of approximated parallel plate capacitor in insulator-
coated devices. b) Initial potential profile upon application
of +9 V to the right electrode of an insulator-coated device
(glass/MAPbI3/PMMA/SiO2/Au). The potential screening lengths
are fitted with a mono-exponential decay function, with decay lengths
of 780 nm and 550 nm close to the negative and positive electrode,
respectively.

It is assumed that deviations between the estimated intrinsic electronic charge dens-
ities that are calculated either with the parallel plate capacitor approach (n =
1× 1015 cm−3) or the Debye length approach (n = 1.2× 1014 cm−3) might arise
from the choice of the relative dielectric constant εr, as well as from the assumption
that electronic carriers are only attracted from the volume V within the electrode
gap, that might cause an overestimation of charge density. Therefore, an upper
limit of n = 1× 1015 cm−3 is estimated for the intrinsic electronic charge carrier
density in the probed perovskite films, which is in good accordance with literature
values [173].

Control Measurements on Lateral Electrodes Without Ion Migration

To verify that the observed changes in the SKPM signal in Figure 5.6 are caused
by electric field-induced ion migration in the perovskite layer, several control meas-
urements are conducted (Figure 5.9). For that purpose, the polymer P3HT (Poly(3-
hexylthiophene-2,5-diyl)) is investigated in the lateral device architecture P3HT/Au,
as presented in Figure 5.9a,b. As the polymer has no ionic crystal structure, no
intrinsic ion migration is expected to be caused by electrical biasing. According
to the absence of mobile ions, Figure 5.9a,b displays that no dynamic changes
take place in the SKPM signal during and after electrical biasing of P3HT/Au.
Next, the impact of the insulating layer of PMMA and SiO2 is investigated in a
P3HT/PMMA/SiO2/Au structure (Figure 5.9c,d). During bias, the resistor-like
potential drop across the electrode gap stays invariant. However, after bias (Fig-
ure 5.3d), two distinct potential peaks of around 200 mV are detected close to the
electrode edges, with a very slow and incomplete potential decay over a time scale
of over 1400 s.
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Figure 5.9.: SKPM scan of a single line within the electrode gap of a) - b) P3HT/Au,
c) - d) P3HT/PMMA/SiO2/Au and e)- f) PMMA/SiO2/Au. Measure-
ments are done a), c), e) during and b), d), f) after bias of +9 V applied
to the right electrode. Gray areas display the height profile across the
electrode gap.

To identify the origin of the SKPM peaks in the P3HT/PMMA/SiO2/Au devices,
the insulating material itself is investigated using PMMA/SiO2/Au (Figure 5.9e,f).
Likewise, potential peaks of similar height (∼ 200 mV) and sign are observed. Due to
the similarity of the potential profiles for both devices, the transient potential peaks
in P3HT/PMMA/SiO2/Au and PMMA/SiO2/Au are assigned to a dynamic process
in the insulating layer. In fact, both PMMA and SiO2 are well known electret
materials that can store - but cannot transport - electrostatic charge [276, 307].
Stored charges in PMMA layers can be imaged by SKPM as they cause additional
electrostatic forces that act on the AFM tip [308]. We therefore propose that the
direct contact between SiO2 and the electrode causes a charging of the insulating
layer, with positive charge stored close to the positive electrode and negative charge
stored close to the negative electrode. Although this charging effect of the insulating
layer is assumed to be present in MAPbI3/PMMA/SiO2/Au structures, as well, it
is expected to have only a minor impact due to its lower amplitude compared to
the potential peaks caused by the accumulation of mobile ions in the perovskite
films. Therefore, the control measurements presented in Figure 5.9 support the
assumption that the observed changes in the SKPM signal in Figure 5.6 base on
changes in the perovskite film itself.
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5.6. Origin of Photoluminescence Quenching

Importantly, the results presented in Figure 5.4 and Figure 5.5c show that in the
studied MAPbI3 films, an increase in the density of non-radiative recombination
centers occurs under bias only for injecting contacts, not for insulator-coated con-
tacts. Perhaps surprisingly, this data indicates that bias-induced ion motion alone,
at least at the biases/concentrations probed herein, does not necessarily produce a
large increase in the density of deep trap states. Next, the origin of the photolu-
minescence quenching in the MAPbI3 films with injecting contacts is discussed.

Figure 5.4a shows that the photoluminescence quenching proceeds beginning at the
negative (electron injecting/hole extracting) contact in the lateral devices. This
result suggests that the accumulation of positive ions and/or depletion of negative
ions and, importantly, reduction of some species due to charge injection is the likely
origin of the photoluminescence quenching. With respect to possible sources, iodide
vacancies, methylammonium interstitials, and lead interstitials are considered as
possible candidates based on literature reports [26, 184, 309]. Simulations however
suggest that the energies of MA interstitials and iodide vacancies are insensitive
to their charge state, whereas the trap depth of Pb interstitials are reported to be
sensitive to their charge [16, 26]. Given the role of charge injection, the varying
redox state of lead defects is considered to be responsible for the differences in trap
behavior observed between the probed samples with charge injecting and charge
blocking contacts.

Therefore, ab initio calculations are carried out to determine the expected trap-
ping levels of lead-based defects. Details of the calculation procedure are given in
Section 3.5.1. Figure 5.10a displays the calculated defect energy levels of lead
interstitials Pbi centered within a 3x3x3 MAPbI3 supercell. As recent reports have
demonstrated that energy levels of lead interstitials are sensitive to their charged
state [26, 163, 309], the energies of both Pbi

2+ and Pbi
0 are calculated. The res-

ulting energy levels show that ionic Pbi
2+, with a defect energy level 0.08 eV above

the conduction band minimum (CBM), forms no trap state. However, the calcula-
tions predict that reduction of Pbi

2+ to Pbi
0 creates a deep trap state with a defect

energy level Et = 0.47 eV below the CBM, in agreement with the calculations by
Buin et al. [26].

Pbi
0 is considered as a plausible non-radiative defect in the biased films: the ex-

istence of metallic lead Pb0 in MAPbI3 films has already been confirmed by X-ray
photoelectron spectroscopy (XPS) measurements [310–314], and its occurrence has
been correlated with an understoichiometry of iodide [314]. Furthermore, metallic
Pb0 defects have been shown to be a source of non-radiative trap states that re-
duce photoluminescence quantum efficiency, as well as solar cell device performance
[310, 311]. It is therefore speculated that iodide, which is expected to be the most
mobile species in MAPbI3 [222], migrates towards the positive electrode during
electric poling, causing the formation of lead-related defects close to the negative
electrode (illustrated in Figure 5.10b). The presented defect calculations predict
that such lead defects form deep trap states if concomitant electron injection en-
ables reduction of Pbi

2+ into Pbi
0. In contrast, insulator-coated contacts prevent

the interaction of injected charges and lead interstitials, resulting in Pbi
2+ defects
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Figure 5.10.: a) Calculated energy levels of lead interstitials in MAPbI3. b)
Schematic illustration of photoluminescence quenching mechanism
in MAPbI3. c) Calculated energy levels of lead interstitials in
FAPbI3. Insets show calculated orbitals of the supercells with de-
fect Pbi

0. Photoluminescence line scans of d) FAPbI3/Au and e)
FAPbI3/PMMA/SiO2/Au while a bias of +9 V is applied to the the
right electrode.

that are expected to be more electronically benign. Thus, attributing the observed
photoluminescence quenching to Pbi

0 explains multiple observations in the above
discussed experiments, and is consistent with recent literature precedent.

Formamidinium lead iodide (FAPbI3) is reported to exhibit different defect levels
from MAPbI3 [166]. Thus, as a comparison, the defect energy levels of lead inter-
stitials in FAPbI3 are calculated using the same approach. Figure 5.10c shows that
the calculated trap energy levels change for FAPbI3, with reduced energy levels of
Et = 0.003 eV for Pbi

0 and Et = 0.28 eV for Pbi
2+. While it is difficult to calcu-

late quantitative trap depths at this level of theory, the qualitative ordering of trap
energies is expected to be consistent. In this regard, the calculation predicts Pbi

0

interstitials in MAPbI3 to form defects that are both deeper than Pbi
2+ interstitials

in MAPbI3 and deeper than Pbi
0 and Pbi

2+ interstitials in FAPbI3. This trend is
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in qualitative agreement with the experimental data if non-radiative decay channels
are related to Pbi

0 interstitial formation (see below).

Finally, the same electrical poling experiments are performed on FAPbI3 films.
Figure 5.10d,e shows photoluminescence traces under bias for both charge inject-
ing (Figure 5.10d), and blocking (Figure 5.10e) contacts on FAPbI3 films. For
FAPbI3, in contrast to MAPbI3, no photoluminescence quenching is observed for
either blocking or injecting contacts. This result is interpreted as being consist-
ent with Pbi

0 interstitial formation as the source of non-radiative recombination in
MAPbI3, and with the theoretical prediction that Pbi

0 is a deeper defect in MAPbI3

than in FAPbI3.

5.7. Summary

In summary, photoluminescence quenching of metal halide perovskite films during
electric poling was compared with and without injecting contacts for both MAPbI3

and FAPbI3 thin films in a lateral electrode geometry. Independent of the device
configuration, a slow, field-induced ion migration was identified by SKPM meas-
urements. However, in these films, bias-induced photoluminescence quenching was
only observed in MAPbI3 films with injecting contacts, but not in MAPbI3 films
that exhibit ion motion without charge injection, nor in FAPbI3 films with either
blocking or injecting contacts. Based on calculations, it is hypothesized that, fol-
lowing electric poling and ion migration, Pb-related defects form near the negative
electrode that can either be deep or shallow trap states depending on their redox
state.

Beyond this specific interpretation, these results are more broadly important be-
cause they underscore that individual probes (photoluminescence, surface potential)
do not tell the entire story regarding defect formation and migration in perovskites,
and therefore multimodal approaches are increasingly necessary of understanding
these complex systems. Notably, it is possible that earlier studies on transients
and defect formation, especially those that have been interpreted solely in terms
of ion motion, should likely be re-examined in the context of the effects of injected
carriers. Finally, these results hold promise for engineering the long-term stability
of perovskite films: The observation that FAPbI3 films are robust against bias and
injection-induced photoluminescence quenching suggests that compositional engin-
eering may be able to overcome some of the instabilities of the prototypical MAPbI3

perovskite semiconductor using newer formulations and by considering carrier dens-
ities and redox processes in devices.



6. Quantitative Analysis of Mobile
Frenkel Defects

This chapter is based on the research paper Direct Observation and Quantitat-
ive Analysis of Mobile Frenkel Defects in Metal Halide Perovskites using Scanning
Kelvin Probe Microscopy [315]§, which I have written as part of my Ph.D. The
experimental part of this work was conducted at the group of Prof. David S.
Ginger at the Chemistry Department of the University of Washington (Seattle,
USA). Room temperature measurements were done by myself, while temperature-
dependent measurements were done by Jake Precht. Drift-diffusion simulations
were implemented by myself, as well as writing and editing of the manuscript.

Although several experimental approaches have been applied to study field-
induced ion migration in metal halide perovskites, these methods are often
rather indirect and affected by measurement parameters, and typically only
allow to characterize the activation energy, but not the mobility of mobile ions.
In this chapter, a complementary method to directly observe ion migration
in metal halide perovskites across the micrometer scale is presented. Using a
simple device geometry of insulator-coated lateral electrodes and time-resolved
scanning Kelvin probe microscopy (SKPM), the spatial redistribution of mobile
Frenkel defects is studied after exposure to an electric field. The combination of
these dynamic SKPM measurements with drift-diffusion simulations provides
a self-consistent picture of the sign, mobility and activation energy of mobile
ions. This approach is applied to study the difference in ionic motion for
films with different cation concentrations, which is found to be significantly
decelerated in FAPbI3 as compared to MAPbI3.

§Reproduced with permission from the Journal of Physical Chemistry C. Copyright 2018

American Chemical Society.
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6.1. Direct Observation of Mobile Ionic Defects

A variety of experimental, temperature-dependent techniques has been applied to
evaluate the activation energy of mobile ions in metal halide perovskites, includ-
ing current or voltage responses [49, 50, 116, 193, 220, 236], impedance spectro-
scopy [34, 36, 193, 216], conductivity [107, 227], and photoluminescence measure-
ments [108, 221]. Yet, many of these methods require illumination, which has
been shown to have a major impact on ion migration [107, 227], or the fabrication
of complete solar cell devices with different charge injecting and extracting layers
[36, 49, 50, 116, 193, 220]. These approaches, while powerful, can be complicated
by extrinsic factors, and do not always allow the direct examination of mobile ions.
Considering the dynamics of mobile ions, significantly fewer experimental reports
are available. Besides photoluminescence quenching experiments based on signific-
ant laser illumination [235], experimental determination of the ionic mobility has
primarily been obtained by impedance spectroscopy [36, 216], which evaluates the
small scale displacement of mobile ions, as well as by dark current decays of per-
ovskite solar cells [236].

Kelvin probe measurements on lateral electrodes have proven to be a valuable
method to study field-induced ion migration, e.g. in polyelectrolytes, electrochem-
ical cells and metal halide perovskites [107, 295, 299–304]. Previous Kelvin probe
studies on ion migration in metal halide perovskites applied lateral electrodes with
direct, charge injecting contacts between the electrodes and the perovskite. How-
ever, the field-induced spatial separation of ionic charge across the electrode gap is
complicated in case of a direct metal/semiconductor interface, as opposite electronic
charge carriers are injected from the source into the perovskite to enable charge
neutrality in the film. As a consequence of this screening effect, the ionic distribu-

Figure 6.1.: SKPM measurements across the lateral electrode of the device
glass/MAPbI3/PMMA/SiO2/Au. Potential and charge profile before
(left) and directly after (right) an electric field of 0.8 V/µm has been ap-
plied for 30 min and then set back to zero (electrodes shorted). Schem-
atic illustrations above and within graphs display device architecture.
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tion cannot be directly observed after biasing, but instead p- or n-doping is detected
at regions where increased ionic concentrations are expected [107, 295, 299]. Here,
lateral electrodes with an insulating layer between the electrodes and the perovskite
film are applied to directly observe the ionic charge redistribution by preventing a
screening of the ionic charge density by electronic charge carriers.

6.1.1. Insulator-Coated Lateral Electrodes

For this study, insulator-coated lateral electrodes with an electrode distance of ∼
10 µm were fabricated in the architecture glass/perovskite/PMMA/SiO22/Au, as
described in Section 5.2. Figure 5.1 presents the compact film morphology of the
probed MAPbI3 films, with grain sizes of 100-200 nm. To ensure good electronic
insulation, a double layer of the polymer poly(methyl methacrylate) (PMMA) and
SiO2 has been employed as insulating layer. Figure 6.1 displays the applied device
architecture and the potential profile measured across the electrode gap before
and after application of an electric field. The initial potential profile displays no
significant features on the applied scale due to the small work function differences
between MAPbI3 and gold of around 100 meV.

After the left electrode was biased with +8 V for 30 min, both electrodes were
grounded and the altered potential profile was immediately measured. Now, two
significant potential peaks of opposite sign and similar strength of around 2 V are
detected within the electrode gap. Application of the Poisson equation (Equation
5.1) indicates that these potential peaks arise from a residual charge density of
around 2× 1015 cm−3 close to the electrode edges, with an accumulation of negative

Figure 6.2.: Charge density of MAPbI3 at 20 ◦C measured within the electrode gap
directly after turning off the external bias of +8 V that was applied
to the left electrode (open circles). Red and blue lines show mono-
exponential decay fits to the negative and positive charge distribution
with decay lengths of x1 = 720 nm and x2 = 840 nm, respectively.
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charge close to the previously positively biased electrode, and vice versa. This
charge density of ∼ 1015 cm−3 is in the order of typical defect densities reported in
many samples of MAPbI3 [24, 170]. The initial charge distribution has its maximum
close to the electrode edges and decays exponentially towards the gap center with a
decay length of around 800 nm (see Figure 6.2). The deviation of the spatial extent
of the measured charge distribution from the expected Debye length of a localized
charge density of similar magnitude (∼ 100 nm) might be based on a spatially broad,
rather than highly localized distribution of charge, a deviation between surface and
bulk charge densities, the choice of dielectric constant, or a potential shielding effect
caused by the insulating layer [306].

6.1.2. Time-Resolved Kelvin Probe Measurements

Next, the temporal evolution of this charge distribution within the electrode gap
is investigated in more detail. Figure 6.3 displays the dynamic relaxation of the
charge distribution in time after the bias is removed. This real-time observation is
achieved by repeatedly scanning the same line between the two grounded electrodes,
starting directly after the electric bias has been turned off. This approach results in
a time-resolution of 6.6 s, which is the time needed for each line scan. For MAPbI3,
the potential and charge density peaks are observed to decay within ∼ 200 s (Figure
6.3a-c). Based on these slow time scales, it is concluded that the origin and the
dynamics of the charge distribution are governed by the accumulation of mobile ions
across the 10 µm wide electrode gap during electric biasing. As a partial screening
of ionic charge by intrinsic charge carriers due to unintentional doping of the film
cannot be excluded [173, 316], the measured charge density in the Figures 6.3c,f
is assumed to provide a lower limit of ionic density. After bias, the slow decay of
the potential and charge density peaks displays a symmetric, reversed migration of
mobile ions due to electronic drift and diffusion that are caused by the concentration
gradient of the charged defects. Based on the nearly identical peak heights and
dynamics of positive and negative charge density peaks, we propose that we are
observing the motion of interstitials and vacancies of the same ionic defect (Frenkel
defects), rather than of two oppositely charged vacancies of different cation and
anion species (Schottky defects). These defects may have formed either during the
initial crystallization process, and migrate under the applied field, or may be caused
by the electric field. The common crystallographic origin of the Frenkel defects will
result in coupled dynamics, as an encounter of matching vacancies and interstitials
is expected to cause the annihilation of both defects.

Interestingly, the time scales for this ion motion are different between MAPbI3 and
FAPbI3 films. Figure 6.3d-f shows the decay of both charged defects after biasing a
FAPbI3 film, which comprises the larger and less polar cation formamidinium (FA).
While the general behavior is similar to that observed for MAPbI3, and shows two
opposite potential peaks and an associated charge separation across the electrode
gap, Figure 6.3 shows that the relaxation dynamics are significantly slower for
FAPbI3. These slower dynamics would be consistent with a reduced ionic mobility
for FAPbI3. This observation agrees with calculations by Haruyama et al., who
predicted higher activation energies for ionic conduction in FAPbI3 than in MAPbI3

based on density functional theory [48].
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In the recent literature, the organic A-site cation, halide X-site anion, and even
the lead B-site cation have all been proposed or even demonstrated to be mobile
in MAPbI3 films [48, 107, 109, 110, 218, 219]. As SKPM probes charge only, and
since migration of a positive ion leaves a negative compensating charge behind (and
vice versa) the identity of the mobile ions (e.g. I- or MA+ or Pbx+) cannot be
derived directly from the presented SKPM measurements. It is possible to make
an assignment indirectly based on relative time scales, and indeed Pb2+ is ruled
out as the primary mobile species observed in the experiments, based on time scale
and activation energy [49, 219]. However, the large variation in reported mobilities

Figure 6.3.: Time-resolved SKPM measurements after bias for a-c) MAPbI3 and d-
f) FAPbI3 films, measured at 20 ◦C. The potential decay is shown in a),
b), d) e) and the charge density decay in c), f). Each line represents a
line scan across the same electrode gap position with a time resolution
of 6.6 s.
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and activation energies of both iodide and methylammonium related mobile defects
makes it difficult to distinguish between these species without additional data. If the
organic cation is assumed to be responsible for ion migration at these time scales,
the faster ionic mobility in MAPbI3 films could be due to the smaller geometric size
of the organic cation. In the case that iodide is the mobile ion observed in Figure
6.3, coupled dynamics of cation rotation and iodide migration might provide a local
screening of ionic charge by the larger, more mobile dipole moment of MA cations,
thus facilitating the hopping mechanism of iodide ions in MAPbI3 [224].

Figure 6.4.: Time-resolved SKPM measurements after bias for
glass/MAPbI3/PMMA/SiO2/Au devices at temperatures of a)
0 ◦C, b) 10 ◦C, c) 20 ◦C, d) 30 ◦C. e) Decay of the total negative
(dotted line) and positive charge (solid line) integrated within the
lateral electrode at different temperatures.
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6.1.3. Temperature-Dependent Kelvin Probe Measurements

Next, temperature-dependent transport measurements were conducted to probe the
energetics of ion migration. Figure 6.4a-d shows the potential decay for MAPbI3

films for different temperatures, while Figure 6.4e displays the decay of the total
positive charge ptotal(t) and negative charge ntotal(t) within the electrode gap, with
ptotal(t) =

∫
p(x, t)dx and ntotal(t) =

∫
n(x, t)dx and p(x, t) and n(x, t) as positive

and negative charge densities of the measured net charge, respectively. The faster
decay dynamics of the potential peaks and the more rapid decrease in total charge
with increasing temperature is consistent with a thermally activated process, as
one might expect for mobile ionic defects. Furthermore, Figure 6.4e reveals slightly
faster decay dynamics for the negatively charged species at all temperatures. This
slight discrepancy between decay dynamics of oppositely charged defects might ori-
ginate from unintentional p-doping in our films, that causes a screening of negative
ions by positive electronic charge carriers [173]. Unfortunately, insufficient stability
of FAPbI3 films did not allow reliable temperature-dependent measurements for
FAPbI3 [62, 317].

6.2. Drift-Diffusion Simulation and Quantitative Analysis

A precise determination of the mobility and diffusion coefficient as a function of
temperature would allow for the extraction of the activation energy of the observed
ion migration using Equation 2.18. Hence, a quantitative analysis of the dynamics of
ionic motion at the different temperatures is conducted by considering both drift and
diffusion as driving forces that act on the ionic distribution. Assuming a uniform
distribution of ionic charge parallel to the electrode front, two one-dimensional
drift-diffusion equations are applied to model the evolution of ionic charge densities
nion(x, t) and pion(x, t) of negative and positive ionic species (see Section 3.5.2
for a detailed description). In this model, the ionic current densities of positive and
negative ions, Jn and Jp, are described by:

Jn(x, t) = q · µn · E(x, t) · nion(x, t) + q ·Dn · ∇nion(x, t) (6.1)

Jp(x, t) = q · µp · E(x, t) · pion(x, t) + q ·Dp · ∇pion(x, t) (6.2)

Here, µn and µp are the mobilities and Dn and Dp the diffusion coefficients of negat-
ive and positive ions, respectively. The first term in Equation 6.2 and 6.3 describes
the drift under the electric field E(x, t) = −∇V (x, t) that is caused by the displace-
ment of positively and negatively charged defects along the one-dimensional system.
The second term describes the diffusion caused by the concentration gradient of the
ionic species. It is assumed that the Einstein relation with D = (kBT/q) ·µ is valid
and that the mobilities µn and µp are constant over time. Additionally, the Poisson
equation, that relates the potential V with the charge density ρ(x, t) in the film, is
applied:

∇2V (x, t) =
q

ε0εr
ρ(x, t) =

q

ε0εr
(pion(x, t)− nion(x, t)) (6.3)

Combining Equation 6.1 - 6.3 into the continuity equation allows to calculate the
temporal evolution of the ionic distribution:
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Figure 6.5.: Decay of the simulated total charge of positive (red) and negative
ions (blue), calculated without recombination (broken line) or with re-
combination of opposite ions (dotted line) for MAPbI3 at 20 ◦C. Ex-
perimentally measured decays of positive and negative net charge for
MAPbI3 at 20 ◦C (solid line) are in qualitative agreement with the sim-
ulation that includes recombination of oppositely charged ionic species.

dnion(x, t)

dt
=

1

q
∇Jn(x, t)− krec · nion(x, t) · pion(x, t) (6.4)

dpion(x, t)

dt
=

1

q
∇Jp(x, t)− krec · nion(x, t) · pion(x, t) (6.5)

To describe the annihilation of Frenkel defects upon encounter of oppositely charged,
mobile defects, a recombination term with krec as Langevin recombination constant
is included in Equation 6.4 and Equation 6.5. If recombination of oppositely charged
ions is excluded from the model, the overall calculated number of ionic carriers is
conserved, while it decays continuously if the recombination term is included, as
displayed in Figure 6.5 and Figure C.1. The simulated and experimentally measured
charge decays are in good qualitative agreement if recombination of opposite defects
is included in the model (Figure 6.5), supporting the assumption that the measured
decay of potential peaks is caused by the redistribution and annihilation of related
Frenkel defects.

Small deviations between simulated and experimentally measured results can be
expected to arise from several effects. First, the here presented model assumes
completely reflective boundary conditions that prevent migration of ionic charge
out of the modeled system. However, it can be assumed that in experimental meas-
urements a small diffusion current of ions out of the electrode gap is present in the
perovskite film. For the sake of simplicity, further possible influences are excluded,
such as a time dependence of ionic mobility or a presence of intrinsic electronic
charge carriers, which might affect the amount and dynamics of the experimentally
measured net charge distribution within the electrode gap.
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Figure 6.6.: Measured and simulated potential of MAPbI3 at 30 ◦C, displayed as a)
line plot of every second line scan for the first 125 s after turning of the
8 V bias, or b) as surface plot.

To extract the ionic mobilities from the measured SKPM data, µp and µn are used
as fit parameters to solve the set of coupled partial differential equations (Equation
6.1 -6.5) and to minimize the difference between simulated and measured potential.
Despite the assumptions discussed above, the quality of the fit is very good, as
displayed in Figure 6.6 and Figure C.2 for MAPbI3 at 30 ◦C and for all other
temperatures, as well as for FAPbI3 at 20 ◦C, in Figure 6.7. The resulting fit
parameters µn and µp are given in Table 6.1.

We find that the studied positive and negative ionic defects in MAPbI3 films are
equally mobile, with mobilities in the order of 9× 10−10 cm2/Vs at room tem-
perature. It is interesting to note that this mobility of long-range ionic motion,
measured across multiple grains in a lateral device configuration, is comparable to
the ionic mobility determined by current density decays or short-range impedance
spectroscopy measurements, techniques which target mobile ions within grains (∼
10−10 cm2/Vs) [36, 49, 236]. This implies that cross-grain boundary transport may
not significantly impact the ionic mobility. Here, it has to be noted that the exist-
ence of a significantly faster ionic conduction mechanism, with a reported mobility
in the range of 10−6-10−7 cm2/Vs [52, 216], cannot be evaluated due to the limited
time resolution of the current approach; future approaches will focus on methods
that can measure sub-millisecond potential variations [318]. Furthermore, if higher
electronic charge densities would be present in the film, e.g. due to simultaneous
charge injection at the electrodes, the dynamics of ionic motion might be decel-
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Figure 6.7.: Measured (left) and simulated potential profiles (right) for MAPbI3 and
FAPbI3 directly after turning off the external bias, displayed as surface
plots for different temperatures.
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Mobility µp [cm2/Vs] Mobility µn [cm2/Vs]

MAPbI3: 0 ◦C 4.6× 10−10 4.3× 10−10

MAPbI3: 10 ◦C 5.2× 10−10 5.5× 10−10

MAPbI3: 20 ◦C 8.3× 10−10 9.5× 10−10

MAPbI3: 30 ◦C 1.2× 10−9 1.2× 10−9

FAPbI3: 20 ◦C 1.0× 10−10 1.2× 10−10

Table 6.1.: Mobilities for positive and negative ions acquired by fitting the simulated
to the measured potential.

erated if electronic carriers accompany oppositely charged mobile ions and reduce
their electronic drift.

By replacing the organic cation, the ionic mobility is reduced to 1× 10−10 cm2/Vs
in FAPbI3 films at 20 ◦C. This decrease in ionic mobility by almost one order
of magnitude agrees with the qualitative data shown in Figure 6.3d-e, as well as
with impedance spectroscopy measurements by Bag et al [36]. Moreover, these
results show that previous impedance spectroscopy measurements on perovskite
pellets, that reported an increased ionic mobility in FAPbI3 [216], do not reflect the
mobility of ions in perovskite films.

The activation energy, Ea of the thermally activated ionic motion is evaluated from
the temperature-dependent diffusion coefficient D(T ) = (kBT/q) · µ(T ) and the
relation [319]:

D(T ) = D0 · exp (−Ea/(kBT )) (6.6)

Figure 6.8 displays the Arrhenius plot of Equation 6.6, that gives an activation
energy of Ea ≈ 0.28 eV for both negative and positive ions. Although our method
probes only charge density, the results provide indirect evidence which allows us to

Figure 6.8.: Calculated diffusion coefficients of positive (cations) and negative ions
(anions) for MAPbI3 at different temperatures, displayed in an Arrhe-
nius plot that allows to extract the activation energy Ea of ionic motion.
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speculate as to the nature of the defects that we measure under poling. Specifically,
we observe (1) symmetric densities and mobilities of positive and negative species;
(2) activation energies of 0.28 eV; and (3), mobilities of ∼ 9× 10−10 cm2/Vs at
room temperature. Based on these observations we propose that we are measuring
the motion of Frenkel defects comprising iodide vacancies and interstitials: this
mechanism should give rise to paired positive and negative defect densities, and
the measured activation energy for ion migration is more consistent with the range
that has been predicted for iodide migration (0.08-0.59 eV) as opposed to organic
cation migration (0.46-1.12 eV) [47, 49–51, 223]. Furthermore, our observation of
similar activation energies and mobilities of mobile cations and anions support the-
oretical calculations that predict equal migration mechanisms of iodide vacancies
and interstitials in MAPbI3 [47, 51].

6.3. Summary

This chapter has presented a novel approach to directly observe a reversible, long-
range motion of Frenkel defects in metal halide perovskites. While previous studies
on lateral electrodes have focused on increased p- or n-doping after electric biasing,
insulator-coated lateral electrodes are applied in this study to prevent a screening of
the ionic charge distribution by injected electronic charge. Studying MAPbI3 and
FAPbI3 films within this insulator-coated lateral electrode geometry with dynamic
SKPM measurements allows to observe the motion of ions with spatial and temporal
resolution. By analyzing the ionic redistribution with drift-diffusion simulations, a
reliable and comprehensive tool to quantify both activation energy and diffusion
coefficients of related Frenkel defects is provided. Besides that, the results of a
reduced ionic mobility in FAPbI3 compared to MAPbI3 films offer a fundamental
basis for further strategies to control ion migration by the polarity or size of organic
cations in metal halide perovskites.



7. Thermally Stimulated Current
Measurements

The following chapter is partially based on the research paper Mechanism and
Impact of Cation Polarization in Methylammonium Lead Iodide [320]§, which I
have written as part of my Ph.D. For this project, most solar cells and perovskite
films were fabricated by Hao Hu and Ka Kan Wong. To a large extent, the work
was designed, planned and realized within the Bachelor thesis of Pius T. Höger and
the Master thesis of Susanne Koch, which I have supervised as part of my Ph.D.
TSC measurements were done by Pius T. Höger and Susanne Koch and myself.
Temperature-dependent photoluminescene measurements, dielectric measurements
and solar cell characterizations were done by myself, as well as writing and editing
of the manuscript.

In this chapter a detailed analysis of thermally stimulated current measure-
ments is applied to investigate defect and polarization properties of MAPbI3

solar cells. The origin of different thermally stimulated currents is identified as
the thermal release of trapped charge carriers, as well as the (de-)polarization
of organic cations around the orthorhombic-tetragonal phase transition. Two
approaches to quantitatively analyze defect energies are applied, both reveal-
ing the existence of deep trap states within the band gap of MAPbI3 with
energetic depths of 0.34 eV and 0.36 eV. Furthermore, an in-depth study of
the mechanism of cation polarization upon cooling below the orthorhombic-
tetragonal phase transition is conducted. The nature of the cation polarization
within the orthorhombic phase is investigated with respect to its intrinsic and
extrinsic polarizability and is shown to have significant impact on solar cell
performances, highlighting the intimate relationship between the alignment of
organic cations and optoelectronic properties in metal halide perovskites.

§Reproduced in part with permission from the Journal of Physical Chemistry C. Copyright

2018 American Chemical Society.
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7.1. Materials and Device Fabrication

For thermally stimulated current (TSC) measurements, full perovskite solar cells
were used. TSC measurements were also tested on simpler device architectures
without selective layers, e.g. ITO/MAPbI3/Au, but too large leakage currents,
most likely caused by direct ITO-Au contacts through pinholes in the perovskite
film, made it impossible to measure small TSC currents in the order of 1 pA with this
simplified device structure. Likewise, thermally stimulated current measurements
on lateral electrode structures of Au/MAPbI3/Au with an electrode distance of
10 µm were not successful to measure distinct current contributions.

Impedance measurements were performed on simpler ITO/MAPbI3/Au devices, X-
ray diffraction and photoluminescence measurements were done on plain perovskite
films on glass, using the one-step, vacuum-assisted deposition technique to prepare
perovskite films as described below for device A.

Device A: ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag. Details of preparation and
performance of the devices have been reported elsewhere [99]. A 30 nm thick PE-
DOT: PSS film (purchased from Clevios VP AI 4083 ) was spin-coated on cleaned
ITO substrates and annealed at 180 ◦C for 5 min. Then, substrates were transferred
into a nitrogen-filled glove box. For the mixed-halide perovskite precursor solutions,
PbI2 (purchased from Sigma-Aldrich), PbCl2 (purchased from Sigma-Aldrich) and
MAI (purchased from Dyenamo) were mixed in anhydrous DMF with a molar ratio
of 1:1:4 and a solution concentration of 40 wt%. After the precursor solution was
spin-coated on the substrates at 3000 rpm, films were transferred immediately to a
vacuum chamber on a hotplate at 90 ◦C. After the films turned red-brown, they
were annealed at ambient pressure at 100 ◦C. Finally, a C60 layer (20 nm), a LiF
layer (1 nm) and a Ag back contact (100 nm) were thermally evaporated. Unless
otherwise noted, measurements were done on complete solar cells of the architecture
described as device A. The device area was 0.125 cm2. The device architecture is
schematically displayed in Figure 7.1a.

Figure 7.1.: Schematic illustration of the device architectures of the studied MAPbI3

solar cells of device A and device B.
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Device B: ITO/c-TiO2/PCBA/MAPbI3/Spiro-MeOTAD/WO3/Ag. Details of pre-
paration and performance of the devices have been reported elsewhere [114]. TiO2

sol gel (purchased from Solaronix ) was spin-coated on cleaned FTO substrates
at 5000 rpm and sintered at 450 ◦C for 30 min. After surface treatment of TiO2

by immersing samples in 0.2 mM PCBA solution in chloroform for 1 h, samples
were spin-coated with 1 M PbI2 (purchased from Sigma-Aldrich) dissolved in DMF
and dried at 70 ◦C for 1 h in a nitrogen-filled glovebox. Afterward, 0.58 mM MAI
(purchased from Solaronix ) solved in anhydrous isopropanol was drop-cast, spun,
and annealed at 100 ◦C for 10 min. 80 mg/ml Spiro-MeOTAD (purchased from
Merck) dissolved in chlorobenzene (doped with 28.8 µl 4-tert-butylpyridine and
17.5 µl bis(trifluoromethane) sulfonimide lithium salt solution) was spun at 4000 rpm
for 120 s on top of the perovskite film. Finally, back electrodes with WO3 (3 nm)
and Ag (100 nm) were thermally evaporated. The device area was 0.125 cm2. The
device architecture is schematically displayed in Figure 7.1b.

7.2. Defect Analysis

As described in detail in Section 3.4, TSC measurements are a well-established
technique to characterize the defect nature of semiconductors and insulators [251].
Recently, perovskite solar cells have been studied by TSC measurements to invest-
igate the impact of selective layers [29], chemical additives [310], degradation [256]
or doping with Cs+ or Rb+ ions [257] on defect properties. However, some of these
studies based on contradictory identifications of characteristic TSC signals, and
either applied no, or only limited, analysis on their TSC measurements to extract
quantitative defect properties. In this respect, this chapter discusses the character-
istic current contributions to TSC measurements on MAPbI3 solar cells in detail
and evaluates two different quantitative approaches to analyze trap state energy
levels.

Figure 7.2 displays a typical TSC measurement of a MAPbI3 based solar cell, using
an ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag device architecture. The experimental
details on the performed TSC measurements are given in Section 3.4.5. To study
the energetic distribution of trap states, the device is illuminated at 80 K to fill
trap states with photoexcited electronic carriers. After illumination, the device is
rested at zero bias and in dark for 10 min, to allow charge carriers to thermalize in
the density of states. Next, the temperature is constantly increased at a fixed rate
and the current of the device is measured at 0 V. If sufficient enough temperatures
are reached, thermal release of the trapped carriers results in a measured current
contribution. To ensure that thermally stimulated currents originate from electronic
trap states, control measurements without previous trap filling can be performed.
The resulting dark TSC curve is displayed in Figure 7.2 as dotted line.

The shaded areas in Figure 7.2 highlight characteristic current contributions for
TSC measurements on a MAPbI3 solar cell. In temperature region 1, a TSC peak
is measured at 150 K for illuminated measurements (filled trap states), that is still
apparent for dark TSC measurements at a slightly shifted temperature of 145 K,
though of smaller magnitude. As this peak also appears if no trap states have
been previously filled, its origin cannot be solely trap state related. Significant
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Figure 7.2.: TSC measurements of a perovskite solar cell
(ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag) with (solid line) and
without (dotted line) previous illumination at 80 K, measured at
3 K/min. Shaded areas highlight the three characteristic temperature
regions.

confusion persists in literature about this TSC peak at 145 K, as Qin et al. have
interpreted this TSC peak as a pure trap state peak [256], while Baumann et al.
have assigned it to a displacement current caused by the orthorhombic-tetragonal
phase transition. Therefore, a detailed analysis of the nature of this TSC peak is
presented in Section 7.3.

In temperature region 2, one major peak at 190 K and one minor peak at 220 K
appear in the TSC measurement. As these TSC peaks only appear if electronic trap
states are previously filled by illumination, their origin can be clearly assigned to a
thermal release of trapped carriers. Similar TSC peak positions at 190 K have been
previously reported and have been evaluated to originate from deep trap states in
the MAPbI3 perovskite layer [29]. Yet it has to be noted that the second trap state
peak at 220 K has not been reported in previous literature reports and only appears
irregularly for similarly prepared solar cells, requiring a more detailed analysis of
its chemical origin in future work.

For temperatures above 250 K, a current rise is detected in temperature region 3.
This current rise is independent from a previous trap state filling. Such a phe-
nomenon is often observed in TSC measurements and is associated with thermally
activated dark injection of charge carriers from the electrodes [254], or low resistance
of the sample at higher temperatures together with the non-vanishing bias of 60 µV
applied by the Keithley [268]. However, as usually all relevant TSC features appear
below 250 K, this current rise at higher temperatures does not impact the defect
analysis to a large extent. Nevertheless, it has to be noted that e.g. a degradation
of perovskite solar cells can results in current rises at earlier temperatures and an
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overlap of the final current rise with trap state peaks.

7.2.1. Quantitative Defect Analysis

As described in Section 3.4, several approaches can be applied to characterize the
energetic position Et and density of defects Nt for the quantitative evaluation of
TSC measurements. For a straight-forward analysis, a lower limit of the trap state
density can be estimated by integration of the current peak using Equation 3.6.
Figure 7.3a displays the evaluation of a typical TSC measurement of a MAPbI3

solar cell, providing a lower limit of the trap state density ≥ 5× 1014 cm−3 for
the TSC peak at 190 K. Although small variations of ± 2× 1014 cm−3 can occur
between similarly prepared samples, this order of magnitude is comparable to other
reported TSC measurements on MAPbI3 solar cells (1× 1015 cm−3) [29]. However,
other experimental techniques such as admittance spectroscopy or photolumines-
cence measurements have yielded higher trap state densities of around 1× 1016 cm−3

[24, 31]. Although differences in trap state density can be present due to different
perovskite film properties, it has to be re-emphasized that TSC measurements only
provide a lower limit of the trap state density (Section 3.4). Furthermore, ad-
ditional contributions from adjacent TSC peaks cannot be excluded to affect the
trap state density evaluated for the TSC peak at 190 K. Nevertheless, due to its
simplicity, this is a powerful approach to gain a rough estimate of the trap state
density that allows to compare defect properties of differently prepared perovskite
films.

Figure 7.3.: Left: Analysis of the trap state density N t by integration of the TSC
current (grey shaded area). Right: Analysis of the trap state energy
Ea by application of the initial rise method to TSC data highlighted in
red on the left. The red circle in a) highlights the temperature range
used in for the analysis in b).
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Application of the initial rise method and Equation 3.15 to the temperature range
highlighted in red in Figure 7.3a, allows to extract a trap state energy of 0.33 eV
for the trap state peak at 190 K via an Arrhenius plot (see Figure 7.3b). This
defect energy is significantly lower compared to the value reported by Baumann
at al. (0.5 eV), who applied the same evaluation method to a similar trap state
peak around 190 K [29]. The discrepancy between the trap state energies here and
the reported ones could indicate that significant variations in defect energies exist
between different MAPbI3 solar cells. Yet, as both in this study and in the report
by Baumann et al. the TSC peaks appear at 190 K and only vary in their initial rise,
it is more likely that the differently evaluated defect energies arise from a varying
overlay of the previous TSC peak at 150 K with the peak at 190 K. In fact, the
close proximity of the trap state peak at 190 K to the TSC peak at 145 K, whose
origin is related to the orthorhombic-tetragonal phase transition (see Section 7.3),
might impact the analysis of the initial rise of the trap state peak. Importantly,
as the temperature of the orthorhombic-tetragonal phase transition is known to
depend on film and defect properties [321, 322], a phase transition too close to the
trap state peak at 190 K (e.g. at T ≥ 165 K) is expected to change the onset of
the following trap state peak, which can essentially impair defect analysis by the
initial rise method. Likewise, the initial rise of the second peak at 220 K cannot be
evaluated with the initial rise method, as the previous TSC peak at 190 K impacts
the onset of the second trap state peak significantly.

To exclude a significant interference of overlapping TSC peaks on the energy level
analysis, the fitting method is applied to fit both complete TSC peaks at 190 K

Figure 7.4.: Analysis of the trap state density N t and energy Et by fitting the TSC
signal with Equation 3.11, using a charge carrier lifetime τ = 1 µs, a
charge carrier mobility µ = 1 cm2/Vs, a built-in field of 1.2 V, as well
as an attempt-to-escape frequency of ν190 = 4.6× 106 s−1 and ν220 =
1.6× 105 s−1 for the TSC peaks at 190 K and 220 K, respectively. Nt,
Et, ν190 and ν220 were used as fitting parameters. The black line shows
the measured TSC signal, while the red line shows the fit.
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and 220 K, as described in Section 3.4. Figure 7.4 shows how Equation 3.14 and
Equation 3.11 are used to fit both trap state peaks. This approach is less affected by
the phase transition peak at 145 K, as similar fit results of the TSC peak at 190 K
can be achieved by solely fitting the high temperature section of the trap state
peak. Additionally, this fitting method allows to evaluate both trap state peaks at
190 K and 220 K. The good quality of the fit, displayed in Figure 7.4, confirms that
the investigated perovskite film contains two discrete sets of trap states with an
energetic depth Et of 0.34 eV and 0.36 eV, and that fast retrapping of thermally
released charge carriers can be neglected in the MAPbI3 films investigated here.

The fitted trap state energies are comparable to the results by the initial rise
method, as an evaluation of similarly prepared MAPbI3 solar cells reveals the re-
producible existence of trap states with energetic depth around 0.3 eV for both
methods (Figure D.1). In general, the fitting method results in slightly higher trap
state densities (0.39-0.35 eV) compared to the initial rise method (0.33-0.25 eV).
As the overall trap state depth of around 0.3 eV is significantly larger than kBT
at room temperature, this analysis proves the presence of a considerable amount
of deep trap states in MAPbI3 films that can cause trap-assisted, monomolecular
recombination of electronic charge carriers at room temperature (see Figure 2.9
for illustration). Yet, the fitted trap state density of 1× 1013 cm−3 for the fitted
TSC peaks at 190 K underestimates the actual trap state density, as it deviates by
over one order of magnitude from the integrated trap state density (5× 1014 cm−3,
Figure 7.3a). Differences between the evaluation approaches most likely arise from
improper or temperature-dependent parameters used for the fit, as well as an in-
terference of the previous TSC peak at 145 K that might impact the initial rise of
the following trap state peak.

7.3. Polarization Analysis

Next, the origin of the TSC peak at 145 K is investigated in detail. As discussed
in Section 7.2, even if no electronic traps are filled, a TSC peak is detected for
MAPbI3 based solar cells close to the orthorhombic-tetragonal phase transition
around 145 K. As explained in Section 3.4.4, thermally-induced polarization of
a material can cause additional TSC signals, as the (de-)polarization of a material
can attract (release) surface charges at the electrodes, causing a current flow in the
outer circuit. In case of thermally-induced spontaneous polarization in the absence
of an electric field, the resulting currents are called pyroelectric currents. These
polarization currents can superimpose on de-trapping currents, making it necessary
to distinguish between the two processes when analyzing TSC signals [270, 323]. In
this respect, the origin of the TSC peak at 145 K will be discussed in the following.
Yet, prior to the discussion of experimental results, properties of the orthorhombic-
tetragonal phase transition in MAPbI3 will be reviewed briefly.

7.3.1. Orthorhombic-Tetragonal Phase Transition in MAPbI3

With decreasing temperature, the high symmetry cubic crystal structure of MAPbI3

(T > 330 K) transforms into lower symmetry tetragonal (330 K > T > 160 K) and
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orthorhombic (T < 160 K) structures by tilting of the PbI6 octahedron around the
C-axis (see Figure 2.1 for illustration) [62, 63]. As common photovoltaic opera-
tion temperatures are around 270-350 K, most research efforts have focused on the
cubic and tetragonal crystal structures of MAPbI3. At these temperatures, or-
ganic cations are dynamically disordered within the inorganic cage, rotating quasi-
randomly in the tetragonal phase, while being highly disordered in all unit cell dir-
ections in the cubic phase [66]. While the cubic crystal structure has been refined
by the space group Pm3m [63, 64], the crystallographic classification of tetragonal
MAPbI3 is still under debate, as the non-polar I4/mcm and the polar I4cm space
group are very similar with regard to the PbI6 octahedra structure. Although the
majority of reports proposes the existence of the non-polar I4/mcm space group
[8, 63, 64, 324, 325], significant disagreement persists in literature about the polar
nature of MAPbI3 at room temperature [195, 324, 326].

Yet, also the crystal structure of the orthorhombic phase and the exact mechanism
of the tetragonal-orthorhombic phase transition still lack a thorough understand-
ing. Upon cooling below 160 K, the transition of MAPbI3 into the orthorhombic
phase is assumed to be a first order phase transition [64]. Baikie et al. have
assigned the space group Pnma to the orthorhombic phase based on powder X-
ray diffraction measurements at 100 K, which has been generally accepted to be
without dynamic disorder of the organic cations [39, 63, 327]. However, as already
pointed out by Baikie et al. [63], a missing group-subgroup relationship between
the space groups I4/mcm and Pnma makes a continuous transformation between
these tetragonal and orthorhombic phases impossible, suggesting the existence of
a transient intermediate phase. Experimental observations of a dielectric disper-
sion in orthorhombic MAPbI3 around 60-100 K [39, 328], as well as unexpected
cation dynamics between 60-160 K, as indicated by inelastic neutron scattering
[329], photoluminescence measurements [285], and theoretical calculations [200],
support the notion of significant structural transformations with increasing cation
rotation within the low temperature phase of MAPbI3.

An improved understanding of the temperature-dependent ordering of organic cations
is of significant relevance, as their collective polarization is expected to play a critical
role for ferroelectric properties in MAPbI3 [45, 73, 190, 202], as well as for other per-
ovskite compounds containing organic cations [191, 330]. As explained in detail in
Section 2.5.2, ferroelectric cation ordering has been suggested to improve the per-
formance of perovskite solar cells. Yet, an enhanced polarization retention of polar-
ized organic cations at low temperatures has been proposed to be necessary for such
a (anti-)ferroelectric behavior [73, 190, 201, 202]. Furthermore, amplified spontan-
eous emission during the orthorhombic-tetragonal phase transition [175, 284, 322],
as well as improved photoluminescence quantum yield and charge carrier mobility
after thermal cycling highlight the necessity to better understand the structural
changes happening both to the inorganic and organic framework of MAPbI3 when
cooling below the orthorhombic-tetragonal phase transition [175, 331].

7.3.2. Thermally Stimulated Currents Across the Phase Transition

Figure 7.5a displays TSC measurements without trap filling for heating and cooling
of a MAPbI3 solar cell that show similar current peaks, yet in reverse direction.
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The opposite direction of the otherwise similar current peaks indicates a reversible
process upon thermal cycling across this temperature range. The thermal position
of these TSC peaks depends on the applied temperature rate, as displayed in detail
in Figure D.2. Figure 7.5b summarizes the TSC peak positions for different tem-
perature rates, that approach temperatures of around 125 K and 145 K for cooling
and heating, respectively, if temperature rates are reduced below 1.5 K/min. The
shifted TSC peak positions for higher temperature rates are assigned to a delayed
temperature transfer from the temperature-controlled copper plate to the perovskite
layer. However, the consistent TSC peak position at 145 K for heating with tem-
perature rates slower than 1.5 K/min verifies that a delayed temperature transfer is
eliminated for slower rates. Interestingly, Figure 7.5b displays that a temperature
gap of around 20 K persist between TSC peaks for heating and cooling, even if slow
temperature rates are applied. In fact, it is observed that temperatures have to be
decreased below a certain temperature of around 120 K (small temperature vari-
ations exist between samples) to induce the reversed TSC peak (see Figure 7.6a).
As the sample is quickly cooled at 12 K/min to either 100 K or 120 K in Figure
7.6a, occurring polarization currents are stimulated with a certain time delay when
measuring current against time due to a delayed temperature transfer from the
copper plate to the perovskite layer. It is therefore assumed that significantly lower
temperatures (T < 125 K) are required to reverse the transformation process that
is observed for increasing temperatures (T > 145 K).

For decreasing temperatures, thermally activated de-trapping processes of charge
carriers or migration of ions cannot explain the reversed TSC peak, as trapped
carriers and mobile ions are thermally frozen at low temperatures. Indeed, threshold
temperatures to activate the motion of ions in metal halide perovskites have been
reported to be above 250 K [227]. Furthermore, a reversed and sudden motion of
ions at 125 K and 145 K for heating and cooling would require a symmetric inversion
of an internal electric field by a spontaneous change in the contacts work functions,
which is unlikely. Therefore, the TSC peak is best described by polarization currents
due to a reversible polarization and depolarization of the perovskite film around
the orthorhombic-tetragonal phase transition. The here observed phase transition
temperature around 145 K deviates from the typically observed phase transition at
160 K, which can be explained by variations in film processing conditions and grain
size [321, 322]. In this respect, further variations in the TSC peak position are
occasionally observed for different samples by up to 10 K. The thermal separation
of the polarization currents of around 20 K between heating and cooling indicates
an extended structural transformation that takes place between the polarized and
unpolarized states of MAPbI3.

The correlation of the TSC peak and the materials polarization is further studied
by dielectric measurements on ITO/MAPbI3/Au devices (Figure 7.5c). Gener-
ally, the dielectric constant εr of MAPbI3, and hence its polarizability, decreases
from the tetragonal to the orthorhombic phase [39, 328], which has been associated
with a freezing of organic cation rotations around the C-N axis [33, 332]. Figure
7.5c displays the transformation of the dielectric constant across the orthorhombic-
tetragonal phase transition measured for the herein probed MAPbI3 films. The
dielectric constant εr is found to have its local maximum at 125 K during cooling
and at 145 K during heating. The continuous rise in εr over a temperature range of
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Figure 7.5.: a) TSC measurements of a ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag
solar cell without illumination during heating (red line) and cooling
(blue line) at a temperature rate of 1.5 K/min. b) Peak positions of
TSC measurements without illumination during heating (red line) and
cooling (blue line) at different temperature rates. c) Dielectric constant
εr measured on a ITO/MAPbI3/Au device at 1 kHz. Shaded area high-
lights the position and thermal separation of TSC peaks for heating
and cooling.

25 K prior the low temperature phase prior to the phase transition is in good agree-
ment with previous reports of increasing cation dynamics within the orthorhombic
phase [285, 329]. The discontinuity in the dielectric constant, and hence in the
polarizability of the perovskite, coincides with the occurrence of the TSC peaks
at 125 K and 145 K. It is therefore proposed that organic cations gain increasing
rotational freedom when the temperature is increased towards the phase transition,
resulting in a collective depolarization of organic cations at 145 K that gives rise to
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Figure 7.6.: a) Current vs. time measurements measured at 100 K and 120 K,
after cooling from 295 K to 100 K (dark and bright blue) and from
295 K to 120 K (yellow and green). b) TSC measurements of a
ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag (solid line) and an ITO/c-
TiO2/PCBA/MAPbI3/Spiro-MeOTAD/WO3/Ag solar cell (dotted
line) without illumination during heating (red line) and cooling (blue
line) at 1.5 K/min.

the observed current peak in the TSC measurement. The reversed process of cation
polarization upon cooling below 125 K results in a TSC peak of opposite current
direction (see Figure 3.8 for an illustration of the reversed processes of polarization
and depolarization), which is characterized to be thermally delayed by around 20 K.

This conclusion, that the observed TSC peaks are caused by the (de-)polarization
of organic cations, is further supported by a comparison of TSC measurements per-
formed on different perovskite solar cell device architectures. Figure 7.6b displays
TSC measurements of regular and inverted perovskite solar cells that were meas-
ured with the same setup configuration. Although these devices comprise different
interface layers and opposite diode directions, very similar TSC peaks are observed
concerning their direction, height and position. While the identical peak position
at 145 K indicates that different interface layers do not cause significant differences
in thermal coupling to the perovskite layer, small variations within the temperature
position of TSC peaks are present during cooling. However, similar variations in
the temperature position of the TSC peak during cooling also occurred for samples
of the same device architecture (∼ 110-125 K), which might arise due to uninten-
tional variations in film stoichiometry or morphology. In case of the two solar cell
device architectures, the perovskite films were prepared by two different film pre-
paration routes, i.e. by either a one-step or a two-step precursor deposition with
or without additional PbCl2, and are therefore expected to contain different film
properties (e.g. variations in the morphology or defect properties of the film) that
might be responsible for the slight shift in TSC peak positions. Nevertheless, the
identical direction of TSC peaks for perovskite solar cells of opposite diode direction
supports the hypothesis that the TSC peak is a displacement current in the outer
circuit caused by a change in the material’s polarization [29].
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Figure 7.7.: a) TSC measurements at 3 K/min with previous illumination at dif-
ferent temperatures. b) Peak height of the TSC peak at 150 K as a
function of illumination temperature. The solid line is used as a guide
to the eye.

Amplification of Polarization Current by Illumination

As seen in Figure 7.2, the height of the polarization TSC peak at 145 K is amplified
if the solar cell is illuminated at low temperatures. The origin of this photoinduced
peak amplification may base on various mechanisms: It has been suggested that
either an overlay of a shallower trap state peak around 150 K or an early release of
deeply trapped charges, that is precipitated by the phase transition, might cause
an increase in peak height when the device is illuminated at low temperatures
[29]. Figure 7.7 shows that a selective filling of trap states by illumination at
different temperatures amplifies the TSC peak at 150 K even if only deep traps are
selectively filled (e.g. by illumination at 190 K). This indicates that an overlay of a
shallower trap state peak is not responsible for the observed current amplification
at 150 K. Furthermore, local variations in polarization direction that are present at
polar domain walls have been proposed to cause heterogeneity in the electrostatic
potential of MAPbI3 [45, 66], which could potentially act as electronic trapping
centers that release trapped carriers upon depolarization of the material. Besides
a release of trapped charges, an enhanced polarizability of organic cations in metal
halide perovskites under illumination could also lead to increases in the observed
polarization current [33, 40, 333]. In fact, it was found that either light-driven
molecular reordering due to weakened hydrogen bonds between organic cations and
the inorganic cage or the presence of photoinduced charge carriers increase piezo-
and ferroelectric properties in MAPbI3 [40, 334].

Repeatability and Retention of Polarization

The repeatability of the polarization and the impact of repeated thermal cycling
are displayed in Figure 7.8a. Here, the device is quickly cooled across the phase
transition from 295 K to 78 K with a rate of 12 K/min. Due to a delayed temperature
transfer from the copper plate to the perovskite layer, the polarization current is
stimulated with a certain time delay when measuring current against time at a
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Figure 7.8.: a) Current vs. time measurements at 78 K, measured directly after
cooling from 295 K to 78 K without external bias. All measurements
were performed on the same device on consecutive days. For first meas-
urements of each day, the TSC peak appears later in time (bright blue)
and for all following measurements, the TSC peak appears earlier (dark
blue). b) TSC measurements on two separate MAPbI3 solar cells dur-
ing heating without previous trap filling, showing polarization either
along one or two opposite directions.

set temperature of 78 K. The similarity of TSC peaks for repeated cooling cycles
demonstrates a highly reproducible process, both concerning the dynamics and
the degree of polarization. Figure 7.8a shows that only the first cooling cycle of
each day results in a delayed polarization, indicating that the first polarization
cycle enhances the material’s polarizability. Recently, Senanayak et al. reported a
preserved ordering of the organic cation at room temperature after thermal cycling
across the orthorhombic-tetragonal phase transition [331]. This suggests that some
polarized domains persist after heating across the orthorhombic-tetragonal phase
transition and facilitate consecutive polarization processes. Yet, the similarity of
first measurements on consecutive days displays that this remnant polarization
dissipates after overnight storage at room temperature.

Direction of Polarization

Although the majority of TSC measurements displayed identical and repeatable
polarization directions, a few measured devices featured polarization peaks that
comprised both positive and negative current contributions (see Figure 7.8b). This
indicates that opposite polarization directions can be present within a polycrystal-
line perovskite film. The observed high repeatability of the polarization process
implies the existence of a preferred polarization direction within the distorted or-
thorhombic crystal structure that gives rise to a consistent polarization of the overall
perovskite film. Such a preferred alignment of organic cations within the unit cell of
orthorhombic MAPbI3 is supported by theoretical predictions [201]. Furthermore,
using X-ray diffraction (XRD) to characterize the crystallographic orientation of the
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probed films, a predominant crystal orientation with the (110) crystal plane par-
allel to the surface of the film is identified (Figure D.3). It is therefore concluded
that the observed TSC signal, that is measured perpendicular to the surface, origin-
ates from a polarization perpendicular to the (110) crystal plane. Please note that
calculations by Stroppa et al. predict that a coupling of organic cations with the
inorganic framework by hydrogen bonding causes a distortion of the PbI6 octahedra
upon cation polarization, with additional inorganic polarization components both
parallel and perpendicular to the cation alignment [197]. It is further expected that
variations in film preparation can lead to different polarization directions within the
polycrystalline perovskite film, e.g. by varying grain orientations on the substrate,
interface dipoles, surface charges, etc.

In order to control the alignment of organic cations, external electric biases are
applied to the solar cell. As TSC signals are in the order of a few picoamperes,
overlapping high injection currents prevent a sensitive TSC analysis while simul-
taneously applying an electric field. Hence, the sample is biased during cooling
at a fast rate of 12 K/min and currents are measured at short-circuit as soon as a
temperature of 78 K has been reached. Due to the delayed heat transfer from the
temperature-controlled cooper plate to the perovskite layer, thermally-induced pro-
cesses can then be displayed against the time axis. Figure 7.9a demonstrates that
the application of an electric bias during cooling from 295 K to 78 K can enhance or
reverse the TSC peak and likewise the polarization at low temperatures. To reverse
the polarization direction, applied biases above +65 mV are necessary. Heating the
poled device results in a similar amplification of the depolarization current in the
respective direction (Figure 7.9b). Higher polarization currents for negative biases
demonstrate a non-symmetric polarization enhancement for opposite electric biases.
Such an increased polarizability along the direction of spontaneous polarization is
in good agreement with recent simulations by Filippetti et al [201]. Additionally,
electric poling during cooling causes a filling of trap states due to charge injection
at low temperatures, giving rise to a trap state peak around 190 K (see Figure 7.9b).
Interestingly, its direction is reversed by positive biasing. Although the mechanism
of the reversal of the trap state peak by electrical poling is not fully understood
yet, it is proposed that a bias during cooling causes additional ion migration within
the perovskite. At low temperatures this ionic distribution freezes and the resulting
internal electric field could cause a reversed current flow within the perovskite layer.

Discussion of Ferroelectric and Pyroelectric Properties

As the reversibility of polarized domains is a requirement for ferroelectricity, the
ability to switch the polarization direction once the perovskite has completely po-
larized at low temperatures is investigated. However, Figure 7.9c shows that in
contrast to electric poling during cooling, application of reasonably strong biases
of up to +6 V at a fixed temperature of 78 K does not allow to switch the polar-
ization direction. Instead, a slight increase in the peak height of the polarization
peak is observed, which may base on an effect related to charge-injected trap filling,
as discussed above. Unfortunately, the device stability was not sufficient to apply
higher electrical biases to the solar cell. As with the electric fields probed herein
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Figure 7.9.: a) Current vs. time measurements at 78 K after cooling the device from
295 K to 78 K at different external biases. b) TSC measurements during
heating after the device has been cooled from 295 K to 78 K at different
external biases. c) TSC measurement during heating after the device
was poled for 10 min at 78 K with different external biases.
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Figure 7.10.: Analysis of polarization currents. a) TSC measurements for different
heating (solid line) and cooling rates (dotted line), displayed against
the time passed since the temperature T = 135 K has been crossed. b)
Polarization values extracted by integrating the polarization currents
at different temperature rates. c) Integrated polarization displayed
against temperature for heating at 1.5 K/min.

(≤ 5 V/µm), no evidence for the ability to switch the polarization direction by elec-
tric fields was observed, the existence of ferroelectricity within the orthorhombic
phase of MAPbI3 cannot be confirmed. However, the here presented data is not
sufficient to definitely exclude ferroelectricity, as the applied electric fields may not
be effective enough in switching the polarization direction of the polarized state.

A distinct identification of pyroelectric properties as the origin of the polarization
current is not possible either, as the asymmetric electrodes of the device cause a
built-in field within the perovskite film. Hence, the polarization is not observed
in the absence of an electric field, as required to prove pyroelectricity. Unfortu-
nately, simpler device geometries that directly connect the perovskite film with
symmetric contacts (i.e. lateral devices of Au/MAPbI3/Au with a 10 µm electrode
distance) were not applicable to measure the small TSC currents in the order of a
few picoamperes. However, the above discussed results show that the polarization
direction is not exclusively determined by the built-in field of the device, but can
depend on film properties (Figure 7.8b). Furthermore, the low magnitude of the
external bias of +65 mV, that is necessary to reverse the polarization direction, is
significantly smaller than work function differences within the device, which are in
the order of several hundreds of meV. These results provide evidence that the po-
larization direction is not determined by the built-in field, but rather by properties
of the perovskite film itself, like the common orientation of crystal grains on the
substrate and a preferred polarization direction within each unit cell.

Amount of Polarization

Without amplification by external electric fields or previous illumination, the amount
of the observed polarization is relatively low. Using Equation 3.17, integration of the
polarization current over time without external biasing gives a lower limit of around
4 nC/cm2 (see Figure 7.10b,c). In contrast, theoretical predictions have suggested a
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polarization of several µC/cm2 in MAPbI3, if all organic cations polarize in parallel
[45, 190, 191, 201]. This nearly zero polarization indicates that only around 0.1 %
of all dipole moments are aligned perpendicular to the surface of the perovskite film
without previous biasing. Several ordering mechanisms of organic cations could be
responsible for this low macroscopic polarization, including a random distribution
of polar domains over the entire film, that cancel out the overall polarization, sig-
nificant polarization parallel to the surface, a predominantly antipolar ordering, or
a mixture of polar and antipolar domains. Experimentally, the coexistence of both
polar and antipolar domains of organic cations has been observed in orthorhombic
MAPbBr3 single crystals by scanning tunneling microscopy [203], while theoretical
simulations suggest an antiparallel alignment of organic cations as a stable polariza-
tion state in orthorhombic MAPbI3 [45, 66, 327]. Nevertheless, amplification of the
polarization current by external electric fields, as shown in Figure 7.9a,b, proves the
possibility to enhance the alignment of organic cations perpendicular to the surface
across the entire film.

Impact of Polarization

Finally, the impact of the transformation of organic cation rotation on optoelec-
tronic properties is investigated. As displayed in Figure 7.11, the photoluminescence
emission spectrum of the probed MAPbI3 films undergoes a significant redshift
between 90-130 K. Similar photoluminescence redshifts have already been reported
for other MAPbI3 films [175, 285, 322, 335]. Dar et al. have proposed that this
transition region in the PL emission spectrum originates from increasing disorder of
organic cations within the orthorhombic phase with increasing temperatures[285],
which is in good accordance with the continuous rise in dielectric constant that we
observed between 110-145 K (see Figure 7.5c).

The effect of the cation polarization on the performance of perovskite solar cells
is presented in Figure 7.12 and Figure D.4. Figure 7.12 displays changes in the

Figure 7.11.: Normalized photoluminescence spectrum of a MAPbI3 film measured
for increasing temperatures.
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Figure 7.12.: a) short-circuit current Jsc and b) open-circuit voltage Voc meas-
ured during heating (red line) and cooling (blue line) of a
ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag solar cell at 1.5 K/min.
Shaded areas highlight characteristic features for heating (red) and
cooling (blue).

short-circuit current (Jsc) and open-circuit voltage (Voc) of a MAPbI3 solar cell
(ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag) that is measured continuously while in-
creasing or decreasing the temperature at a rate of 1.5 K/min. As reduced illumin-
ation intensities are used to ensure minimal heating of the device, absolute values
differ from standardized measurements at 100 mW/cm2. The shaded areas in Fig-
ure 7.12 highlight distinctive features in the solar cell performance upon heating
and cooling. Interestingly, both Jsc and Voc are affected by abrupt increases at
around 115 K and decreases at around 145 K upon cooling and heating, respect-
ively. These significant changes in Jsc and Voc at 115 K and 145 K are intrinsic
properties of the perovskite, as they are also observed in MAPbI3 solar cells that
incorporate other selective layers (see Figure D.4). Again, it has to be mentioned
that minor differences in characteristic temperatures might arise due to variations
in film properties, as well as due to the comparison of measurements done in dark
and under illumination. Nevertheless, these temperature-dependent measurements
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of solar cell performances highlight a correlation between increased device efficien-
cies and organic cation polarization, as improvements in Jsc and Voc upon cooling
coincide reasonably well with the polarization TSC peak and decreases in Jsc and
Voc upon heating coincide with the depolarization TSC peak at 145 K.

Such a positive impact of cation polarization on solar cell performance is suppor-
ted by several theoretical studies: Calculations by Quarti et. al. show that a net
orientation of organic cations with parallel alignment can give rise to a strong band
bending in the conduction and valence band of MAPbI3, which may assist charge
carrier separation and reduce charge carrier recombination [69]. Likewise, Frost
et al. suggest that domain walls between polar domains can act as charge car-
rier ”highways” by forming peaks and troughs in the electrostatic potential via the
local dipole order [45]. The resulting internal junctions are assumed to aid charge
separation and reduce recombination through a segregation of opposite charge carri-
ers. Furthermore, an increased charge carrier mobility has been calculated to occur
within polarized domain walls [336]. These theoretical considerations of improved
charge carrier separation and transport, as well as a reduced charge carrier recom-
bination upon cation polarization in the perovskite are in good accordance with the
here presented experimental observations of sudden increases in Jsc and Voc upon
cooling, respectively.

An additional jump in the short-circuit current is detected at 177 K for heating
and at 145 K for cooling, though being of smaller magnitude (see Figure 7.12a and
Figure D.4 respectively). Although the exact origin of this high temperature jump
in short-circuit current has not been clarified yet, this current feature is interpreted
as indication of another structural transformation within the perovskite film, e.g.
caused by a separated phase transition of the inorganic sublattice. Similar charac-
teristic temperatures have also been observed by acoustic phonon anomalies that
indicate a broad, multi-step structural transition in MAPbI3 between 130-200 K
[337].

These results reveal that the performance of perovskite solar cells is significantly
affected by a multi-stage structural transition of organic and inorganic sub-lattices
and subsequent polarization processes. However, it has to be noted that multiple
processes happen across the orthorhombic-tetragonal phase transition, including
changes in the band gap [147], exciton binding energy [338], as well as the proposed
formation of ferroelectric domains [45], that might have additional effects on the
device characteristics.

7.4. Summary

In this chapter, thermally stimulated current (TSC) measurements on MAPbI3

based perovskite solar cells were performed to investigate both defect and polar-
ization properties of MAPbI3 films. A quantitative analysis of trap state related
TSC peaks revealed the existence of deep trap states in MAPbI3 films with trap
state energies Et of around 0.3 eV. Furthermore, a TSC peak was observed around
the orthorhombic-tetragonal phase transition of MAPbI3, which could be correlated
with the thermally-induced (de-)polarization of the organic cations. The mechanism
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of cation polarization upon cooling and depolarization upon heating was found to be
reversible and to be separated over a temperature range of around 20 K. While the
polarization of organic cations could be controlled by external electric biases during
cooling, application of electric fields of up to 5 V/µm was not sufficient to switch
the polarization direction once the material is fully polarized at low temperatures.
Despite the low magnitude of the unamplified polarization of only a few nC/cm2,
these results are of high importance as they demonstrate significant increases in
solar cell performances upon the polarization of organic cations and highlight the
crucial impact cation orientation has on optoelectronic properties in metal halide
perovskites.



8. Conclusion and Outlook

8.1. Conclusion

The aim of this Ph.D. thesis was to shed light on defect and polarization properties
in metal halide perovskites, as well as on their impact on the device performance
of perovskite solar cells. As indicated by previous reports, defects can impair the
efficiency of perovskite solar cells if their energy level lies deep within the band gap
[21, 32], or if their non-negligible mobility at room temperature causes interface
polarization by an accumulation of charged mobile defects during electric poling
[35]. On shorter ranges, a proposed collective polarization of polar organic cations
within the voids of the perovskite structure has sparked many theories that suggest
a beneficial role of organic cation polarization on device performance [45, 69, 336].
However, as conclusive experimental evidence for the suggested mechanisms is still
missing and many phenomena are highly disputed, a detailed and quantitative
experimental analysis of defect and polarization properties is currently of high im-
portance for perovskite solar cell research.

In this Ph.D. thesis, a comprehensive investigation of multiple aspects of the above
outlined issues has been presented, including the nature and impact of surface de-
fects (Chapter 4), the impact of mixed electronic and ionic conduction on trap
state formation (Chapter 5), the mobility of ionic defects (Chapter 6), as well
as the energetic distribution of defects in complete perovskite solar cells and the
mechanism cation polarization at low temperatures and its impact on solar cell
performance (Chapter 7). To reveal fundamental relations between the crystal
structure and defect and polarization properties, several spectroscopic and elec-
tronic techniques have been applied on the prototypical metal halide perovskite
MAPbI3. A comparison with the perovskite FAPbI3, that comprises a larger or-
ganic cation with a smaller dipole moment, was used to investigate the role of the
organic cation on defect migration and trap state formation.

In Chapter 4, the role of surface defects was investigated in a model system of
MAPbI3 micro-particles. A comparison of different surface treatments revealed the
presence of positively charged defects at the crystal surface, that could be pas-
sivated with electron-rich surface modifiers. At room temperature, these surface
trap states were identified as sources of non-radiative recombination, which is a loss
mechanism for solar cell performance. At temperatures below 100 K, photolumines-
cence measurements of the differently passivated MAPbI3 particles helped to shed
light on the debated origin of multiple emission peaks of orthorhombic MAPbI3

[147, 176, 282], as low energy photoluminescence peaks could be assigned to the
emission of excitons bound to surface defects. Similar observations of positively
charged surface defects have been reported for polycrystalline MAPbI3 thin films
and have been explained by the existence of iodide vacancies and undercoordinated
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lead at the crystal surface [141, 184]. Due to the different preparation routes of thin
films and the here studied MAPbI3 particles, these results emphasize that specific
positively charged surface defects are intrinsic to the crystallization of MAPbI3.

The properties of mobile ionic defects were studied in Chapter 5 and Chapter
6. In these studies, the electric field-induced migration of ionic defects was evalu-
ated for MAPbI3 and FAPbI3 thin films. Two-dimensional spatial resolution was
achieved by multimodal microscopy measurements on a lateral electrode geometry.
In Chapter 5, the impact of injected charge carriers on trap state formation during
ion migration was investigated by comparing charge injecting and insulator-coated
lateral electrodes with photoluminescence and scanning Kelvin probe microscopy
measurements. With this approach temporal changes in radiative recombination
could be correlated with the spatial movement of ionic and electronic charge carri-
ers. Even though ion migration took place in both device geometries, the formation
of new non-radiative defects in MAPbI3 was only observed in the presence of injec-
ted electronic charge carriers, suggesting that redox processes determine the trap
state energy of field-induced defects. These results underscore that defect properties
in metal halide perovskites are not only determined by the migration of mobile ions,
but are also highly sensitive to their interaction with injected electronic charge, a
fact that has been largely overlooked in previous studies [230, 234, 235]. Addition-
ally, electrically biased FAPbI3 was found to be resistant against the formation of
deep trap states, highlighting the potential of compositional engineering to reduce
degradation of metal halide perovskites during operation.

As recent reports on ion migration in MAPbI3 have published a wide range of ac-
tivation energies [49, 116, 216, 220, 221], and only few reports experimentally char-
acterized the mobility of ions [36, 216], a novel experimental approach to directly
observe mobile ions and quantitatively analyze their activation energy and mobility
has been presented in Chapter 6. By combining dynamic scanning Kelvin probe
microscopy measurements on insulator-coated lateral electrodes with drift-diffusion
simulations, it was possible to verify a coordinated redistribution of correlated,
similarly mobile Frenkel defects, i.e. vacancies and interstitials of the same ionic
species. As the activation energy and mobility of oppositely charged defects was
characterized to be very similar, these results provide experimental evidence that
ion migration in metal halide perovskites is not vacancy-dominated [49, 50, 52],
but instead determined by a equivalent migration of associated Frenkel defects of
vacancies and interstitials [47, 51]. Furthermore, this comprehensive approach was
applied to study the impact of the organic cation on ionic mobility in metal hal-
ide perovskites, which was found to be significantly reduced in case of FAPbI3 films
compared to MAPbI3 films. These results support theoretical calculations that pro-
pose that halide migration is assisted by a coupled rotation of polar organic dipoles
[224], and highlight the ability to control ionic mobility in metal halide perovskites
by variations in the crystal composition.

Finally, thermally stimulated current measurements were applied in Chapter 7
to study defect and polarization properties in complete MAPbI3 solar cells. The
defect analysis demonstrated that instead of a broad trap state distribution, trap
states in MAPbI3 solar cells are dominated by a single type of defect, with an en-
ergy level 0.3 eV away from the band edges. As this energy level is significantly
larger than kBT at room temperature, this result verifies the presence of deep trap
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states in MAPbI3 solar cells and highlights the possibility to further improve the ef-
ficiency of perovskite solar cells by defect passivation. Additionally, a characteristic
peak in thermally stimulated current measurements of MAPbI3 solar cells, that has
been previously discussed with contradicting explanations [29, 256], was identified
to be induced by the (de-)polarization of organic cations across the orthorhombic-
tetragonal phase transition. A detailed investigation of this cation polarization
perpendicular to the substrate revealed a highly reproducible polarization mechan-
ism that can be amplified by electric fields during cooling to increase the otherwise
very small intrinsic macroscopic polarization. As the polarization of organic cations
at low temperatures was found to correlate with significant increases in solar cell
performances, these results provide experimental evidence of the intimate relation-
ship between the alignment of organic cations and optoelectronic properties in metal
halide perovskites, as suggested by theoretical reports [45, 69, 336].

8.2. Outlook

Based on studies of single crystals (Chapter 4) and thin films of MAPbI3 [182, 183],
surface defects have been identified as a source of non-radiative recombination.
Future work should therefore investigate if deep trap states in complete perovskite
solar cells, as identified in Section 7.2, are located at the film surface or in the
bulk. Likewise, stoichiometric variations in the perovskite precursor solution are
a known pathway to improve solar cell efficiencies, e.g. by an excess of PbI2 or
ionic I- [6]. Thermally stimulated current measurements offer a valuable approach
to investigate if reported improvements in device performance by stoichiometric
changes or surface passivation are directly related to a reduction in the density of
deep trap states.

As ion migration is seen as a primary stability concern in perovskite solar cells
[35, 109], the identification of routes to control the ionic mobility in metal halide
perovskites is of high relevance to advance perovskite solar cells towards commercial-
ization. Based on the results presented in Chapter 6, that displayed a reduced ionic
mobility in case of FAPbI3 compared to MAPbI3, the potential of compositional
engineering to control the extent of ion migration should be further investigated.
In this respect, low-dimensional Ruddlesden-Popper perovskites have been recently
proposed to suppress ion migration [339], while maintaining excellent power conver-
sion efficiencies [58]. Concerning the long-term impact of ion migration on device
performance, it is crucial to understand the reversibility of ion migration upon re-
peated cycling of electric fields, as well as the threshold conditions that lead to
irreversible ionic accumulations and long-term degradation. Furthermore, the new
insights presented in Chapter 5, that show that field-induced formation of deep
trap states crucially depends on the interaction with injected electrons, require fur-
ther investigation to identify routes to control the redox state of defects and thereby
improve the performance and stability of perovskite devices under operation.

In general, the understanding of the physical mechanisms that are responsible for
the exceptionally good optoelectronic properties of metal halide perovskites is still
incomplete. However, if decisive material properties would be better understood,
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this knowledge could be transferred to a directed search for novel material com-
pounds of reduced toxicity and improved stability with similarly well-suited opto-
electronic properties. Based on theoretical calculations [23], various other semicon-
ductor material classes have been proposed to exhibit similar optoelectronic prop-
erties with long charge carrier lifetimes and suitable band gaps, including antimony
sulfur iodide (SbSI). In recent years, SbSI has been largely overlooked as a potential
earth-abundant solar absorber. With a band gap around 1.9 eV and low calculated
effective masses, that suggest high charge carrier mobilities, SbSI is a promising
candidate for photovoltaic applications [340]. Similiar to metal halide perovskites,
thin films of SbSI can be processed from solution, yet they are non-toxic and stable
under ambient conditions [341]. The applicability of SbSI for solar cell applications
has been recently proven by Nie et al., who reported power conversion efficiency of
up to 3 % [342]. As SbSI films tend to grow in a needle-like structure [341], future
work should focus on methods to control the crystal growth direction.

Furthermore, SbSI solar cells offer the possibility to study the effect of ferroelectric
polarization on photovoltaic energy conversion in detail. Unlike MAPbI3, whose
ferroelectricity at room temperature is still under debate, SbSI is well known to
have a ferroelectric phase close to room temperature [340]. The application of fer-
roelectrics as absorber materials in photovoltaic devices has been proposed to sig-
nificantly enhance solar cell efficiency by an efficient charge separation and above
band gap open-circuit voltages [343, 344]. Yet until recently, ferroelectric mater-
ials in photovoltaic applications have remained a scientific curiosity, as common
oxide ferroelectrics like BiFeO3 yielded only low power conversion efficiencies due
to their wide band gap and low conductivity [343]. However, by tuning the band
gap of multiferroic solar cells based on Bi2FeCrO6, Nechache et al. achieved power
conversion efficiencies up to 8.1 % and thereby demonstrated the high potential of
ferroelectrics for solar energy conversion [345].

These recent applications of novel materials in photovoltaic devices, as well as the
tremendously fast development of solar cells based on metal halide perovskites,
highlight the versatile potential of alternative semiconducting materials for future
PV technologies.
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A. Appendix - Impact of Surface Defects
on Photoexcited States

Figure A.1.: SEM images of a hexylthiophene cuboid viewed from the a) larger and
b) the smaller crystal surface of the cuboid. Scale bar is 200 nm.
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Figure A.2.: PXRD of MAPbI3 particles. Overview of a) alkyl chain cuboids, b)
hexylthiophene cuboids and c) unpassivated particles with indicated
reference signals. Zoomed-in section of (004) and (220) signals and the
Gaussian fit of d) alkyl chain and e) hexylthiophene cuboids. f) Com-
parison of the aspect ratio of alkyl chain and hexylthiophene cuboids
derived from ratio of A004/A220 from the Gaussian fits of d) and e)
with the theoretical signal ratio.
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Figure A.3.: Quantitative determination of surface functionalization by 1H-NMR
of dissolved particles in MeOD. a) Overview of the obtained spectra
for alkyl chain cuboids (top) and hexylthiophene cuboids (down) with
indicated signals of CH3NH3

+ in green, the end group of the alkyl chain
in orange, the aromatic region of the thiophene entity in blue and the
residue TEG molecules. Right: Chemical structures and nomenclature
of surface molecules. Super exposed spectra of b) the aromatic region
proving the presence of hexylthiophene and c) the alkyl end group
region which was used for calculation of the integral ratio for alkyl chain
and hexylthiophene functionalized cuboids, respectively. d) Summary
of the surface functionalization calculated by comparing the integral
ratio of CH3NH3

+, end group of surface functionalization and TEG.





B. Appendix - Interplay of Mobile Ions
and Injected Charge Carriers

Figure B.1.: Photoluminescence decay of a MAPbI3 film on glass. The red line
shows a fit with a biexponential decay function, with time constants
t1 = 15 ns and t2 = 92 ns.
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C. Appendix - Quantitative Analysis of
Mobile Frenkel Defects

Figure C.1.: Simulated charge density profiles for MAPbI3 at 20◦C with (left) or
without (right) recombination of oppositely charge mobile ions.
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Figure C.2.: Measured (red circles) and simulated (blue lines) potential profiles for
MAPbI3 at 30◦C for the first 10 line scans after turning off the external
electric field.



D. Appendix - Thermally Stimulated
Current Measurements

Figure D.1.: Quantitative analysis of the defect energy using the initial rise
and the fitting method to evaluate the TSC trap state peak at
190 K for TSC measurements performed on similarly prepared
ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag solar cells. Figure displayed
with the courtesy of Susanne Koch.
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Figure D.2.: TSC measurements of an ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag
solar cell without illumination during heating (red line) and cooling
(blue line) at different temperature rates. Dotted lines highlight TSC
peak positions.
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Figure D.3.: X-ray diffraction pattern of a MAPbI3 film prepared on a glass sub-
strate by the one-step, vacuum-assisted deposition method.
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Figure D.4.: Solar cell performances of (a), (b) an
ITO/PEDOT:PSS/MAPbI3/C60/LiF/Ag and (c), (d) an ITO/c-
TiO2/PCBA/MAPbI3/Spiro-MeOTAD/WO3/Ag solar cell measured
continuously during heating (red line) and cooling (blue line). Shaded
areas highlight characteristic peaks for heating (red) and cooling
(blue). (c) The continuous decrease in short circuit current of the
ITO/c-TiO2/PCBA/MAPbI3/Spiro-MeOTAD/WO3/Ag solar cell
with decreasing temperature does not allow to see details of the
orthorhombic-tetragonal phase transition.
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Physik, 185:275–301, 1860.
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[205] H. Röhm, T. Leonhard, M. J. Hoffmann, and A. Colsmann. Ferroelectric
Domains in Methylammonium Lead Iodide Perovskite Thin-Films. Energy
Environ. Sci., 10(4):950–955, 2017.

[206] Y. Kutes, L. Ye, Y. Zhou, S. Pang, B. D. Huey, and N. P. Padture. Dir-
ect Observation of Ferroelectric Domains in Solution-Processed CH3NH3PbI3

Perovskite Thin Films. J. Phys. Chem. Lett., 5(19):3335–3339, 2014.

[207] I. M. Hermes, S. A. Bretschneider, V. W. Bergmann, D. Li, A. Klasen,
J. Mars, W. Tremel, F. Laquai, H.-J. Butt, M. Mezger, R. Berger, B. J.
Rodriguez, and S. A. L. Weber. Ferroelastic Fingerprints in Methylammonium
Lead Iodide Perovskite. J. Phys. Chem. C, 120(10):5724–5731, 2016.

[208] H. S. Kim, S. K. Kim, B. J. Kim, K. S. Shin, M. K. Gupta, H. S. Jung, S. W.
Kim, and N. G. Park. Ferroelectric Polarization in CH3NH3PbI3 Perovskite.
J. Phys. Chem. Lett., 6(9):1729–1735, 2015.

[209] E. Strelcov, Q. Dong, T. Li, J. Chae, Y. Shao, Y. Deng, A. Gruverman,
J. Huang, and A. Centrone. CH3NH3PbI3 Perovskites: Ferroelasticity Re-
vealed. Sci. Adv., 3:e1602165, 2017.

[210] S. M. Vorpahl, R. Giridharagopal, G. E. Eperon, I. M. Hermes, S. A. L. Weber,
and D. S. Ginger. Orientation of Ferroelectric Domains and Disappearance
upon Heating Methylammonium Lead Triiodide Perovskite from Tetragonal
to Cubic Phase. ACS Applied Energy Materials, 1(4):1534–1539, 2018.

[211] M. Sajedi Alvar, M. Kumar, P. W. M. Blom, G.-J. A. H. Wetzelaer, and
K. Asadi. Absence of Ferroelectricity in Methylammonium Lead Iodide Per-
ovskite. AIP Adv., 7(9):095110, 2017.

[212] H. Guo, P. Liu, S. Zheng, S. Zeng, N. Liu, and S. Hong. Re-Entrant Relaxor
Ferroelectricity of Methylammonium Lad Iodide. Curr. Appl. Phys., 16(12):
1603–1606, 2016.

[213] J. F. Scott. Ferroelectrics go Bananas. J. Phys. Condens. Matter., 20(2):
021001, 2008.

[214] George H. Vineyard. Frequency Factors and Isotope Effects in Solid State
Rate Processes. J. Phys. Chem. Solids, 3:121–127, 1957.

[215] M. Cherry, M. S. Islam, and C. R. A. Catlow. Oxygen Ion Migration in
Perovskite-Type Oxides. J. Solid State Chem., 118:125–132, 1995.

[216] T. Y. Yang, G. Gregori, N. Pellet, M. Grätzel, and J. Maier. The Signi-
ficance of Ion Conduction in a Hybrid Organic-Inorganic Lead-Iodide-Based
Perovskite Photosensitizer. Angew. Chem. Int. Ed, 54(27):7905–7910, 2015.



Bibliography 157

[217] A. Walsh, D. O. Scanlon, S. Chen, X. G. Gong, and S.-H. Wei. Self-Regulation
Mechanism for Charged Point Defects in Hybrid Halide Perovskites. Angew.
Chem. Int. Ed, 54(6):1791–1794, 2015.

[218] H. Lee, S. Gaiaschi, P. Chapon, A. Marronnier, H. Lee, J.-C. Vanel,
D. Tondelier, J.-E. Boure, Y. Bonnassieux, and B. Geffroy. Direct Exper-
imental Evidence of Halide Ionic Migration under Bias in CH3NH3PbI3-xClx-
Based Perovskite Solar Cells Using GD-OES Analysis. ACS Energy Lett., 2
(4):943–949, 2017.

[219] G. E. Eperon and D. S. Ginger. B-Site Metal Cation Exchange in Halide
Perovskites. ACS Energy Lett., 2:1190–1996, 2017.

[220] H. Yu, H. Lu, F. Xie, S. Zhou, and N. Zhao. Native Defect-Induced Hysteresis
Behavior in Organolead Iodide Perovskite Solar Cells. Adv. Funct. Mater., 26
(9):1411–1419, 2016.

[221] E. T. Hoke, D. J. Slotcavage, E. R. Dohner, A. R. Bowring, H. I. Karunadasa,
and M. D. McGehee. Reversible Photo-Induced Trap Formation in Mixed-
Halide Hybrid Perovskites for Photovoltaics. Chem. Sci., 6(1):613–617, 2015.

[222] A. Senocrate, I. Moudrakovski, G. Y. Kim, T. Y. Yang, G. Gregori,
M. Grätzel, and J. Maier. The Nature of Ion Conduction in Methylammonium
Lead Iodide: A Multimethod Approach. Angew. Chem. Int. Ed. Engl., 56(27):
7755–7759, 2017.

[223] J. Haruyama, K. Sodeyama, L. Han, and Y. Tateyama. First-Principles Study
of Ion Diffusion in Perovskite Solar Cell Sensitizers. J. Am. Chem. Soc., 137
(32):10048–10051, 2015.

[224] E. Mosconi and F. De Angelis. Mobile Ions in Organohalide Perovskites:
Interplay of Electronic Structure and Dynamics. ACS Energy Lett., 1(1):
182–188, 2016.

[225] J. S. Yun, J. Seidel, J. Kim, A. M. Soufiani, S. Huang, J. Lau, N. J. Jeon,
S. I. Seok, M. A. Green, and A. Ho-Baillie. Critical Role of Grain Boundar-
ies for Ion Migration in Formamidinium and Methylammonium Lead Halide
Perovskite Solar Cells. Adv. Energy Mater., 6(13), 2016.

[226] Y. Shao, Y. Fang, T. Li, Q. Wang, Q. Dong, Y. Deng, Y. Yuan, H. Wei,
M. Wang, A. Gruverman, J. Shield, and J. Huang. Grain Boundary Dom-
inated Ion Migration in Polycrystalline OrganicInorganic Halide Perovskite
Films. Energy Environ. Sci., 9(5):1752–1759, 2016.

[227] J. Xing, Q. Wang, Q. Dong, Y. Yuan, Y. Fang, and J. Huang. Ultrafast
Ion Migration in Hybrid Perovskite Polycrystalline Thin Films under Light
and Suppression in Single Crystals. Phys. Chem. Chem. Phys., 18(44):30484–
30490, 2016.

[228] J. Zhao, Y. Deng, H. Wei, X. Zheng, Z. Yu, Y. Shao, J. E. Shield, and
J. Huang. Strained Hybrid Perovskite Thin Films and Their Impact on the
Intrinsic Stability of Perovskite Solar Cells. Sci. Adv., 11:eaao5616, 2017.



158 Bibliography

[229] P. Calado, A. M. Telford, D. Bryant, X. Li, J. Nelson, B. C. ORegan, and
P. R. F. Barnes. Evidence for Ion Migration in Hybrid Perovskite Solar Cells
with Minimal Hysteresis. Nat. Commun., 7:13831, 2016.

[230] Y. Zhao, W. Zhou, W. Ma, S. Meng, H. Li, J. Wei, R. Fu, K. Liu, D. Yu, and
Q. Zhao. Correlations between Immobilizing Ions and Suppressing Hysteresis
in Perovskite Solar Cells. ACS Energy Let., 1(1):266–272, 2016.

[231] H. Yoon, S. M. Kang, J.-K. Lee, and M. Choi. Hysteresis-Free Low-
Temperature-Processed Planar Perovskite Solar Cells with 19.1 % Efficiency.
Energy Environ. Sci., 9(7):2262–2266, 2016.

[232] A. J. Barker, A. Sadhanala, F. Deschler, M. Gandini, S. P. Senanayak,
P. M. Pearce, E. Mosconi, A. J. Pearson, Y. Wu, A. R. Srimath Kandada,
T. Leijtens, F. De Angelis, S. E. Dutton, A. Petrozza, and R. H. Friend.
Defect-Assisted Photoinduced Halide Segregation in Mixed-Halide Perovskite
Thin Films. ACS Energy Lett., 2(6):1416–1424, 2017.

[233] D. L. Jacobs, M. A. Scarpulla, C. Wang, B. R. Bunes, and L. Zang. Voltage-
Induced Transients in Methylammonium Lead Triiodide Probed by Dynamic
Photoluminescence Spectroscopy. J. Phys. Chem. C, 120(15):7893–7902,
2016.

[234] X. Deng, X. Wen, C. F. J. Lau, T. Young, J. Yun, M. A. Green, S. Huang,
and A. W. Y. Ho-Baillie. Electric Field Induced Reversible and Irreversible
Photoluminescence Responses in Methylammonium Lead Iodide Perovskite.
J. Mater. Chem. C, 4(38):9060–9068, 2016.

[235] C. Li, A. Guerrero, Y. Zhong, A. Graser, C. A. M. Luna, J. Kohler,
J. Bisquert, R. Hildner, and S. Huettner. Real-Time Observation of Iod-
ide Ion Migration in Methylammonium Lead Halide Perovskites. Small, 13
(42):1701711, 2017.

[236] S. E. J. O’Kane, G. Richardson, A. Pockett, R. G. Niemann, J. M. Cave,
N. Sakai, G. E. Eperon, H. J. Snaith, J. M. Foster, P. J. Cameron, and A. B.
Walker. Measurement and Modelling of Dark Current Decay Transients in
Perovskite Solar Cells. J. Mater. Chem. C, 5(2):452–462, 2017.

[237] S. T. Birkhold. Time-Resolved Spectroscopy on Modified Hybrid Interfaces.
Ludwig-Maximilians Universität München, Master Thesis, 2015.

[238] Hamamatsu Photonics K. K. Guide to Streak Cameras. 2008. URL https:
//www.hamamatsu.com/resources/pdf/sys/SHSS0006E STREAK.pdf.

[239] P. Ehrenreich. Exciton Dynamics and Charge Separation in Polymer Thin
Films. Universität Konstanz, Doctoral Thesis, 2018.

[240] R. Saive, M. Scherer, C. Mueller, D. Daume, J. Schinke, M. Kroeger, and
W. Kowalsky. Imaging the Electric Potential within Organic Solar Cells.
Adv. Funct. Mater., 23(47):5854–5860, 2013.

[241] A. K. Sinensky and A. M. Belcher. Label-Free and High-Resolution Pro-
tein/DNA Nanoarray Analysis using Kelvin Probe Force Microscopy. Nat.
Nanotechnol., 2(10):653–659, 2007.

https://www.hamamatsu.com/resources/pdf/sys/SHSS0006E_STREAK.pdf
https://www.hamamatsu.com/resources/pdf/sys/SHSS0006E_STREAK.pdf


Bibliography 159

[242] M. Nonnenmacher, M. P. OBoyle, and H. K. Wickramasinghe. Kelvin Probe
Force Microscopy. Appl. Phys. Lett., 58(25):2921–2923, 1991.

[243] W. Melitz, J. Shen, A. C. Kummel, and S. Lee. Kelvin Probe Force Micro-
scopy and Its Application. Surf. Sci. Rep., 66(1):1–27, 2011.

[244] G. Binnig, C. F. Quate, and C. Gerber. Atomic Force Microscope. Phys. Rev.
Lett., 56(9):930–933, 1986.

[245] R. Garcia and R. Perez. Dynamic Atomic Force Microscopy Methods. Surf.
Sci. Rep., 47:197–301, 2002.

[246] L. S. C. Pingree, O. G. Reid, and D. S. Ginger. Electrical Scanning Probe
Microscopy on Active Organic Electronic Devices. Adv. Mater., 21(1):19–28,
2009.

[247] A. Liscio, V. Palermo, and P. Samor. Nanoscale Quantitative Measurement of
the Potential of Charged Nanostructures by Electrostatic and Kelvin Probe
Force Microscopy: Unraveling Electronic Processes in Complex Materials.
Acc. Chem. Res., 43(4):541–550, 2009.

[248] V. Palermo, M. Palma, and P. Samor. Electronic Characterization of Organic
Thin Films by Kelvin Probe Force Microscopy. Adv. Mater., 18(2):145–164,
2006.

[249] S. Hudlet, M. Saint Jean, B. Roulet, J. Berger, and C. Guthmann. Elec-
trostatic Forces between Metallic Tip and Semiconductor Surfaces. J. Appl.
Phys., 77(7):3308–3314, 1995.

[250] D. S. Charrier, M. Kemerink, B. E. Smalbrugge, T. de Vries, and R. A.
Janssen. Real versus Measured Surface Potentials in Scanning Kelvin Probe
Microscopy. ACS Nano, 2(4):622–666, 2008.

[251] J. T. Randall and M. H. F. Wilkins. Phosphorescence and Electron Traps.
I. The Study of Trap Distributions. Proc. Royal Soc. Lond. A, 184(999):
366–389, 1945.

[252] R. R. Haering and E. N. Adams. Theory and Application of Thermally Stim-
ulated Currents in Photoconductors. Phys. Rev., 117(2):451–454, 1960.

[253] A. L. Domanski, I. Lieberwirth, E. Sengupta, K. Landfester, H.-J.n Butt,
R. Berger, J. Rauh, V. Dyakonov, and C. Deibel. Effect of Morphological
Changes on Presence of Trap States in P3HT:PCBM Solar Cells Studied
by Cross-Sectional Energy Filtered Tem and Thermally Stimulated Current
Measurements. J. Phys. Chem. C, 117(45):23495–23499, 2013.

[254] A. Kadashchuk, R. Schmechel, H. von Seggern, U. Scherf, and A. Vakh-
nin. Charge-Carrier Trapping in Polyfluorene-Type Conjugated Polymers.
J. Appl. Phys., 98(2):024101, 2005.

[255] J. Schafferhans, A. Baumann, Al. Wagenpfahl, C. Deibel, and V. Dyakonov.
Oxygen Doping of P3HT:PCBM Blends: Influence on Trap States, Charge
Carrier Mobility and Solar Cell Performance. Org. Electron., 11(10):1693–
1700, 2010.



160 Bibliography

[256] C. Qin, T. Matsushima, T. Fujihara, Jr. Potscavage, W. J., and C. Adachi.
Degradation Mechanisms of Solution-Processed Planar Perovskite Solar Cells:
Thermally Stimulated Current Measurement for Analysis of Carrier Traps.
Adv. Mater., 28(3):466–471, 2015.

[257] Y. Hu, E. M. Hutter, P. Rieder, I. Grill, J. Hanisch, Me. F. Aygüler, A. G.
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