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Abstract

The Sun provides Earth with a greenhouse gas free source of energy that exceeds the
annual energy consumption by orders of magnitude. Current solar cell technology limits
the percentage of harvested solar energy that can be used to generate electricity; this
is why new concepts and materials for photovoltaics are being explored. Lead-halide
perovskite solar cells offer the chance for low-cost high-performance devices. As a result of
the rapid technological development, perovskite solar cells have reached power conversion
efficiencies exceeding 22% at the laboratory stage, which is comparable to established
thin-film technologies. The success of lead-halide perovskites is based on the impressive
charge transport and remarkably low recombination rates for a solution-processable
semiconductor along with high optical absorption. Low transport and recombination
losses in combination with a thin light absorbing layer are essential for a high-performance
and low-cost solar cell. Despite their success in numerous optoelectronic devices, some of
the most fundamental material and physical properties of lead-halide perovskites are still

under intense debate.

The work included in this thesis is dedicated to the investigation of the photo-
physical properties of lead-iodide perovskites. The photophysics is discussed for three
processes, here introduced in order of their occurrence, following photo-excitation of the
material: the formation of polarons on a sub-picosecond timescale, the slow cooling of
charge carriers on the order of hundred picoseconds and the radiative recombination in
the nanosecond time range. The first chapters introduce solar energy, the theoretical
background, and methodology followed by a summary of the experimental work per-
formed during this thesis work. Using time-resolved THz spectroscopy, the formation
of polarons was observed and quantified. Polarons in tetragonal CH3NH3Pbls and
CH(NH3)2Pbl3 are formed within 0.4 picoseconds independent of the temperature. The
formation of polarons resolves fundamental questions of the origin of the moderate
charge carrier mobility and low radiative recombination. Along with the formation of
polarons, charge carriers cool on two different timescales. The majority of the charge
carriers cools within a few picoseconds. A smaller fraction of charge carriers cools much
slower, requiring tens of picoseconds to reach the band minima, two orders of magnitude

slower than in GaAs. The slow cooling of charge carriers was investigated using transient

VII



absorption spectroscopy. The recombination of charge carriers was investigated on two
different timescales using time-resolved photoluminescence spectroscopy. Concomitant to
the slow cooling of charge carriers, high-energy photon emission with a photon energy in
excess of up to 0.15 eV compared to the band edge emission was observed. The influence
of different processing techniques to the recombination of charge carriers was investigated
on a nanosecond timescale. As a result of the different processing conditions, the density

of trap states changes along with the morphology of the perovskite film.

These results provide new insights into the fundamental properties, such as po-
laron formation and carrier cooling in lead-halide perovskites, and link the extrinsic
characteristics, for instance trap density, to photophysical processes like the radiative

recombination.
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Kurzfassung

Die von der Sonne abgestrahlte Energie, welche die Erdoberfliche erreicht, iibertrifft
den aktuellen Energieverbrauch der Menschheit bei weitem. Da bei der Erzeugung von
Strom und Wéarme mittels Solarenergie keinerlei Treibhausgase emittiert werden, ist
Solarenergie nicht nur im Uberfluss vorhanden, sondern auch klimaneutral. Der weitere
Ausbau der Produktion von Solarstrom ist aktuell vor allem durch die Effizienz von
glinstig verfiigbaren Solarzellen beschrankt. Um deren Effizienz zu steigern, werden
daher verschiedene Konzepte und Materialien erforscht. Ein vielversprechendes Material
sind bleihalogenide Perowskite. Diese werden bereits erfolgreich als hocheffiziente und
potentiell kostengiinstige Solarzellen unter Laborbedingungen verwendet. Als Folge einer
rasanten technologischen Entwicklung erreichen Perowskitsolarzellen eine Effizienz von
mehr als 22%. Diese Effizienz ist vergleichbar mit dem Wirkungsgrad von etablierten
Diinnschichtsolarzellen und nur wenig niedriger als die Effizienz von Siliziumsolarzellen,
die bei 26% liegt.

Der Erfolg von bleihalogeniden Perowskiten als absorbierendes Material fiir Solarzellen
héngt mit ihren herausragenden Materialeigenschaften zusammen. Perowskite vereinigen
guten Ladungstransport und niedrige Rekombinationsraten mit hoher Absorption und
guter Losungsmittelprozessierbarkeit. Dies sind Eigenschaften, welche kostengiinstige und
hocheffiziente Solarzellen auszeichnet. Obwohl der Wirkungsgrad von Perowskit-basierten
Solarzellen bereits dreiviertel der theoretisch moglichen Effizienz erreicht hat, sind viele
Fragen zum Verstandnis der grundlegenden Prozesse in bleihalogenide Perowskiten noch

nicht komplett beantwortet.

Diese grundlegenden Fragen, welche in dieser Dissertation diskutiert werden, beschéftigen
sich mit der Photophysik von auf Bleiiodid basierten Perowskiten. Die Photophysik wird
anhand von drei Beispielen, geordnet nach ihrem zeitlichen Auftreten, diskutiert: die
Entstehung von Polaronen im Bereich von wenigen Pikosekunden, das Abkiihlen von
heiflen Ladungstragern im Zeitraum von einhundert Pikosekunden und die Rekombina-

tion von Ladungstriagern im Nanosekundenbereich.

In den ersten drei Kapiteln wird die Photophysik von Perowskiten, die theoretis-

chen Grundlagen sowie die Methodologie vorgestellt. Daran anschlieBend werden die
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Ergebnisse dieser Dissertation diskutiert. Die Entstehung von Polaronen wurde mittels
zeitaufgeloster THz Spektroskopie untersucht. In CH3NH3PbI3 und CH(NH2)oPbls, die
in tetragonaler Struktur vorliegen, kann die Entstehung von Polaronen in 0.4 Pikosekun-
den unabhéingig von der Temperatur beobachtet werden. Die Entstehung von Polaronen
liefert eine mogliche Erkldrung fiir die nur moderat hohe Ladungstrigermobilitdt und
niedrigen Rekombinationsraten, deren Ursprung bisher nicht zweifelsfrei geklart werden
konnte. Parallel zur Entstehung von Polaronen kiihlen heifle Ladungstriger in zwei
zeitlich verschiedenen Regimen ab: Ein Grofiteil der Ladungstriger kiihlt innerhalb von
wenigen Pikosekunden ab, ein kleiner Anteil innerhalb von mehreren zehn Pikosekunden.
Das langsame Abkiihlen von Ladungstragern wurde detailliert mit transienter Absorp-
tionsspektroskopie untersucht. Die Rekombination von Ladungstrégern wurde ebenfalls
auf zwei verschiedenen Zeitskalen untersucht. Photolumineszenz mit einem Energieiiber-
schuss von 150 meV im Vergleich zur Photolumineszenz, welche von den Bandminima
ausgeht, wurde parallel zum Abkiihlen der heiffen Ladungstriger im Bereich von etwa
hundert Pikosekunden beobachtet.  Der FEinfluss verschiedener Herstellungsmetho-
den wurde anhand der Rekombination von Ladungstrédgern im Nanosekundenbereich
untersucht. Dabei stellte sich heraus, dass sich bei der Verwendung verschiedener
Herstellungsmethoden neben der Morphologie der Perowskitschicht auch die Dichte der

Storstellen andert.

Die préasentierten Ergebnisse erlauben neue Einblicke in die Photophysik von Bleiiodid-
basierten Perowskiten, beispielsweise die Entstehung von Polaronen und das Abkiihlen von
Ladungstrigern. Ebenso wird der Zusammenhang zwischen extrinsischen Eigenschaften
wie der Storstellendichte und der dazugehorigen photophysikalischen Charakteristika
beleuchtet.
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1. Introduction

Due to the anthropogenic emission of greenhouse gases, which starting during the be-
ginning of the industrialization in the middle of the 19*" century, the concentration of
carbon dioxide in the atmosphere has increased by a factor of two above the average of
the last 400.000 years. Climate change is a fact. Without a significant reduction of the
emission of greenhouses gases, the global average temperature will rise by 4 °C by 2100.
Even though the commitment to fulfill the resolution of the Paris climate agreement may
be questionable, economic factors indicate change: the amount of emitted carbon dioxide
per $ increase of the gross domestic product decreased by 18% and the average prices of
roof-top photovoltaic installations decreased by 54% in the United States between 2008
and 2015. [Obal7] The total amount of consumed energy! in 2015 was 110 PWh. 40%
of the consumed energy was oil-based, only 20% was electricity. The energy consumption
is projected to increase drastically, until 2040 e.g. by 12 PWh from India alone and by 9
PWh from China, which share the biggest fractions of the total increased consumption. It
is expected that until 2040 up to two-thirds of the additional installed power capacity will
come from renewable sources owing to the projected low costs of renewable energy power
plants, specifically about 75 GW to-be-installed power from solar energy.? The price of
solar energy based on bids to electricity auctions® was 81$ per MWh for production in
Germany, which is still higher compared to new coal plants (55%) or natural gas plants
(45%). However, for production in more favorable regions, such as the US or Chile, bids
were as low as 30$ per MWh, making photovoltaics the cheapest source of power.* These
low prices are mostly based on scaling effects of the solar cell production, for instance
the increased ingot size of silicon and more efficient production methods. For silicon-
based photovoltaics, the possible efficiency enhancement arises from multi-junction-cells,
i.e. stacked solar cells with different absorber materials. Proposed materials in addition
to silicon are Kesterites, however in the last years another material, which allows tunable
absorber properties and is suitable for high-performance solar cells has appeared: halide

perovskites.

!Total final consumption, obtained from the total primary energy supply after losses due to conversion
to ready-to-use energy, IEA Key world energy statistics 2017.

2IEA world report 2017

3Where is the solar industry headed (Martin A. Green, UNSW Wales, 30.11.17)

‘TRENA Energy auctions executive summary 2016



1.1. OUTLINE OF THIS THESIS

Lead-halide perovskites have emerged as promising materials for optoelectronic devices
in late 2012 and have made an astonishing rise in the science community [Koj09, Leel2].
Solar cells prepared from halide perovskites can be solution-processed and utilize cheap
feedstock. Even though the technology is still in the laboratory phase, its implementation
in multi-junction solar cells is already state of the art with power conversion efficiencies
reaching almost 24 % for copper indium gallium selenide (CIGS) based photovoltaics
and 27% for Si-based photovoltaics. [Shel8, Nahl18] The preparation and engineering
of perovskite absorption layers is still a challenge, especially for larger (>1 cm?) areas.
In addition to the technological challenges, fundamental properties of the material, such
as the origin of the extraordinary low recombination rates, are still under investigation.
[Her16b, Strl7, Sum16].

This thesis aims to investigate the fundamental photophysical and engineering-related

properties of solution-processed lead-iodide using ultrafast spectroscopy.

1.1. Outline of this thesis

Three different ultrafast spectroscopy techniques (transient absorption spectroscopy, time-
resolved photoluminescence spectroscopy, time-resolved Terahertz (THz) spectroscopy)
have been used here to investigate the photophysical properties in the femto- to nanosec-
ond region, spanning from the visible to the THz spectral range. This thesis is organized
as follows:

In chapter 2, the underlying principles of semiconductors, solar cells and ultrafast spec-
troscopy are introduced, especially those which are required in order to investigate the
properties of charge carrier generation, cooling and recombination. In chapter 3, the
used perovskite deposition and spectroscopy methods are introduced. In chapter 4, the
generation of polarons and initial cooling of charge carriers in lead-iodide perovskites using
time-resolved THz spectroscopy is investigated: polarons were found to form temperature-
independently within 400 fs, whereas the cooling of charge carriers is dependent on both
the initial excess pump energy and temperature. Chapter 5 analyses the cooling of hot
carriers in lead-iodide perovskite using transient absorption and time-resolved photolumi-
nescence spectroscopy. It is found that excitation of the perovskite above an energy of 2.5
eV results in a cooling of hot carriers and subsequent repopulation of the band-edges in the
order of 100 ps, simultaneously to the emission of high-energy photons. In chapter 6, the
photophysical changes of lead-iodide perovskite films before and after methylamine treat-
ment are explored using temperature and time-resolved photoluminescence spectroscopy.
The measurements show that the treatment results in a blue shift of the emission and a
reduction of the trap-assisted lifetime. Both effects are attributed to the increased trap

density and structural disorder. Furthermore, the effects of the treatment to solar cells
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1. INTRODUCTION

were investigated. The enhanced power conversion efficiency due to the treatment origi-
nates from improved morphology and charge carrier extraction. Chapter 7 summarizes

the thesis and provides an outlook.

SIMON BRETSCHNEIDER 3






2. Theoretical Background

2.1. Semiconductors

In solid state physics, one distinguishes three types of materials based on their proper-
ties: metals, semiconductors and insulators. Two characteristic properties are used to
differentiate between the materials, the electrical conductivity at temperatures near 0 K!,
the presence of forbidden energy levels at the Fermi level Ex (lowest unoccupied state)
and width of the energy gap. Metals are conductive at 0 K and Er lies within a band of
allowed energy states. Semiconductors and insulators are non-conductive at 0 K and Ep
lies within a band of forbidden energy states. A semiconductor can be distinguished from
an insulator by its behavior upon the addition of an external charge and the ability to
adjust the conductivity. In an insulator, an additional electron will be strongly localized
close to the positively charged ions, whereas in the case of a semiconductor the electron
interacts only weakly with the lattice and therefore can be described as a free electron.
The electric conductivity of a semiconductor can be tuned over a broad range due to the
addition of atoms with excess positive or negative charge (doping). [Leill] For a more
detailed look on the background of charge carriers in a semiconductor, the electronic band

structure will be introduced.

2.1.1. Electronic band structure

In order to describe the properties of an electron in a solid, the time-independent
Schrodinger equation needs to be solved under the condition of a periodic potential V(r),
which reads:

2
Hi(r) = (—jnA T v<r>> b(r) = B(x). (2.1)

Here, H is the Hamiltonian, 1 a wave function, A the reduced Planck constant, m the mass
of the electron, A the Laplace operator and F the energy of the electron. To solve the

Schrédinger equation, it is beneficial to transform the coordinate system from real space

!Specific: zero thermal energy for an ideal crystal.



2.1. SEMICONDUCTORS

to the reciprocal space, also called k-space. Upon Fourier transformation of a lattice in
the real space, a lattice in the reciprocal space is obtained. The reciprocal lattice can be
described with the vector G = hg; + kgy + g3, where the g; are the base vectors and h,k
and 1 the so called Miller-indices. A solution to the Schréodinger equation in a periodic

potential is a modulated plane wave, also called Bloch wave:
(k) = up(r)e™,

where k is the wave vector, which adapts values of k; = 0, +2x /L, +4x /L, ... with ¢ =
x,y,z and L the macroscopic dimension of the crystal, ug(r) = ug(r + r,) describes the
periodicity of the lattice and therefore the potential V(r) [Iba09]. Utilizing the periodicity

of the lattice we can rewrite equation 2.1:

Hipx = Hiura = E(k) Yk
= E(k)Yk+a-

Due to the equivalence of E(k) and E(k+G), i.e. the periodicity of E(k), it is sufficient
to describe E(k) in the entire periodic lattice via the investigation of the E(k) in the
first Brillouin zone with the boundaries G = +27/a. The energy surface E(k) is the also

known better as the electronic band structure.

= E(k) .
Y,

il X

Figure 2.1.: Schematic representation of the one-dimensional energy surface E(k) of a
nearly-free electron in a periodic lattice (solid line) with the lowest two energy
gaps (gray-shaded areas) at the boundaries of the Brillouin zone at £7/a. The
dotted line represents the energy surface of the free electron for comparison.
Adapted from [Iba09]

6 PHOTOPHYSICS OF LEAD-HALIDE PEROVSKITES



2. THEORETICAL BACKGROUND

For an electron which is weakly perturbed due to a potential, a nearly free electron, the
energy in one dimension can be calculated as E(k) = h?k%/2m. [Iba09]. Due to the
periodicity of the potential, the energy of the electron is degenerated at the boundary of
the Brillouin zone at G = £ /a (as indicated in figure 2.1). As a result of the energetic
degeneracy, the description of an electron at G = +/a is by definition a superposition of
at least two plane waves. [Iba09] In the case of two counter-propagating plane waves with
Y12 = exp(Linz/a), constructive interference of the two waves occurs at k = £G/2 due
to the (Bragg-) reflected wave at the neighboring atom. The corresponding probability
densities, 12, of the standing waves have a maxima either at the atom or in between
the two atoms. For the former case, the energy at the boundary of the Brillouin zone is
reduced, for the latter one increased, which in combination with the net-zero velocity of
the standing wave (OE/0k = 0) at the boundary results in an energy gap and flat band
structure at G = 47 /a (see figure 2.1).2

An alternative method to calculate the band structure is the tight-binding model. Here,
the approach is to utilize that most of the electrons are localized closely to the core of
the atom and therefore retain the majority of the characteristics of a free atom. Only
a small fractions of total electrons of an atoms can be considered as nearly-free. [Iba09]
For the calculation of the electronic band structure of lead-halide perovskites, much more
sophisticated methods are required. An approach is the Kohn-Sham density function
theory, which is modified using gradient approximation for the energy and spin-orbit
coupling [Koh65, Dem16, Zhel5a] or molecular dynamics [Frol6b].

An important characteristic property derived from the band structure is the effective
mass of the electron, which can deviate from the free electron mass [Iba09, Leill]. In
the vicinity of the band minima, the energy of an electron can be approximated using
the energy of an electron in vacuum (effective mass approzimation), but with an effective

(tensorial) mass:

(1) _ 1 8EK)

The curvature of the electronic band is related to the effective mass (high effective
mass <> more flat curvature of the band and vice-versa). Another important quantity

related to the band structure is the density of states (DOS), D(E). The DOS can be
calculated by integration of a shell of the energy surface E(k):

1 1
L CE = T
E(k=const.)

2For a more detailed discussion, see [Thba09]

SIMON BRETSCHNEIDER 7



2.1. SEMICONDUCTORS

Important for the calculation of the DOS are flat areas in the energy surface (where
|V E(k)| vanishes), which result in critical point of the DOS, e.g. high or low density of
states. For a parabolic energy surface, the DOS scales with the square root of the energy:
D(E) ~ vE. The calculated DOS is valuable to connect the electronic band structure
and derived experimental data, such as in section 5.1. [Dem16, Iba09]

The occupation of the energy bands at a given temperature and energy gap determines the
properties of a solid as illustrated in Fig. 2.2, either metallic, insulating of semi-conducting

behavior.

Metal Insulator Semiconductor

Figure 2.2.: Schematic energy diagrams of a metal, insulator and semiconductors at non-
zero temperature, the color gradient represents the population of a band
(white equals empty, black full). The metal has a population above the Fermi
level Ep, allowing conduction even at zero temperature. The insulator has
a large band gap between the highest occupied band and lowest unoccupied
band. Semiconductors have a smaller band gap compared to insulators, which
allows thermally-activated population of the valence band for an intrinsic
semiconductor. For doped semiconductors, the Fermi energy is closer to the
valence/conduction band. The dashed blue/red lines represent the doped
states. Adapted from [Iba09]

8 PHOTOPHYSICS OF LEAD-HALIDE PEROVSKITES



2. THEORETICAL BACKGROUND

For electrons and holes?, which are fermions and therefore follow the Pauli-principle, the
population follows the Fermi-distribution:
1

fET) = exp (Ek;E;F> +1

(2.2)

where kp is the Boltzmann constant, T the temperature and Er the Fermi energy, which
marks the difference between populated and unpopulated states at 0 K [Iba09]. From
equation 2.2 and illustrated in figure 2.2, it can be seen that for elevated temperature,
even states above the (energy) band gap may be populated. For an insulator, the band
gap is too large to allow thermal population of the intrinsically empty band at reason-
able temperatures. Consequently, the valence band (VB) combines the highest populated
states at 0 K. For an intrinsic semiconductor at room temperature, a small (thermally-
induced) population in the otherwise empty band above the Fermi energy band (conduc-
tion band, CB) exists. As an example, in Silicon (Si), the intrinsic charge carrier density,
n, is 1.5-10'° em =3, around 10 orders of magnitude lower than in e.g. copper [Iba09]. The
number of charge carriers in the conduction band can be increased by unintentional (impu-
rities) or intentional doping, either increasing the number of electrons (donating electrons)
or holes (accepting electrons). In case of intentional doping, the energy required to ionize
donor/acceptor is small, therefore enhancing the number of charge carriers at finite tem-
peratures. For Si, which has four valence electrons, phosphor acts as a donor of electrons
(five valence electrons) and boron acts as an acceptor (three valence electrons). In the
case of small ionization energies (thermal energy at room temperature £ = kT ~ 26
meV~ 6.2 THz), the dopants become ionized at room temperature. For the case of a
donor, the number of electrons in the conduction band increases (n-type doping, see also
figure 2.2) and the Fermi level at room temperature is shifted much closer to the con-
duction band. For the case of an acceptor (p-type doping, see figure 2.2), the number of
holes close to the valence band maximum increases and the Fermi level is shifted closer to
the valence band. For unintentional doping (e.g. point, line and plane defects, dangling
bonds at the surface, impurities, interstitial heavy atoms) the ionization energy is more
likely to be much higher than kp T and results in trapped charge carriers. A high density
of trap states is highly detrimental to the mobility of a charge carrier and enhances the
non-radiative recombination of electrons from the conduction and holes from the valence
band (see section 2.5).

For the case of the nearly-free electron in a periodic lattice (see figure 2.1) and as illus-
trated in figure 2.3, the minimum of the valence band and the maximum of the conduction

band share same value of k. This is the case for e.g. GaAs and is called a direct (energy)

3 After excitation of an electron with an energy larger than the energetic gap, a vacant state is created,
called a hole. This quasi-particle behaves like an electron with negative effective mass and a positive
charge.

SIMON BRETSCHNEIDER 9



2.1. SEMICONDUCTORS

band gap.

L
LN, L1\,

Figure 2.3.: Schematic illustration of a direct and an indirect band gap. The band minima
of the direct band gap have the same position in the k-space. For an indirect
band gap, there is an offset of Ak in k-space exists between the band minima.

For silicon, the band minima are separated in k-space by Ak, making the band gap
indirect. The nature of the band gap, whether it is direct or indirect, relates to the
properties of the semiconductor, especially to the emission/recombination and absorption
probabilities. In order to absorb or emit a photon with the energy of the indirect band
gap and in fulfillment of the energy and crystal momentum conservation, the additional
incorporation of a quasi-particle, a phonon, is required. A phonon is of small energy
(Ephon << Ephot), but allows the requirement of conservation of crystal momentum to be
met: Kpnot = Ak — Kphon = 0. Due to the necessity of an additional phonon, the phonon-
assisted indirect absorption and emission are less likely in comparison to the absorption

and emission of a direct band gap semiconductor.

2.1.2. Phonons and carrier-phonon interaction

When electrons and lattice ions are not considered separately as above, the Hamilto-
nian also include terms that describe the lattice motion and the coupling between elec-

trons/holes and the lattice:
H = 7'[electron + Hlattice + Hcoupling (23)

The Hamiltonian of the lattice Hiattice also depends on the position of the electrons, which
is why the Born-Oppenheimer-approximation is used. Due to the large mass difference
between electrons and lattice ions, their motion happens on different timescales (electrons
fast; ions much slower). Electrons move in an effectively frozen ionic potential; the lattice

ions move within time-averaged parametric electron potential, i.e. the electrons follow the
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lattice ion motion parametrically. [Leill] The solution of the lattice-Hamiltonian is a set
of coupled harmonic oscillators which have quantized energies. The quasi-particle of the
lattice vibration is the phonon, which is is a Boson [Iba09, Giul7]. In analogy to the
electronic band structure, phonons also have an energy surface, called dispersion relation.

For a two-atomic base (i.e. GaAs, CdTe), the dispersion of a linear chain is the following:

2 2 4 . o ka

w(k:):f(+ Ly 7+7 AT (2.4)
where M; are the masses of the base atoms, f the coupling constant between the atoms
and a the distance between two identical atoms. [Iba09]. For a base with more than one
atom, we can identify both optical and acoustic phonons, respectively (as illustrated in
figure 2.4). If two neighboring atoms are displaced in the same direction, we speak of
acoustic phonons (minus sign in equation 2.4). If they are displaced in different direc-
tions, we classify the corresponding phonon as optical (plus sign in equation 2.4). The
out of phase motion of neighboring atoms creates a dipole moment that can couple to an
electromagnetic field. In addition to the optical and acoustic phonons, another classifi-
cation of phonons can be made by considering the direction of atomic displacement with
respect to the wave-vector k. If the displacement is parallel to k, one speaks of longi-
tudinal phonons. For displacement perpendicular to k we speak of transverse phonons.
The number of phonon modes is dependent on the dimensionality of the lattice and the
number of atoms, N, in the unit cell/atomic base. We find 3 acoustical (specifically one
longitudinal acoustic (LA) and two transverse acoustic (TA)) and 3N-3 optical phonons
[[ba09]. The factor of three originates from the three degrees of freedom of an atom.
Due to the quantized energy of the phonon and its bosonic nature, the average excitation

number follows the Bose-Einstein distribution [Zegl1]:

(n) = E_lEF) T

In combination with the discrete energy of a quantum mechanical oscillator E, =
(n + 1/2)hw, we obtain the average internal energy for a single atomic unit cell in three
dimensions, (U) ~ 3Nhw(1/2 + (n)) [Iba09]. The Debye temperature ©p is relevant for
the thermal population of phonons. of a semiconductor. Based on the Debye approxi-
mation (thermal excitation can be approximated as a superposition of plane waves in a
homogeneous elastic medium), it describes the temperature, above which states are occu-
pied. The Debye temperature can be calculated ©p = hvg/kp \S/(W , Where v, is the
speed of sound and N/V the atom density [Iba09]. In addition to the properties of the

phonons which are described by Hiattice, the last term in equation 2.3, Hcoupling, describes
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Figure 2.4.: Schematic illustration of the phonon dispersion relation for a two-atomic base.
One can distinguish the higher frequency optical phonon branch and the lower
frequency acoustic phonon branch with the respective frequencies calculatable
from the masses and the coupling frequencies in the center and at the bound-
ary of the Brillouin-zone. Adapted from [Iba09]

the coupling of charge carriers and phonons. Two general types of interactions can be
distinguished, either the interaction via the (short-range) deformation potential (which
locally perturbs the lattice and changes the electronic band structure) or the (long-range)
polar-optical interaction, which dominates in polar semiconductors like GaAs, CdTe or
MAPDI3. The polar-optical interaction is the interaction of charge carriers with LO-
phonons. [Leill, Giul7] Two important examples of the polar-optical interaction are the
cooling of hot carriers (see section 2.5) or the formation of polarons. A polaron is a
charge carrier dressed by nuclear polarization. [Zhul5b] Depending on the strength of the
interaction between a charge carrier and LO-phonon, polarons can be described with a

coupling constant a:

e2 mkc 1 1
_ & e - 2.
@ he ZHLJLO (500 50) ’ ( 5)

where ¢ is the speed of light, e the fundamental charge, wro the angular frequency of
the coupled LO-phonon, €4, the optical and ¢y the static dielectric constant. When the
interaction is strong, i.e. @ > 10, the polarons are classified as small and are found e.g.

< 10, the polarons

~

in organic semiconductors. When the interaction is weaker, i.e. «
are classified as large. Polarons in MAPbI3 are described as intermediate-large with
1.1 < a < 2.7. [Zhul5b, Frol7a] As a result of the dressing of the charge carriers, the
mass of the polaron in higher compared to the effective mass of the band electron. The

dressing also results in a reduced scattering of polarons and phonons.
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2.1.3. Semiconductor devices

One of the most important applications of a semiconductor is a solar cell. In a solar cell,
an incident photon generates an electron-hole pair, which is then separated and each of
the charge carriers then drifts to the contacts, where the charge carriers can be harvested.
Solar cells as well as the light-emitting diodes and semiconductor lasers use a junction of

at least two differently doped semiconductors, the so called p-n junction.

p-type n-type

4semiconductor semiconductor

r 3

-eVp

v

Thermal equilibrium

E
1 -e(Vp-|Ul)

»
.
-------

Non-equilibrium, reverse bias Non-equilibrium, forward bias

Figure 2.5.: Schematic illustration a p-n junction under thermal equilibrium with the
resulting built-in potential Vp and under non-equilibrium conditions with
reverse/forward bias £U. Under equilibrium conditions, the p- and n-type
doped semiconductor align with respect to the common Fermi-energy Er. Un-
der non-equilibrium conditions, the Fermi level splits, resulting in the quasi-
Fermi-levels Eqr , and Eqr,. The gray area corresponds to the depletion
region which expands under forward bias with respect to the equilibrium case
and shrinks under reverse bias conditions.

Also established is p-i-n junction, where an intrinsic semiconductor layer is sandwiched
between the n- and the p-type semiconductor. Once the n- and p-type semiconductors
are connected (under equilibrium conditions, therefore with a common Fermi-energy),
the excess charge carriers originating from doping close to the interface will diffuse to
the oppositely doped semiconductor in order to minimize the concentration gradient of

excess charge carriers. The diffusing electrons recombine with holes and leave ionized
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acceptors and donors in the so called depletion region, thus creating an electric field (see
figure 2.5, upper panel) at the interface. The electric field prevent prevents the diffusion
of additional charge carriers after its establishment. This electric field is called the built-in
potential Vp and can be calculated from the charge carrier densities in the p- and n-type
semiconductors N and Np. [Zegl1] In non-equilibrium conditions, e.g. under illumination
or external bias U, the Fermi energies in the n-type and p-type semiconductor are not
identical anymore, therefore a common Ep can not be used anymore. As a consequence,
the carriers in the n- and p-type region need to be described with separate Fermi-Dirac
distributions. Instead of a common Ep, quasi-Fermi-levels Egr are used. The p-type
region is described with Egr,, the n-type region with Egr,. The splitting of the quasi-
Fermi-levels can be described with a potential difference AEr = +elU. Depending on
the sign of AEpr, we can distinguish two different cases. For the case of AEr > 0, the
sum of built-in and quasi-Fermi-level splitting potential difference is decreased, therefore
lowering the energy barrier between the n- and p-type semiconductor. The corresponding
depletion zone shrinks which allows thermally excited carriers to pass the junction (called
reverse bias). For the case of forward bias, the sum of the potential difference of built-in
and quasi-Fermi-level splitting is increased and therefore expands the depletion region
[Zegll, Tba09, Leill] The potential difference between the quasi-Fermi-levels is also the
ultimate limitation for the open-circuit voltage, one of the important parameters of a
solar cell. The transition of the equilibrium to the non-equilibrium condition of the p-n
junction requires the interaction of the semiconductor and electromagnetic radiation, i.e.

light-matter interaction.

2.2. Light-matter interaction

The interaction of electromagnetic waves and matter leads to electronic (excitation of
an electron to a higher energetic state), lattice (e.g. excitation of a phonon) or magnetic
excitation (e.g. of spins) of a solid if the energy of the field is sufficient to excite the
transition. The two most fundamental phenomena of light-matter-interaction, absorption
and emission, can be explained most clearly using the simple case of an electronic
two-level system. The two levels are named E; and Es with Eo > Fq. If a photon with
the energy Eo - E; = hv interacts with the previously unexcited system, the photon is
absorbed and its energy is transferred to an electron, which therefore is excited from E;
to Eo. The probability of the system to absorb the photon %plz can be described with
the with spectral energy density p, and the so called Finstein coefficient of the absorption
Bia: %Pu = Biop,. If a photon with the energy E = hv interacts with the excited two
level system, a photon with the energy E = hv is emitted in addition to the incoming

photon. This process is called stimulated emission and is subsequently described with the
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Einstein coefficient Boy. The system can also return to its ground state by the emission
of a photon without the presence of an external electromagnetic field. The probability
of the spontaneous emission can be described with the Einstein coefficient As;. The
spontaneous emission and absorption are proportional to each other with the pre-factor of

the cubed frequency: Ag; ~ v3Byy. In a two-level system, By and B are equal. [DemO8]

In the quantum mechanical description, the eigenstate of the two-level system can
be written as |¢) = ¢o|0) + c1]1), where |0) is the ground and |1) the excited state.
For a specified state [1), the probability to find a the system in state [¢) is defined via
the integral (¢|p|1), where p is the density matrix p(t) = [¢(¢)){(¢(t)]. In the density
matrix, the diagonal elements are defined as the population (via the expectation value
(probability) of an observable, which is the trace of the density matrix multiplied with
the observable). The off-diagonal elements are defined as the polarization (phase which
describes the temporal evolution of the coherent superpositions, i.e. the light-induced

coupling of the states).

The probability of transition between states can be described using Fermi’s golden

rule:

27
Tinsj = 2 (M) *p, (2.6)

where p is the density of the j-like states and M interaction Hamiltonian (time-
independent perturbation potential). [CT09] To analyze which conditions need to be
fulfilled in order for an electronic transition to be significantly probable, we use the
Born-Oppenheimer approximation in order to simplify the wave function. In the Born-
Oppenheimer approximation, the electronic wave function depends only parametrically

on the nuclear coordinates. The simplified wave function [¢) reads:

1/] = welectrondjnucleuswspinu

where Yelectron, Ynucleus a0d Yspin are the wave functions of the electrons, the nuclei and
the spins, respectively. Under the assumption that the nuclei are not far displaced from
their equilibrium positions during the electronic transition, the interaction Hamiltonian
interacts only with the electronic wave function. The resulting transition probability

between two states reads:

Tiyi = | (Weli M[Yer.i) |2 | (¥nuc i [¥nue.i) |2 | (Vspin.j| Yspin.i) |- (2.7)

If (el | M|tbe1 1) is # 0, a transition is dipole-allowed, if (1)e1j/M|tbe1 i) is = 0, a transition

is dipole-forbidden. A dipole-allowed transition is coupled to a significant transition prob-
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ability. In order to calculate the transition probability, we also utilize the proportionality
of first term in equation 2.7 to the overlap of the electronic wave functions of the initial
and the final state, i.e. largest transition dipole moment for electronic states which have
the greatest spatial overlap. The spatial overlap of the nuclei at the initial and final states
is also called the Franck-Condon factor: |(tnuc,j|tnuc,i)|?. The Franck-Condon factor is de-
rived from the Franck-Condon principle, stating that during the electronic transition, the
positions of the nuclei are preserved, resulting in a transition from the vibrational ground
state in the lower electronic state to a vibrational state in the excited state, which resem-
bles the initial state most and is visualized in figure 2.6. The spin factor, |(¥spin,j|¥spin,i)|
is only non-zero if the spins of the initial and the final state are identical.?

Qualitatively, an electronic excitation results in a different charge distribution of a solid,
which results in a reorganization of the nuclei, therefore a vibrational/lattice transition.
In an energy-internuclear distance graph, the potential minima of the ground state and
the excited state are shifted in energy and space due to the different equilibrium position
of the nuclei in the excited state. In practice, the overlap of all of the initial and final
(electronic, multiple vibrational and spin) states determines the transition probability.
[Fri05]

Kasha’s rule, which relies on the Franck-Condon principle, states that emission from an
excited electronic state originates from the lowest vibrational state due the internal con-
version, i.e. in the excited state the cascading energetic relaxation via different vibrational
state happens on much faster timescale compared to electronic transitions back down to
the ground state. [DemO8§]

2.3. Solar cells

After the interaction of visible electromagnetic radiation and the two semiconductors in
a p-n junction, charges are generated. The figure of merit of a solar cell is the power
conversion efficiency (PCE, ), relating the ratio between incoming radiative power and

harvested electric power. The PCE can be calculated with the following parameters:

. Voc Jsc FF
77 - PO ’

where V¢ is the open circuit voltage, Jgc is the short circuit current density, Pg is the
incident light intensity (AM1.5G standard; solar spectrum on the earth surface with a
zenith angle of 37° with an incident power density of 100 mW /cm?) and FF is the fill

4Spin-orbit coupling effects do allow spin-forbidden transitions, i.e. for phosphorescence.
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Potential energy

v

Internuclear distance

Figure 2.6.: Illustration of the Franck-Condon principle. Coupled to the electronic excita-
tion, the excitation from the vibrational ground state occurs to the vibrational
state in the excited electronic state, for which the spatially overlap of the wave
functions is largest, in this case from the vibrational ground state vo to vj.
Adapted from [Fri05]

factor [Zegll, Leill]. The fill factor is the ratio of the theoretical available power defined
by the product of Voo and Jsc , and the measured power. The power conversion efficiency
of single junction (i.e. one absorber material) solar cells is limited to 33.2 % for a band
gap of 1.3 eV, the so called Shockley-Queisser-limit (SQ-limit) [Sho61]. If the incident
photons have a lower energy than the band gap of the material, they can not be absorbed,
therefore no current can be generated. For incident photons with a higher energy than
the band gap, the excess energy is dissipated by heating the lattice and can not be used to
increase the Voc. The loss in current due to a small band gap and the loss in voltage due
to energy dissipation are responsible for the major contribution of the SQ-limit. Another
limitation arises from black-body radiation, which results in a temperature-dependent
loss and thermodynamics (temperature difference between the sun and the solar cell).
The SQ-limit does not include intrinsic losses due to non-radiative recombination. The
highest efficiency of a single-junction solar cell without light concentration is a thin-film
GaAs solar cell with an efficiency of 28.8 %, therefore reaching ~ 87% of the theoretical
limit. [RN317, Sho61] Due to the band gap of ~ 1.6 eV for CH3NH3PbI3, the maximum
achievable efficiency is 31 %, the current best efficiency of a CH3NH3Pbls-based device is
22.7%. [RN317, Sho61]

In order to overcome the SQ-limit, several concepts have previously been suggested, e.g.

the generation of multiple carriers for a single high-energetic photon or the usage of
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the hot carriers to generated additional voltage in a hot-carrier solar cell, however these
concepts lack practical and relevant implementation yet. In order to utilize the below-
band gap photons, multi-junction solar cells that consist of multiple stacked p-n junctions
with different band gaps have been established. The current record efficiency of 46 %
was reached with a four-junction solar cell and additional concentration of the sunlight.
These solar cells are commonly of inorganic nature and manufactured using chemical
vapor deposition. Another approach for multi-junction solar cells is the usage of band

gap engineered halide perovskites.

2.3.1. Lead-halide perovskite solar cells

Solar cells, which use lead-halide perovskites as an absorber material, were introduced in
2009 and started their scientific breakthrough in 2012. Lead-halide perovskites combine
a high absorption coeflicient, high charge carrier mobility and a tunable band gap, which

allows power conversion efficiencies exceeding 30%. [Koj09, Leel2]

2.3.1.1. Perovskite structure

The structure is based on the ABXs-perovskite structure, derived from the mineral
CaTiOgs. Specifically, the perovskite structure consist of corner-sharing octahedra, in
the case of CH3NH3Pbl3, lead-iodide octahedron with iodine atoms at the corner and the
lead-atom in the center of the octahedron. The cation, in general A, specifically methy-
lammonium (MA, CH3NHj) is located in the cuboctahedral gap and surrounded by 8
octahedra (see figure 2.7). [Brel4]

Figure 2.7.: Schematic illustration of the CH3NH3Pbl3 unit cell (dashed lines) for a cubic
crystal structure. The lead atoms are shown in black, the iodide in orange,
forming the octahedra (shown in red). The methylammonium cation in the
cuboctahedral gap in shown in blue/yellow.
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The cation can be exchanged for different molecular and atomic ions, e.g. formamidinium
(FA, CH(NH3)J), Cs* or Rb*. The stability of the three-dimensional perovskite struc-
ture is defined by the Goldschmidt’s tolerance factor t = r4 + rx/v2(rg + rx), where
r4 is the radius of the cation, rg the radius of the B-cation and rx the radius of the
anion. [Stol3, Lil7b] The dimensionality and the crystal structure depend on the value
of the tolerance factor and the cation/anion-combination. Lead-halide perovskite with a
tolerance factor between 0.8 and 1.0 will crystallize in a cubic structure whereas a toler-
ance factor between 0.7 and 0.8 will results in tetragonal and orthorhombic structures.
MAPDI3 has a tetragonal crystal structure at room temperature with fully randomized
orientation of the MA-cation. Around 150 K, the material undergoes a phase transition
to the orthorhombic structure and oriented MA-cations. Above 327 K, MAPbI3 adapts a
cubic structure. FAPDI3 is cubic at room temperature and undergoes phase transition to
a trigonal structure at 200 K and to an orthorhombic structure below 140 K. FAPbI3 also
has a non-perovskite phase at room temperature, §—FAPDI3, it can be avoided when the
films are annealed above 150 °C. [Brel4, Gralsb, Frol6b, Stol3, Well5] For larger organic
molecules such as ethylamine, the three-dimensional structure cannot be sustained and

lower-dimensional perovskite structures form. [Wul5b, CB17]

2.3.1.2. Perovskite electronic structure and solar cells

The electronic band structure of the lead-halide perovskite around the band edges is
dominated by the lead and iodine orbitals. In the tetragonal phase, the conduction band
minima consists of Pb-6p orbitals, the valence band maximum of Pb-6s and I-5p orbitals.
The contribution of the organic cations is small due to the large energy difference between
the lowest unoccupied and the highest occupied level of the organic cation (the highest
bands associated with the MA-cation are located ~ 6 eV below the top of the conduction
band), which provides therefore primarily electrostatic compensation of the lead-iodide
lattice. [Brel4, Dem16] The effective masses of electrons and holes are fairly similar and
were experimentally and theoretically estimated to be mj ~ 0.12m, and mj ~ 0.15m..
[Miy15, Frol7a] The density of states is dominated by the lead- and iodide orbitals.
Including the substantial contribution of the spin-orbit coupling (SOC) due to the high
atomic mass of the lead atoms, the band gap was calculated to be 1.54 eV at the I'-point
(see figure 2.8). [Deml6] The strong spin-orbit coupling in combination with broken
inversion symmetry (due to the methylammonium cation) is the origin of another effect
which affects the properties of the lead-halide perovskites substantially: Rashba-splitting.
The Rashba-effect results in a lifting of the spin-degeneracy of the valence- and conduction

bands, which can also be observed in figure 2.8. [Zhel5a]
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Figure 2.8.: Band structure of the tetragonal phase of MAPbI;. The bands are color
coded according to their orbital character, red depicts the Pb-p, black the
Pb-s and blue the I-p orbitals. The red arrows indicate the SOC splitting in
the conduction band, blue arrows in the valence band and indicate where the
bands would be degenerate without the SOC. Due to the Rashba-splitting, the
band minima at the I'-point consist of two bands, which are slightly separated
in the k-space. Adapted with permission from Demchenko et al., Phys. Rev.
B 94, 075206 (2016). Copyright 2016 American Physical Society.

The maximum of the valence band was found to be ring-shaped (oriented in the k,,y-
plane) rather than to be a point. [Niel7] The splitting of the bands, especially close
to the band minima was observed indirectly via temperature-dependent time-resolved
microwave conductivity measurements (indicating an energetic splitting of ~ 50 meV
between the direct and the indirect band gap) for MAPDbI3 [Hutl7], which was verified
by measurements by Niesner et al. [Niel7] A direct measurement of the Rashba-splitting
using angle-resolved photoelectron spectroscopy of MAPDbBrs in the orthorhombic phase
suggests a energy difference of 160 meV. [Niel6b] The Rasbha-effect was suggested to
be a possible origin of the exceptionally low electron-hole recombination in lead-halide
perovskites. [deQl16a, Str17, CB17] It was proposed that the absorption of light is not
affected of the Rashba-splitting as the energetic difference between the direct and indirect

band gap is rather small. [Hut17] For the recombination of charge carriers it might play a

20 PHOTOPHYSICS OF LEAD-HALIDE PEROVSKITES



2. THEORETICAL BACKGROUND

bigger role as the fundamental band gap becomes indirect. Another possible explanation
for the low recombination rates is the predicted formation of polarons, which would slow
down the recombination due to the local interaction of the lattice and the charge carrier
(see chapter 4 for more details). [Zhulbb] The electronic structure itself could also be
the explanation for low recombination rates due to the intrinsic defect tolerance. Trap
states in MAPbI3 (iodine interstitials and vacancies, MA vacancies) are mostly of shallow
nature, i.e. located closely to the band edges. It was reported that the band structure
does not change even for a moderate non-stoichiometric lead-iodide ratio due to the self-
compensation of point defects (traps) and due to the light-induced annihilation of defects.
[Yam15, Mos16, Str17, Stel6] The iodine-based defects have low formation energy and are
highly mobile, which is positive in terms of defect tolerance but is also an intrinsic source
of significant non-radiative recombination. The non-radiative recombination ultimately
limits the performance of lead-halide perovskite devices. This performance limitation
can e.g. be observed by the non-unity internal photoluminescence quantum yield (PLQY)
(ratio between incident to re-emitted photons) even for single crystals. [deQ16b, deQ16a,
Str17] Under the influence of an external field or under illumination, these defects migrate
to the interfaces of the perovskite film. Ion migration is commonly assigned as the origin
of the hysteresis of current-voltage-measurements, which is commonly observed when the
scans from Vocto Jgo are compared to the scan from Jgcto Voc. [Snald]. Maximum
power point tracking (keeping the voltage permanently at the highest power output of
the solar power) can be used to measure the actual, stabilized performance of the solar
cell. The intrinsic instability due to the ion migration remains a major challenge in terms
of device stability. [CB17] Another limitation arises from phase-instability and phase
separation of the use cation/anion combinations. While the first solar cells used MAPbI3
or MAPDbI3(Cl) as absorber materials, state of the art devices use a combination of FAPbI3
(to increase the Jgc) and MAPDBr3 (to increase the Vo) and additional cations such
as Cs or Rb to maximize the performance. [CB17] Without the addition of the inorganic
cations, FAPDbI3shows a second-order phase transition of the non-perovskite phase of
FAPDbI3. Due to the low formation energy of halide interstitials and vacancies and the
thermodynamically-favored phase separation, domains with primary iodide- and bromine-
based perovskites form and reduce the beneficial effect of the halide combination. Due
to lattice management as a result of the smaller inorganic cations, triple- or quadruple-
cation perovskite show neither the phase instability of the FAPbI3nor the halide phase
segregation. [CB17] For perovskite solar cells with an stabilized efficiency of above 20%,
two device architectures have been reported: a distributed heterojunction (usually with
an electron-transport layer) with an additional capping layer of perovskite and a planar
heterojunction (illustrated in the left panel of figure 2.9). In contrast to the model of the

well-defined p-n-junction, the operating mechanism of lead-halide perovskite solar cell is
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more complicated as controlled doping was not successfully achieved yet. For the sake of

comparison, a perovskite layer sandwiched between two charge-selective contacts (charge

selectivity is obtained by choosing materials with appropriate band alignment for electron

or hole extraction) is best approximated with a p-i-n junction. After the absorption of a

photon with an energy above the band gap of ~ 1.6 eV for MAPbI3, excitons (correlated

electron-hole pairs) are formed and split subsequently. The transport of the then free

carrier in the perovskite layer is diffusion-limited. [Her16b, Ric16] Once a carrier reaches

the energetically preferred interface, the carrier is extracted due to the electric field in the

depletion zone and drifts through the selective transport layer to the contact, where it is

extracted.

Figure 2.9.: Scheme of the two most commonly used device architectures, left the dis-

tributed heterojunction, right the planar heterojunction. Both architectures
employ a glass substrate with a transparent conducting oxide (TCO) on top
(shown in light blue) and a gold top contact. Charge selectivity is obtained by
a compact electron-selective (gray) in between the perovskite layer (brown)
and the TCO and hole-selective layer (red) on top of the perovskite layer. In
case of the distributed heterojunction, an additional mesoporous layer of the
electron-selective layer in which perovskite is infiltrated, whereas the planar
heterojunction lacks this mesoporous layer. Adapted from [Brel3]

Two major challenges have been identified in order to bring the long time stabilized

efficiency above 20 %: long-term-stability and enhancing of the Voc towards the radiative

limit:

22

e While the Jg¢ is close to the theoretical maximum, the Vo can still be improved;

evident by the low external PLQY. The maximum Vgc can be estimated by the
thermodynamic highest feasible (see SQ-limit) V& and the external quantum ef-
ficiency of the LED (in principle equivalent to a solar cell, except that charges are
injected in order to generate light rather than vice-versa) ngp. The open-circuit
voltage reads: Voc = V3&* — kpT'/e|In[nuep]|. [Strl7] For a reported nrep of ~
0.04, which result in a max. Voo of 1.36 V (of which 1.24 V has been obtained to
date). [Sall6] A high radiative lifetime in combination with a high external PLQY

(> 0.4) was achieved by passivation of the perovskite layer. [deQ16a, Brel7a]
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e In addition to the optimization of the perovskite itself, recombination at the in-
terface to the selective contact is also responsible for the limited Vpoc. In case of
the usage of common organic hole conductors, it has been found that non-radiative
recombination is enhanced due to unbalanced charge extraction at the perovskite
hole-conductor interface, requiring different hole-conducting materials which do not
rely on doping to achieve high Ve (see below). [Berl4, Stol7] An additional tun-
neling layer in between the perovskite and the selective contacts was also found
to be beneficial in order to increase both the Voc and the stability of the device.
[Stol7, Wan16]

o The stability under working conditions is currently the biggest challenge among per-
ovskite devices. Standard selective contacts, like TiOg or Spiro-OMeTAD, require
multiple dopants to utilize their fully potential and are unstable under working
conditions (internal electric fields, elevated temperatures, UV radiation). [CB17]
For the electron-transport layer, La:BaSnOgs (also a perovskite) or self-assembled
monolayer of Cgg were used to enhance the stability while keeping efficiencies
high. [Houl7, Shil7b] For the hole-conducting layer, inorganic CuSCN or the small
molecule PTAA, which do not require any doping and show good long-term sta-
bility were utilized. [Arol7, Stol7] In order to reduce the impact of ion-migration,
iodide has been introduced in the precursor solution, resulting in increased Voc and
enhanced PLQY, and reaching the highest published efficiency of 22.1%. [Yan17a]

2.4. Ultrafast lasers and nonlinear optics

2.4.1. Pulse propagation

The investigation of the charge generation, thermalization and recombination in lead-
iodide perovskites requires laser pulses, which are short in comparison to the investigated
phenomena, i.e. generally occur on sub-picosecond (ps) timescales. These timescale are
beyond the technical capabilities even of the best electronics. Instead, specific types of
lasers are used, some with a large gain bandwidth in order to generate pulses in the low
femtosecond (fs) range. In order to derive the fundamentals leading to the formation of
short pulses, a closer look at the propagation of electromagnetic waves, nonlinear optics
and dispersion is required.

Starting from the relevant Maxwell equations, which read V x E = —9B/0t and V -
E = p/eo, the material equation D = ¢9E 4+ P one obtains the linear wave equation
AE — (¢c"20E/0t?) = 0, where c is the speed of light, E the electric field vector, P the
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polarization and g( the dielectric constant. We can rewrite the linear wave equation to:

1 02 H?

AE- — 2 mp=_,, <
2 o2 Ho5e

P

In order to access the nonlinear case, we Taylor-expand the polarization P, which is

connected with the electric field E via the electric susceptibility as follows:

P=c) xVE (2.8)

1 2 3
= co [\ B + XSV E B + XOUE BB+ (2.9)
where Y is a tensor of rank i+1. The first-order susceptibility y*) is connected to the
linear refractive index n via n = /1 + x(1). Utilizing the separation of the polarization
in components linear to the electric field and the nonlinear terms, can rewrite the wave
equation:

1 92 0? ok

where P; is the linear polarization (the medium response i.e. for refraction, diffraction
or dispersion) and P,; the nonlinear polarization, which consists of the non-linear terms
of the polarization introduced in formula 2.8. The right side of equation 2.10 acts as

source-term of waves in linear and nonlinear optics. [Boy08, Die06]

2.4.2. Ultrashort pulses

An ultrashort laser pulse is ideally explained with a time-dependent electric field con-
sisting of a linear wave (propagating in z-direction and electric field perpendicular to the

propagation direction) and a time-dependent envelope function, A(t):
E(t) = A(t)ellro®+wet) (2.11)

Here w, is the central frequency and ¢g(t) the carrier envelope phase (phase difference
between the electric field centered at the peak of A(t) and the actual peak of the electric
field modulated with A(t)), schematically shown in figure 2.10. The frequency width of
the laser pulse and the corresponding pulse duration are coupled via the Heisenberg un-
certainty principles, stating that 7/2 < AEAt. For a Gaussian pulse the time-bandwidth
product is AvAt ~ 0.44. [Kell7] For a transform-limited pulse, i.e. with AvAt = 0.44,
from a Ti:sapphire laser (v, = 374 THz) with a 1 ps pulse, the frequency bandwidth
(FWHM) is 0.44 THz, for a 4 fs pulse (representing a single cycle of visible light) 110
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THz. So far, we have assumed that the phase of the laser pulse in equation 2.11 de-
pends only on time, but generally speaking the phase is also dependent on the frequency,

originating in the frequency dependence of the dielectric function e(w): @o(w,t).

E(t)

Figure 2.10.: Scheme of an ultrafast laser pulse, where the amplitude of electric field fol-
lows the envelope function. Here, ¢o(t) = 0 as the maximum of the electric
field is centered at the maximum of the envelope function. Adapted from
[Brel0].

To account for the frequency-dependence of the phase, we Taylor-expand the phase around

the central frequency w,:

w 2 w

1 3 dg@(w)
+§(w—wo) ( 13 + -
w=wq

The first term ¢ describes the absolute phase offset to wy, (dﬁf)) the group delay
w=wo

(frequency-dependent delay of the phase). The second order term (d2 dfj;” )) represents
w=wo

the group delay dispersion (GDD), resulting in a frequency-dependent group delay. For
GDD > 0, one speaks of positive (normal) dispersion (i.e. blue trailing red), for GDD
< 0 of negative (anomalous) dispersion (red trailing blue). The two different dispersion
regimes are illustrated in figure 2.11. When a transform-limited pulse travels through
an optical element with a group delay dispersion # 0, different spectral components will
travel with different propagation velocities, which results in temporal stretching of the
pulse (also called a chirped pulse). In order to account for the different propagation

velocities and to generate transform-limited pulses, dispersion management is required.
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The chirp can be reduced with geometrical-arranged prism or grating pair, which is set in
a way that (in case of normal dispersion) the blue travel a shorter way in space compared
to red in order to compress the pulse towards the transform-limit. For pulses shorter
than 100 fs, not only the second-order terms are important but also the higher terms of

the Taylor expansion, especially the third-order dispersion (TOD). If (def)(g‘," )) > TS’ ,
w=wo

where 7, is the pulse duration, compensation of the TOD is required as well. [Kell7].

20)

Figure 2.11.: Scheme of an positive and negative dispersed laser pulses. In the left pulse,
the low frequencies trail the high frequencies, therefore it is negatively dis-
persed. In the right pulse, the high frequencies trail the low ones, represent-
ing positive dispersion. Adapted from [Brel0].

2.4.3. Modelocking

In order to achieve lasing, a gain medium, which allows population inversion and a res-
onator are required. A resonator with a defined length L allows a standing wave only for
certain frequencies, called resonator modes. The frequency separation of the longitudinal
resonator modes is Av = ¢/2L and corresponding spacing in the time domain At = L/c.
Depending on the gain bandwidth of the laser crystal and resonator configuration, either
a single mode or multiple modes can be supported. [Kell7] The electric field of coupled

modes can be described as follows:

B) ~ Ba(t) " ).

where m is the number of coupled modes. [Die06, Kell7] For m = 1, one achieves a wave

with single frequency, i.e. cw-operation (continuous wave).
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I(t)

m =30 WWWA‘MNWWM t

Figure 2.12.: Schematic visualization of unlocked (left) and locked modes (right) for m =
5 (top) or m = 50 (bottom). Adapted with permission from [Etz14].

If the resonator and the gain medium support a large number of modes, the output in
the case of non-coupled modes will initially be noise due to lacking phase relation of
the individual modes, but for coupled or locked modes, the output will consist of short
pulses (see figure 2.12). [Kell7] Femtosecond pulses require fast modelocking beyond the
capability of electronic circuits (active mode-locking), which is why passive mode-locking
is utilized. Passive mode-locking uses a saturable absorber or, in the case of a Ti:sapphire
laser, an intensity-dependent self-focus-effect called Kerr-lens. The Kerr lens is based
on a nonlinear effect, self-focusing (origination from the Kerr effect, where the refractive
index becomes intensity dependent: n = ng + ngl(t)). If the Kerr lens is combined
with an aperture, which blocks the low-intensity fraction of the propagating modes, an
intensity-dependent switch is created. Only the high-intensity modes are focused due to
the Kerr-effect and pass the switch. Due to the diffraction induced by an aperture, the
intensity dependent switch is realized with a spatially inhomogeneous overlap of the pump

and laser beam in the laser crystal. [Kell7]

2.4.4. Nonlinear frequency conversion

In order access wavelengths beyond the fundamental wavelength of the laser system, two
processes are important: supercontinuum generation and optical parametric amplifica-
tion. Both nonlinear processes require high power, usually provided by chirped-pulse
amplification of the laser pulse. In order to prevent strong nonlinear processes during the
amplification, the laser pulse is initially stretched to reduce the peak power (P, ~ 1/7;,).
After amplification of the pulse, the stretched pulse is compressed using e.g. a grating

compressor to a similar or shorter pulse length than the initial pulse.
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For the second-order nonlinear process, which involves the nonlinear polarization
Pﬁv L — ong?j% . (see equation 2.8), two interacting electric fields are involved, E; and Ej,
with frequencies w; and wy. The nonlinear polarization (equation 2.10) acts as a source-
term of radiation, gives rise to a number of effects, such as the second-harmonic generation
(w = 2wj), sum-frequency generation (w = w; + wj), difference-frequency generation
(w = w;j —wj) and optical rectification (quasi DC/low-frequency: wi—jr = w; — w; = 0).
For optical parametric processes, a special (inverse) case of the sum-frequency generation,
a high power pump beam with the frequency w, and a low power signal beam with a
frequency of ws are mixed in a nonlinear crystal, where the signal beam is parametrically
amplified and the idler beam with frequency w; is generated. The signal beam is a
spectral fraction of a supercontinuum generated before the parametric amplification.
For parametric processes, energy and momentum need to be conversed (phase-matching

condition).

hwp = hws + hw,  with w, > ws > w;  and
hk, = hks + hky,.

Here k,, ks and k; are the wave vectors of the pump-, signal- and idler-beam. The
phase matching condition Ak = 0 cannot be fulfilled in an isotropic crystal with normal
dispersion (k = wn(w)), which is why birefringent crystal are used to achieve phase
matching. In birefringent crystals the ordinary (polarization perpendicular to the optical
axis) refractive index n, can be larger than the extraordinary (polarization in the
direction of the optical axis) refractive index n., thus the phase matching condition can
be fulfilled. Phase-matching is achieved via adjustment of the angle between k and the
optical axis of the birefringent crystal. [Cer03] For short pulses, an additional limitation
arises of the different chirp acquired in the crystal, often limiting the feasible length of

the nonlinear crystal.

For the generation of a supercontinuum, an intense laser pulse is focused in a
nonlinear crystal and a supercontinuum is generated due to the self-phase modu-
lation. For a short laser pulse with high intensity, the nonlinear refractive index
(ng = (27/n0)*x® (w;w,w, —w), where x®) is the third-order nonlinear susceptibility)
results in an additional phase shift (so called self-phase modulation, SPM), which can be
described as: Ay = w/cnal(t)L, where L is the interaction distance of the laser in the

nonlinear medium. From the SPM, we can calculate the spectral broadening;:

Aw(t) = %ngL %. (2.12)
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Due to the derivative of the intensity, the leading and trailing parts of the pulse will
generate additional frequencies, in one case at higher frequencies compared to the central
frequency (blue side of the spectrum) and in the other case at the lower frequencies (red
side of the spectrum). The self-phase modulation is enhanced due to the Kerr-effect
induced self-focusing of the laser pulse. The generation of a supercontinuum is ultimately
limited by self-focusing. The self-focusing does lead to a break-up of the laser pulse in
multiple filaments, which is coupled to damage of the crystal due multi-photon absorption

and the local generation of a plasma. [Die06]

2.5. Charge generation and recombination in lead-iodide

perovskites

The photophysical processes after the generation of charge carriers can be separated in
two groups of processes: the initial relaxation and the recombination on a timescale of a
few femto-/picoseconds and nano- to microseconds, respectively.

The absorption of above band-gap photons results in the generation of correlated electron
hole pairs. Theoretical calculations indicate the highest transition probabilities around I'-
and M-point (see figure 2.8) and slightly lower transition probabilities from lower-energetic
band in comparison to the valence band maximum (VBM) and to band higher-energetic
than the conduction band minimum (CBM) [Evel4, Kawl5, Herl6b]. Due to the low
exciton binding energy (Eg < kpT), free carriers are the intrinsic charge carriers at room
temperature, although weakly bound Wannier-Mott excitons can be observed on a sub-ps
timescale or at low temperatures. An estimation for the splitting time of excitons to
free carrier at ambient conditions was reported by Ghosh et al. with ~ 20 fs. [Ghol?7,
Her16b] For non-resonant excitation, i.e. for carrier generated off the band minima, the
carriers will form a non-thermal distribution. The non-thermal distribution undergoes
thermalization into a Maxwell-Boltzmann distribution in ¢ < 100 fs predominantly due
to carrier-carrier scattering. [Herl6b, Ric17] Once the carrier are thermalized, they can
be described with an effective carrier temperature T., which can reach up to 2000 K
before cooling to the lattice temperature T;. [Yanl5] If T, is higher than T;, one speaks
about hot carriers. The cooling of hot carriers in CH3NH3Pbls is a prime example
of the polar-optical phonon interaction (also called Frohlich-interaction). Due to the
polar nature of the lattice, the Frohlich-interaction between the photogenerated charge
carriers and the lead-iodide sub-lattice is the dominant carrier-phonon-interaction on a ps
timescale. The cooling of carriers can be separated in two different regimes: within the
first ps, the majority of the carrier cools through LO-phonon emission (see also chapter

4), presumably in the I'—valley. [Yan15] Specifically, the Frohlich-interaction is due to the
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Coulomb interaction between electron and out-of-phase displacement of the lead-iodide
system induced by LO-phonon. Another fraction of carriers cools slower, in the order
of a few tens to hundred ps. The mechanism depends on the carrier density: for low
carrier density (< 5-10'7/cm3), a small fraction of the total carriers (in the order of
a few percent, see section 5.1) cools within ~ 100 ps and reaches the band edges. The
long excited state lifetimes originate most likely from slow cooling of carriers at the M-
point (combination of large momentum mismatch and energy difference). Alternative
explanations include carrier population present in a valence/conduction bands around
the I'-point, which require an intraband transition to cool to the band edges or from a
reduced density of states 0.3 eV above the band minima. [Brel7b, Chal6, Niel6c, Dem16]

amplified
— strong spontaneous
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[ % AaWiy 4 . y — -
o absorptlonP free carriers
) 7 : L 2
geminate trap-assisted non-geminate Auger
recombination recombination recombination recombination
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Figure 2.13.: Schematic overview of the photophysical processes related to the generation
and recombination of charge carriers in CHsNH3Pbls. The carrier density n
is relevant for the fraction of excitons and free carriers after the generation
of charges and for the type of recombination. Adapted with permission from
Acc. Chem. Res., 2016, 49 (2), pp 294-302, Copyright (2017) American
Chemical society.

For high charge carrier densities (> 5-10'"/cm?), the slow cooling originates from a hot
phonon bottleneck. Due to the high carrier and LO-phonon (due to the carrier cooling)

densities in combination with an effective suppression of the decay of optical into acoustic
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phonons®, the energy cannot be thermalized to the lattice. Subsequently, LO-phonons
reheat charge carriers, thus slowing down the cooling. [Pril5, Yanl5, Ful7] Another
contribution to the slow cooling arises from carrier-phonon-interaction: Auger-heating.
Here, the excess energy resulting from the recombination of an electron-hole pair is non-
radiatively transferred to a third charge carrier. The third carrier undergoes intraband
excitation due to the absorption of LO-phonons, which slows the cooling of hot carriers
even further. [Ful7] Subsequent or in parallel to the carrier cooling, the formation of
polarons has been proposed (see also chapter 4). Briefly, a charge carrier polarizes the
lattice around it, which results in a larger effective mass and reduced scattering with op-

tical phonons, which is one hypothesis to explain the long hot and cooled carrier lifetimes.

Subsequently to the cooling of carriers, charge carriers recombine (see figure 2.13).
For lead-iodide perovskites, there are three different regimes of carrier recombination

which depend on the initial carrier density:

o At low carrier density (n < 10'7/cm?), trap-assisted recombination dominates, i.e.
a charge carrier is trapped and recombines either non-radiatively or is annihilated
by a charge carrier of the opposite kind. The radiative trap-assisted recombination
occurs with a relatively long timescale (ns - ps) as the charge carrier is localized
in the trap and requires the opposite charge to be in the vicinity of the trap in
order to recombine, which is less probable at low charge carrier densities. Whether
trap-assisted recombination can be observed is highly dependent on the trap density
of the perovskite, which is related to the preparation (see also chapter 6). In the
experiment, trap-assisted recombination can be identified from a linear decay of the

luminescence intensity in a semilog plot.

« For an intermediate carrier density (10'7/em? < n < 5-10'8/em?), bimolecular
recombination occurs, i.e. the recombination of (uncorrelated) free charge carriers.
The bimolecular recombination rate is exceptionally low. In addition to the pre-
viously mentioned mechanisms (polaron formation, indirect character of the band
gap), preferential location of electrons and holes in different regions of the per-
ovskite unit cell was also proposed as a consequence of the composition of the band
minima. [Herl6b, Ambl8] In the experiment, bimolecular recombination can be

identified from a quadratic decay of the luminescence intensity in a semilog plot.

o For high charge carrier densities (n > 5- 10 /em3), Auger recombination (three-
particle-interaction; transfer of the recombination energy to a third carrier under

conversation of energy and momentum) is the dominant recombination mechanism.

5Multiple mechanism were proposed in order to explain the suppressed decay of the optical into
acoustical phonons, for more details publication [Ful7] is referred, the ultralow thermal conductivity does
certainly play an important role as well. [Pis14]
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Similar to the bimolecular, the Auger recombination can be identified from a non-
linear decay of the luminescence intensity in a semilog plot, however in contrast to

bimolecular recombination but only within the first few nanoseconds.

2.6. Time-resolved THz spectroscopy

In order to study not only optical (interband) transitions and coupled effects, e.g.
carrier generation and recombination, but also the material properties in relation to
charge carriers, such as the mobility, charged quasi-particles such as polarons or phonons
themselves, electromagnetic waves in the frequency region of a few to 100 meV are
required. This spectral region is characterized by frequencies of the electromagnetic field
that lay in the THz range (0.1 to 100 THz, 0.4 to 40 meV, 3 mm to 3 um wavelength,
4.64K to 464K). THz radiation also provides a measurement of the photoconductivity
of a semiconductor/metal in a contact-free manner. [Ulbl1l] As mentioned in section
2.4.4, optical rectification is a second-order nonlinear effect, which is one way to generate
electric fields in the THz-region. In order for the first term of the nonlinear polarization
to be non-zero, x(? cannot be zero which excludes inversion-symmetric materials as a
choice for optical rectification. Non inversion-symmetric materials, such as Zinc telluride
(ZnTe) or Gallium phosphide (GaP), are commonly used. [Kell7] A good visualization of
the optical rectification is difference-frequency generation between the different frequency
components contained within the bandwidth of a short laser pulse. The achievable
bandwidth of the rectified pulse is therefore directly correlated to the properties of the
generating pulse. The far field of the rectified pulse or the electromagnetic THz-pulse,
which is later used for the THz spectroscopy can be derived via the second time-derivative
of the polarization: Ery, ~ 0?P(t)/0t?. [Kell7]

As for the parametric processes, phase-matching is important but satisfied for GaP and
ZnTe when excited at 800 nm due to the equivalence of group velocity of the generating
pulse and the phase velocity of the THz-pulse. [Kell7, Ulb11] For detection of the THz
pulse, electro-optical sampling which is based on the Pockels-effect, can be used. The
Pockels effect describes the electric-field induced birefringence in a material. For the
case of the detection of THz pulse, this field is the THz-field itself. The electro-optical
sampling combines the THz-induced Pockels effect with an additional laser pulse of which
the polarization is rotated. This approach provides a measurement both the phase and
the amplitude of the THz-field instead of only the intensity. The measurement of the
electric field allows to reconstruct the complex dielectric function e(w) = €1 (w) + iea(w)
(e1: phase shift and €3 : amplitude change due to absorption or gain, see figure 3.8). From
the dielectric function, the complex refractive index n(w) ~ v/e(w) and the conductivity

o(w) ~ —igpe(w) can be derived. The complex dielectric function and related quantities
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(conductivity, refractive index) can be extracted from the pump-induced change of the
electric field AE(t,,w) compared to the reference measurement (unpumped sample) and
subsequent Fourier-transformation of the electric fields.

The time-resolution of the electro-optical sampling is experimentally limited by the pulse
duration of the probe pulse and is usually achieved by sampling the probe pulse with
respect to the THz field. [Ulb11]
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Figure 2.14.: The electric field of a THz-pulse before (black) and after interaction with
a semiconductor (red) is shown in the upper panel. Due to the interaction
with the semiconductor, an the amplitude- (AE,mp(w,t)) and phase offset
(AEphase(w, t)) can be observed. AFEump(w,t) is related to the change of the
real component of the photoconductivity, Aoyeal, AFEphase(w,t) to the change
of the imaginary component of the photoconductivity, Acim. The spectrum
of the unperturbed pulse (black) is shown in the lower panel, obtained by
fast Fourier transformation.

Under the assumption that the layer of material under study is much thinner than the

wavelength of the terahertz pulse (d < A, thin-film approximation) and weak excitation
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(so carrier-carrier interaction can be mostly neglected), the ratio of the electric field of
an excited (E,(tp,w) = Eyef(w) + AE(tp,w)) and unexcited sample (E,er(w)) provides the
means to calculate the frequency-resolved photoconductivity of the sample. The ratio can
be calculated via the Fresnel coefficients (transmission/reflection of a multi-layer system,

at least of (non-conductive) substrate and sample):

E,(tp,w) B n+1

= 2.13
Ep(tp,w) — AE(tp,w) n+1+4+ Zydoy(ty,w)’ (2.13)

where Zj is the impedance of the free space (377 €2), n the index of refraction of the
substrate in the THz region.® Equation 2.13 is valid under the assumption that the
sample is measured in air/vacuum. [Ulbl1, Jepll]. The complex photoconductivity can

be easily evaluated based on equation 2.13 [Jepll] :

n+1AE(t,,w)
t = — .
Up( paw) Zod Ep(tp,W)

2.6.1. Drude model of conductivity

The mechanism of the photoconductivity can be explained within the framework of the
Drude conductivity model, which is based on a semiclassical model of charge transport
(inelastic scattering due to carrier-phonon and carrier with a characteristic scattering time
Ts between two scattering event). Under the influence of an electric field E(t), charges

follow the equation of motion:

d?r dr e
—_ — =—E(t
dt? + dt m (),

*
e

where r is the ensemble average displacement of the charge carriers and I' the scattering
rate (1/75). The equation of motion can be solved for a given carrier density N for the

dielectric function or the so-called Drude-conductivity:

Ne? 1
= — 2.14
ep(w) = eoo eom? <w2 + iFw) (2.14)
Ne?r, 1
— 2.15
7n(w) m (1 - ins) ’ (2.15)

where €4, is the high frequency dielectric constant. The Drude response of the conductivity
has a resonance with a bandwidth of I" and amplitude of Ne?/sgm?. [Ulb11] For the case
of a scattering rate much higher than the THz frequency range, the real component of the

photoconductivity will essentially be flat and finite, whereas the imaginary component

5The equation is also valid for carrier distribution following Beer’s law with small error < 5 %.
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is negligible (or, equivalently, the dielectric response is purely imaginary in this case).
For this case, the scattering time and the charge carrier density cannot be independently

determined.
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3. Experimental Methods

3.1. Perovskite film deposition

The perovskite films used in this thesis were prepared using spin-coating and subsequent
thermal annealing in a glove box (Mecaplex/Glovebox Systemtechnik: Oy < 5 ppm, HoO
< 1 ppm or Glovebox Systemtechnik HoO < 10 ppm). Two different approaches were

preferentially used:
e Single-step deposition using an anti-solvent, discussed in chapter 4.

« Single step deposition from a dimethylformamide (DMF') solution containing PbCly
and CH3NHg, discussed in section 5.10.

Common polar solvents for the precursor solution are DMF, dimethyl sulfoxide (DMSO)
and y-Butyrolactone (GBL), which dissolve the precursor salts. The precursor salts are
from the cations (CHsNH3 (MA), CH(NHz2)2 (FA)) and anions (Pbly, PbCly, PbBry). The
precursor solutions are dropped on a substrate and spin-coated, where the solvent partially
evaporates and the nucleation occurs. After the spin-coating, samples were thermally
annealed. During spin-coating, heterogeneous (Volmer-Weber-like) crystallization occurs
from nucleation sites, such as the substrate-solution interface or crystalline seeds. [Zhel5b,
Pet17] The formed crystallites coalesce during the subsequent annealing to minimize the
total surface energy (Ostwald-ripening). [Strlbal]

A number of different precursors were used throughout the completion of this thesis and
were found to influence the charge carrier recombination and phase segregation quite
drastically. As an example, a comparison of different purities of lead-iodide (99 and
99.999 %) purchased from Sigma Aldrich is shown in figure 3.1. Using lead-iodide of
higher purity leads to a significant improvement of the photoluminescence lifetime from
1.5 to 12 ns due to reduced impurity-induced trap-density. However, in combination
with mixed anions (for both, mixing with PbBrs and PbCly, respectively), which were
used in order to stabilize the perovskite phase of FAPbI3, phase separation between the
perovskite (MAggFAq2Pbl3«Cly), Pbly and the non-perovskite FAPbI3 occurred when
high-purity Pbly was used, but not for the case of 99 % purity (due to the higher density

of precipitation seeds). The purity of the lead-iodide precursor is defined with respect
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to other metals rather than different lead-compounds, such as lead-acetate, lead-sulfide,
and lead-sulfate.! These impurities likely explain the strong variation of the properties of

perovskite films in this thesis.
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Figure 3.1.: Comparison of the decay of the photoluminescence for MAg sFAg oPbls per-
ovskite films prepared with 99 and 99.999% lead-iodide. The samples were
excited with a 150 fs pulse with a photon energy of 3.1 eV, a repetition rate
of 1 kHz and a fluence of 1 1J/cm?. The photoluminescence signal of the film
prepared with the 99% purity Pbly decays on a timescale of less than 10 ns,
whereas emission from the perovskite film prepared with 99.999 % Pbly de-
cays on a much slower timescale. The lifetimes obtained by fitting the decays
to exponential functions are 1.5 and 12 ns, respectively.

3.1.1. Solvent-engineering

For the solvent-engineering deposition, an equimolar solution of cations [CH3NH3 (Sola-
ronix, Dyesol) and/or CH(NHz)2(Dyesol)] and lead-halide anions [Pbl; (Sigma Aldrich,
Alfa Aesar), PbBrj (Sigma Aldrich, 99.999%) and PbCl, (Sigma Aldrich, 99.999%)] in
anhydrous [DMF, DMSO (Sigma Aldrich)] or regular-grade solvents [GBL, 1-Methyl-
2-pyrrolidinone (NMP, Sigma Aldrich)] was prepared under a pure nitrogen atmo-
sphere. Depending on the desired application, either MAPbI3, FAPbI3, MAygFAq2Pbls,
MAg.oFAgsPbls, MAgsFAg2Pbls «Cly or MAg gFAg oPbls 55Brg 45 was prepared. The so-
lution was kept on a hotplate at 60 °C until the salts were dissolved and kept at 60 °C

'Based on the analysis done by Alexander Klasen (MPIP, Mainz), private communication
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prior to deposition. The solution (50 ul for 1 cm? substrate, 150 ul for 1 inch?) was dis-
persed on the substrate from the edges towards the center. The samples were spun for 10
s at 1000 rpm (slow acceleration) and for 30 s at 4000 rpm. After 20 s total spinning time,
100 pl of anhydrous chlorobenzene (CB, Sigma Aldrich) was dropped within a few seconds
on the spinning sample. After the spin-coating, the samples were thermally annealed in
a nitrogen atmosphere at 100 °C for all the compounds except FAPbI3 and 150 °C for
FAPDI;.

The mechanism of the crystallization depends on the used solvents and anti-solvents. For
the case of DMF, such as in chapter 4, using CB during the spin-coating will result in a
supersaturation of the precursor solution and therefore initiate the crystallization. The
time at which the anti-solvent is dropped is critical: if it occurs too early, the layer of
solution is still too thick, therefore resulting in isolated large crystals, which do not form
a continuous film. If it occurs too late, the crystallization will occur from the DMF-Pbls-
network, which results in rod-like structures and therefore also in non-complete surface
coverage. [Strlba, Xialda, Guolb]

For the case of DMSO solution, the anti-solvent induces rapid crystallization of an inter-
mediate MA-Pbls-DMSO-phase. The intermediate phase is much more stable compared
to the Pbls-DMF-intermediate due to the complex bond between the DMSO and the Pbls.
The formation of this intermediate phase decelerates the crystallization of the perovskite.
[Jeol4]

3.1.2. Single-step deposition from PbCl,

The single-step deposition without the usage of an anti-solvent uses a non-stoichiometric
solution of 3:1 MAI:PbCly. The salts are dissolved in anhydrous DMF (40 wt%) and kept
at 60 °C prior to deposition. The solution is then dropped on the substrate and spin-coated
for 45-60 s at 2000 rpm. After the spin-coating, the samples are kept at room temperature
for 30 minutes before annealing at 100 °C for 60 minutes under nitrogen atmosphere. The
films show drastically improved photophysical properties in comparison to MAPbI3.[Str13,
Brel7b] Since the band gap of the perovskite prepared from MAI and PbCly is nearly
identical compared to MAPbI3 one speaks of doped MAPbI3, MAPbI3(Cl). Studies show
only traces of chloride in the final film, mostly near the substrate-film interface. [Pet17]
The determined location of the chloride in the proximity of the substrate leads to the
assumption that MAPDCI3 nucleates the crystallization process and acts as a seeding
layer /template for the growth of large MAPbI3(Cl) crystals via ion-exchange. The excess
MA promotes the growth of large grains and evaporates subsequently as MACI during
the annealing. [Will4, Sak16, Pet17]
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3.1.3. Methylamine-treatment

Methylamine (MA, CH3NHy) treatment was used as a post-processing procedure to im-
prove the surface coverage of a perovskite film. Two different approaches were used in
order to perform the treatment. In the first approach, MA in ethanol (33 wt%, Sigma
Aldrich) was filled into a crystallizer under a nitrogen atmosphere. Subsequently, the per-
ovskite film was positioned over the crystallizer within 2 cm from the solution/nitrogen
interface. Upon exposure to the MA, the dark perovskite films became colorless. Following
the solid-gas interaction, the perovskite film was removed from the top of the crystallizer
and exposed to a gentle nitrogen flow until the film turned dark again. The samples were
placed on a hotplate at 60 °C for > 15 minutes to ensure complete removal of the MA
(evaporation temperature - 6°C). The second method, more sophisticated, involves the
usage of a reactor as shown in figure 3.2. Via the two ports on the left side, MA (Linde
group, >99%2) and nitrogen with a controlled partial pressure can be delivered into the
reactor. Prior to use, the reactor and the tubes were flushed with nitrogen to ensure
a humidity-free system. The samples were placed on angled posts, shown beneath the

reactor in figure 3.2.

Figure 3.2.: Reaction chamber used for the MA-treatment. In the front of the chamber,
the angled posts for the substrates are shown.

Typically, the samples were placed on a holder with an angle of 45° with respect to the
horizontal plane and exposed to methylamine for 10 s. The partial pressure and valve

opening time were selected in a way that results in a bleaching of the sample in about

2The purity is defined with respect to different amines, such as CH3CH,NHy or (CH3)oNH, which
have boiling points below room temperature and small enough to allow the uptake into the perovskite.
These amines may remain in the perovskite after the treatment and form low-dimensional crystallites (see
section ?7) that act as trap states.
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1 s. After the exposure, the reactor was flushed with nitrogen for at least 30 s followed
by closing all access valves in order to retain the nitrogen atmosphere. For experimental
purposes, the angled posts were placed on a Peltier-element, which allowed in-situ cooling
and heating between 0 and 95 °C.

3.1.4. Film preparation

Fused silica substrates (Prizisions Glas & Optik GmbH, LG Optical) were cleaned using
2% soap solution in water (Hellmanex), acetone and isopropanol (Sigma Aldrich) for 10
minutes each with subsequent rinsing with the succeeding solvent in an ultrasonic bath
(Bandelin Sonorex). After the cleaning, the samples were rinsed with ethanol (Absolut,
VWR) and dried with nitrogen. The samples were then plasma-cleaned (Technics Plasma
GmbH, 200G) for 20 minutes under 0.2 mbar Ar/O2 atmosphere with a power of 300 W.
The samples were then transferred into a glovebox, where the films were prepared within

15 minutes following the plasma treatment.

3.2. Perovskite film characterization

In order to characterize perovskite films, a number of optical techniques were used. In
the context of solution-processed semiconductors, optical characterization tools, including
UV/VIS and transient absorption spectroscopy, provide the ability to measure the steady-
state and time-resolved properties of lead-iodide perovskite without the need of electrical

contacts.

3.2.1. UV-VIS absorption spectroscopy

Absorption measurements ranging from 350 nm to 900 nm were performed using an
UV/VIS spectrometer (Perkin-Elmer Lambda 900, scheme shown in figure 3.3) using
either a Deuterium or (UV-grade) Tungsten halogen lamp as light source. The absorption
was measured using a Peltier-cooled PbS detector (NIR) or a photomultiplier (UV/VIS).
Spectral selectivity was ensured using a double monochromator (holographic gratings with
1440 lines/nm (VIS/NIR) and 360 lines/mm (UV)), resulting in a spectral resolution of
max. 0.1 nm (UV/VIS) or 0.4 nm (NIR). The absorption of the substrate was measured
before the actual measurement of the film. In order to account for potential scattering
effects of the sample, the transmitted light was captured using a Teflon-coated integrat-
ing sphere. The quantity measured is the absorbance A of the film, which is related to

the transmission via the formula T: A = —log,((7). UV/VIS absorption measurements
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are used to obtain the optical band gap of a material, which can be estimated via the
so-called Tauc plot. In order to draw the Tauc plot, a linear fit is used in the onset of
the absorption. The band gap Eg can be estimated using the absorption coefficient «(E)
and the absorbance A: a(E) = AVE — Eg.
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Figure 3.3.: Simplified scheme of the spectrally-resolved UV /VIS/NIR setup. A Deu-
terium lamp provides radiation in the UV range (A < 380 nm), a Tungsten
halogen lamp radiation in the VIS/NIR spectral range (380 nm < A\ < 900
nm). A double monochromator provides wavelength selection. The transmis-
sion through the sample is collected using an integrating (Ulbricht) sphere to
account for scattering effects of rough films and analyzed either using a PbS
(NIR) detector or a photomultiplier. Reference spectra of a blank substrate
ensure the correct measurement of the material absorption.

3.2.2. Photoluminescence spectroscopy

Time-resolved photoluminescence was used to monitor the emissive properties of lead-
iodide perovskites. The sample is excited by the frequency-doubled (BBO) output of
the Ti:sapphire laser system either with a repetition rate of 80 MHz or 1 kHz and a
pulse duration of <150 fs, the photoluminescence is detected with a Hamamatsu streak
camera system. The emission of the sample is spatially dispersed by a grating and then
collected by a photocathode, which converts the photons to electrons. The number of
electrons is proportional to the intensity of the incident luminescence. The electron pass
parallel high-voltage electrodes, where a time-dependent electric field spreads the electrons

perpendicular to both, the direction of dispersion and the propagation direction. The
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time-dependent electric field deflects the photogenerated electrons according to the photon
arrival time at the photocathode. The electrons are thus spread in two dimensions and
are subsequently multiplied to enhance the signal then reconverted into photons due to
the interaction with a phosphorescent screen. The photons are detected with a 2D CCD
camera. Depending on the required time resolution, two different modules could be used:
either a fast one (80 MHz, instrument response ~ 20 ps) or a slow one (1 kHz, instrument

response > 50 ps).

pulsed sample spectrograph streak system CCD

excitation with time dependent
field

Figure 3.4.: Schematic of the time-resolved photoluminescence setup. The sample is ex-
cited from a pulsed laser source. The pump photons interact with the sample
where the photoluminescence is generated. The photoluminescence is spec-
trally dispersed in the grating spectrometer after which electrons are gener-
ated in a photocathode. The time resolution is provided by a synchronized
fast-sweeping electric field. The electrons are converted to photons at a phos-
phorescent screen and detected with a CCD camera. From [Etz14]

3.2.3. Transient absorption spectroscopy

Transient absorption spectroscopy (TAS) was used to probe not only emissive species but
also populations of photo-excited carriers. The measured quantity in the pump/probe

measurement is the relative change in transmission AT /T, which is calculated as follows:

AT o Tpump on — Tpump off
T Tpump off

Here Tpump on is the transmission of the sample under pump and T'pump off the transmis-

sion of the sample without pump. In a typical experiment, a spectrally narrow but intense
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pump beam excites the sample. After a defined time delay, a spectrally broad but weak?
probe pulse interacts with the excited sample. The probe pulse is spectrally analyzed for

every defined time delay. A typical spectrum is shown in figure 3.5.
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Figure 3.5.: Different signal contributions to the total differential transmission AT/T in
transient absorption measurements. The measured signal (black line) can be
reconstructed from the ground-state bleach (red, positive AT/T'), a photo-
bleach (red, positive AT/T) and photoinduced absorption (green, negative
AT/T). The corresponding transitions are schematically shown on the right-
hand side.

The overall TA signal consists of multiple components, some of which can enhance the
differential transmission AT /T, such as the ground-state bleach (GSB) or photobleach
(PB), and some of which reduce the differential transmission, a photoinduced absorption
(PIA):

e The positive differential transmission of the GSB can be explained by the reduced
population of the ground state after the interaction with the pump. The pump
excites carriers from the valence to the conduction band (compare figure 3.5, red
spectrum/arrow). Probing the wavelength region corresponding to the energetic

difference of the band edges will result in an enhanced differential transmission

3A low-intensity probe pulse is especially important for transient absorption spectroscopy of lead-
iodide perovskites as the band gap is energetically close to the fundamental emission of a Ti:sapphire
laser, which is often used to generate the spectrally broad probe pulse, see also Sum et al. [Sum16].

44 PHOTOPHYSICS OF LEAD-HALIDE PEROVSKITES



3. EXPERIMENTAL METHODS

(AT/T > 0), as a significant fraction of the carriers was excited and therefore the

transition which corresponds to the ground state is bleached.

e A photobleach is comparable to the ground state bleach, but originates from states
with a higher energy difference than the optical band gap [Sum16], consequently the
differential transmission AT/T > 0.

o Another spectral component which enhances the differential transmission is the stim-
ulated emission. For the case of stimulated emission, the pump excites the sample;
the following probe photon stimulates the emission, resulting in an apparently higher
transmission. Due to the small Stokes shift between the absorption and emission of
lead-iodide perovskites, the spectral component of the stimulated emission is nearly

identical to the ground-state bleach.

o Excited state absorption or photoinduced absorption results in AT/T < 0 and
occurs if the probe pulse interacts with carriers which were already excited from
the pump pulse, such as the interband transition between two conduction bands

(compare figure 3.5 and section 2.3.1.2).

The total differential transmission can be derived from the sum of all the spectral contri-
butions, weighted by the transition cross-section o;_,; for a given sample thickness d:

SL000) = Yot AN .

i?j

Here AN; is change of population in the state 7 due to the interaction with the pump pulse.

The transient absorption setup is seeded by the output of a Ti:sapphire laser (Co-
herent Libra HE), delivering 3.5 mJ of 80 fs pulses at 1 kHz centered at 800 nm. The
output of the laser system is split and used to seed two optical parametric amplifiers
(OPA), namely OPA 1 and OPA 2 (Coherent OPerA Solo). OPA 1 is used to generate the
pump pulses between 290 and 2600 nm. The output of the OPA 1 can be attenuated using
an automatized neutral density filter wheel (Thorlabs). The pump beam is guided via a
variable (0 - 8 ns) delay line using a mechanical stage and two broadband retroreflectors
(Newport) and a diffuser to the sample mounted in a home-built high-vacuum cryostat.
The pump pulse is chopped at 500 Hz. The output of the OPA 2 at 1300 nm is focused
onto a thin sapphire crystal to generate the supercontinuum (3 mm, c-cut a-AlyOs,
compare section 2.4.4). Spectral tunability and stability of the supercontinuum is ensured
using a neutral density filter wheel (NDFW) in combination with a pinhole, which allow
control of the pulse energy and the beam shape. Careful adjustment resulted in the
ideal case in a supercontinuum between 550 and 1100 nm and high stability over 72+h.

The supercontinuum interacts with the pumped/unpumped sample is spectrally resolved
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using an 150 lines/mm grating spectrometer (Princeton Instruments Acton SP2150) and

analyzed using a silicon linear array detector (Ingenieurbiiro Stresing).
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Figure 3.6.: A Ti:sapphire laser system generates pulses at 800 nm, which are used to
seed two OPA’s (pump in the visible spectral range, probe at 1300 nm). The
output of the pump OPA is variably attenuated in a neutral density filter
wheel (NDFW), variably delayed with respect to the probe pulse and chopped
at 500 Hz before hitting the sample. The output of the probe OPA 2 is used
to generate a supercontinuum centered at 1300 nm, which probes the pump-
induced transmission change in the sample. The probe beam is spectrally
dispersed in a grating spectrometer and detected with a CCD camera.

Data obtained from the TA measurements are two-dimensional matrices with axis of time
and wavelength /energy. Spectra are obtained by averaging over a minor range?, kinetics
by averaging over a spectral region. The raw data still contains the chirp caused by
transmissive optical elements, such as the lenses used to focus the probe beam, cryostat-

windows and sample, and are corrected using a home-built Matlab-script®, visualized in

figure 3.7.

3.2.4. Time-resolved THz spectroscopy

The time-resolved THz experiments are based on a Ti:sapphire laser system (Newport So-

lice Ace, 800 nm, 40 fs, 1 kHz). The output of the laser system is split into two components;

4E.g. between 1 and 1.5 ps
SWritten by Fabian Etzold, Tan Howard et al.
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Wavelength [nm]

Time [ps]

Figure 3.7.: Illustration of the chirp correction. Left is the raw data with the fitted chirp
(along the dots), the chirp-corrected data is shown in the right-hand side
panel .

one seeds an OPA (TOPAS prime NIR-UV/VIS) in order to obtain wavelength-tunable
pump pulses. The remaining power is used to seed the THz generation and detection
scheme. The overall setup is shown in figure 3.8. The 800 nm beam is split into three
different parts: pump beam, THz generation and detection beam. For the pump beam,
frequency-doubling in 100 pum thick BiB3Og (BiBO) was found to be optional. The pump
beam is guided via a variable delay line (maximum delay: 1.5 ns) to the sample. The
pump beam is chopped at 500 Hz and scattered /absorbed by foam® after interaction with
the sample. The 800 nm pulses are used to generate ~1 ps long THz pulses in a 1 mm
ZnTe crystal. THz pulses generated in this way present a spectrum that ranges from
0.5 to 2.5 THz (see figure 2.14). The THz pulses are guided by parabolic mirrors to the
sample, which is mounted in a cryostat. After the interaction with the sample, the THz
pulses are re-collimated and then focused onto a second ZnTe crystal for electro-optical
sampling. The detection beam is delayed with another delay stage in order to allow sam-
pling of the THz-pulse. The sampling and THz-probe pulses are overlapped in the second
ZnTe crystal. Due to the Pockels-effect in the crystal, the polarization of the sampling
beam changes. A quarter wave-plate is used to change the polarization from linear to
elliptical, which is then separated into vertical and horizontal polarization components by
a Wollaston prism. Two balanced photodiodes are used to detect the relative intensity
of the two polarization components. The intensity of the signal is acquired using lock-in
detection; the modulation is obtained by chopping the THz-generation and/or the pump

beam. The differential output of the diodes is set to zero via the quarter wave-plate in

5 Absorbing UV /VIS/NIR light, but transmitting THz in order to prevent THz generation in the
seconds ZnTe crystal.
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case the THz-field is absent; therefore, the measured signal is proportional to the field
strength of the THz-pulse. In order to reduce the absorption of the THz pulse by water

vapour, the pump-probe setup was continuously flushed with dry nitrogen.
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Figure 3.8.: Scheme of the time-resolved THz setup. The output of the Ti:sapphire laser

system is split into three components: the pump beam, the THz generation
beam, and the THz detection beam. The pump beam can be frequency
converted, e.g. via an OPA or a nonlinear crystal, and is delayed using a
delay stage with respect to the THz generation beam. A different fraction of
the laser output is used to generate THz via optical rectification in a ZnTe
crystal. The THz pulses are collimated and focused using a pair of parabolic
mirrors. Foam is used to scatter/absorb the remaining pump and laser beam.
The detection beam is also variably delayed with respect to the generation
in order to allow sampling of the THz pulse via electro-optical sampling in
the second ZnTe crystal. The polarization of the detection beam is rotated
due to the Pockels effect. The quarter wave plate and the Wollaston prism
are used to balance the diodes when no THz pulse is present. The different
polarization components are detected with balanced photodiodes.

In a typical measurement, e.g. in order to obtain the time-resolved real photoconductivity,

the peak of the THz-pulse is determined via scanning the delay of the detection beam
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while the generation beam was chopped at 500 Hz. The obtained peak time is then fixed,
and the pump-probe time delay is scanned while the pump is chopped at 500 Hz. For
frequency-resolved photoconductivity measurements, it is required to scan both, the pump
and the detection stages. The dual scanning allows sampling the THz-pulse for a defined

pump-generation delay.
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4. Quantifying Polaron Formation and
Charge Carrier Cooling in Lead-lodide
Perovskites

This chapter is based on the submitted manuscript entitled "Quantifying Polaron Forma-
tion and Charge Carrier Cooling in Lead-lodide Perovskites". This work is a collaboration
between Ivan Ivanov from the Max Planck Institute for Polymer Research Mainz (Ger-

many) and the Department of Chemistry of the Columbia University (United States).

4.1. Abstract

Notwithstanding the success of lead-halide perovskites in emerging solar energy conversion
technologies, many of the fundamental photophysical phenomena in this material remain
debated. Here, we study the initial steps following photogeneration of free charge carriers
in lead-iodide perovskites, and quantify timescales of charge carrier cooling and polaron
formation, as a function of temperature and charge carrier excess energy. We find, using
terahertz time-domain spectroscopy (THz-TDS), that the observed femtosecond rise in
the photoconductivity can be described very well using a simple model of sequential
charge carrier cooling and polaron formation. For excitation above the bandgap, the
carrier cooling time is strongly dependent on the charge carrier excess energy and lattice
temperature, with cooling rates varying between 3 and 6 meV/fs. The polaron is formed
within 400 fs for both CH3NH3Pbls (MAPbDI3) and CH(NH3)oPbls (FAPDI3), and its
formation time is independent of temperature between 160 and 295 K. The very similar
dynamics observed for the two perovskites points to the critical role of the inorganic

lattice, rather than the organic cations, for polaron formation and cooling.

4.2. Introduction

The astonishing rise of lead-halide perovskite in the world of optoelectronic devices be-

gan only a few years ago. [Leel2, Koj09] In the short period of time, the technol-
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ogy has advanced so fast that the power conversion efficiency of lead-halide perovskite-
based devices now rivals established technologies like CdTe and multicrystalline silicon.
[RN317, Yanl7a, Arol7] The success of the material can be traced to low charge car-
rier recombination rates, ambipolar charge transport, strong optical absorption and its
solution processability. [Trel7, Str15b, CB17] The current debate about the origin of
the low recombination rates in lead-halide perovskite suggests multiple possibilities: a
direct/-indirect character of the band structure due to the Rashba-effect, charge separa-
tion due to ferroelectric effects and the formation of polarons. The Rashba-effect results
in a small lateral shift in the k-space between the conduction band minimum and the
valence band maximum and therefore in an indirect bandgap, which could explain the
slow charge carrier recombination. [Hutl7, Yul6, Zhelba, Zhelba, Etil6, Niel6b] Also
under intense debate are ferroelectric properties in perovskites, which could allow spatial
separation of electrons and holes in the lattice. [Frol6b, Herl6a, Kutl4, Anul7, Rak17]
Finally, it has been proposed that polaron formation allows reduced scattering of charge
carriers with phonons, other carriers or charged defects, resulting in low recombination
rates. [Zhul5b, Woll7, Bonl7, Miy17b, Frol7b, Frol7a, Zhul6] The concept of the po-
laron has also been put forward to explain the moderate mobility of charge carriers in
lead-halide perovskites. [Frol7b, Frol7a, Chel6, Fey55, Fey62] Polarons form in polar
semiconductors due to the interaction of charge carriers and phonons and are especially
important in soft and polar crystals. [Zhul5b, Bonl17, Lan48] The formation of the po-
larons is energetically preferred compared to a bare charge carrier resulting in efficient
screening of its electric field and occurs with a characteristic timescale in the order of
~100 fs. [Miyl7b, Frol7b, Lan48, Ival7, Bok16] Within conventional polaron theory,
the strength of electron-phonon interaction is expressed by the dimensionless Frohlich

coupling constant «,

2 * 1 1
o= [ meC < - ) . (4.1)
hc\ 2hwro \ e €0

Here, ¢ is the speed of light, A the reduced Planck constant, e the fundamental
charge, m} effective mass (or band mass) of the charge carrier, wro the angular
frequency of the coupled LO-phonon, £, the optical and &y the static dielectric con-
stant. [Bok16] Depending on the electron-phonon coupling strength, polarons may be
described as small or large and can be distinguished by e.g. temperature-dependent
transport measurements.  [Zhulbb, Frol7b, Frol7a, Wril6, Mill5] For lead-halide
perovskite, a has been calculated to lie between 1.1 and 2.7, establishing the polaron
as intermediate-to-large, which is supported by the increased mobility at lower tem-
peratures. [Yul6, Frol7b, Frol7a, Senl6, Miyl7a] In addition to the origin of long

lifetimes of the photogenerated carriers, polarons has also been invoked to account
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for the discrepancy between predicted high mobility (> 1000 cm?/Vs, due to small
effective mass of charger carriers) and the measured lower (< 100 cm?/Vs) one.
[Woll17, Frol7b, Frol7a, Chel6, Fey55, Fey62] A number of spectroscopic methods have
been used to observe polaron behavior, but the formation has so far only been reported
for bromine-based perovskite. [Miyl7b] In contrast, and numerous publications have
reported carrier cooling at high (> 10'® cm™3) and low (< 10'® ecm~3) charge carrier
densities. For high charge carrier densities, a hot phonon bottleneck can slow down the
cooling of carriers. [Pril5, Yanl5, Dobl7, Ful7] For low charge carrier densities, long
hot carrier lifetimes have been reported as well, with the mechanism debated: both
intervalley scattering between a side valley at the M-point with a band gap of ~ 2.5
eV and the I'-Valley, and the ultralow thermal conductivity of lead-halide perovskites
have been proposed to play an important role in accounting for long-lived hot carriers.
[Frol7b, Zhul6, Brel7b, Niel6c, Chal6, Appl7a, Pisl4, Yanl7b, Wul7, Mos17]

Here, we present the first estimation of the polaron formation time in the two
most common single organic cation lead-iodide perovskites, CH3NH3Pbls (MAPbDI3)
and CH(NH;)9Pbls (FAPbI3), and in parallel quantify charge carrier cooling. Given
its sensitivity to the mobile charge carriers and its high (~250 fs) time resolution,
terahertz time-domain spectroscopy (THz-TDS) is an ideal method to investigate the
initial dynamics of the conductivity of the photo-excited charge carriers (so called
photoconductivity) with respect to the formation of polarons and the initial charge
carrier cooling. The equilibration of the conductivity after the photoexcitation must
reflect cooling of hot carriers and polaron formation. We observe a temperature- and
excess energy-dependent sub-picosecond rise of the photoconductivity. Polaron formation
is observed to be temperature-independent, while carrier cooling is both temperature-
and excess energy-dependent. The combined data can be well described by a model
assuming sequential cooling and polaron formation. We find initial charge carrier cooling
rates between 3 meV /fs at 160 K and 6 meV /fs at 295 K. Our results are consistent with
polaron formation subsequent to cooling on timescales of 400 + 20 fs for FAPbI3 and 390
+ 10 fs for MAPDI3.

4.3. Results and discussion

To study the carrier cooling and polaron formation, we record the time-resolved photocon-
ductivity of perovskite samples prepared by solvent-engineering with the most common
cations, methylammonium and formamidinium, MAPbI3 and FAPbIs. The samples were
kept under vacuum conditions, the temperature was varied between 160 and 295 K using

a liquid nitrogen cryostat and the pump wavelength was selected between resonant to the
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bandgap (800 nm, no excess energy) and 400 nm (excess energy ~1.5 eV).
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Figure 4.1.: Tllustration of the effects of polaron formation and carrier cooling on the
measured time-dependent photoconductivity. Panel (A) shows a scheme of
the polaron formation and carrier cooling: For resonant excitation with the
frequency E; (in red), a polaron will be formed due to the interaction of the
electron and the lead-halide lattice with a characteristic timescale of 7,,. For
above band gap excitation with light with photon energy Eo (in blue), the
carriers cool with timescale of 7., prior to polaron formation. The effect of
the resonant and above band gap excitation is illustrated in (B). For resonant
excitation (800 nm, 1.55 e€V), the photoconductivity rises faster compared to
the above band gap excitation (400 nm, 3.1 eV) due to the occurrence of both
carrier cooling and polaron formation.

THz spectroscopy measures the complex-valued photoconductivity, which is correlated
to the mobility and the effective mass of charge carriers by: o ~ Ne?Teeqs /m?, where,
e is the fundamental charge, m} effective mass (or band mass) of the charge carrier, N
is the charge carrier density and 7. the scattering time .[Ulb11] Within the frequency
window (0.5-2.2 THz), the photoconductivity reveals no significant frequency-dependence
(figure 4.4A), indicating that the carrier scattering time is less than ~20 fs. As such, we
can simply plot the photoconductivity at the peak of the terahertz pulse to follow the
dynamics. In order to investigate the effects on the photoconductivity rise of (i) excess
energy and (ii) temperature (in the temperature range over which the crystal structure
is tetragonal), we systematically varied both parameters. A scheme with the effects of
polaron formation and the carrier cooling for the case of FAPbI3 at 160K is shown in
figure 4.1. The photoconductivity increases during the first ~1.5 ps after photoexcitation
(figure 4.1B, E; in red) to a quasi-steady-state photoconductivity, showing no decay on
~100 ps timescales (figure 4.6). Within the Drude conductivity picture, the delayed rise
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of the photoconductivity due to polaron formation upon on-gap excitation can be ex-
plained by a decrease in the carrier scattering rate upon polaron formation. The dressing
of carriers with phonons, i.e. polaron formation, will also result in an increased effective
mass by 20 - 45%, which should reduce the conductivity proportionally. [Frol7a] This
relatively small increase of the effective mass is apparently more than compensated by
the reduction of carrier-optical phonon-scattering. The additional delay in the rise of the
photoconductivity upon above-gap excitation due to carrier cooling can be understood
by noting that excitation above the bandgap in the I'-valley will result in an enhanced
effective mass due to the nonparabolicity of the bands away from the band extrema.
[Dem16, Her16b] The most relevant results for both FAPblz and MAPbI3 are shown in
figure 4.2. Low-fluence optical excitation (5.6 uJ/cm?) was used to prevent significant
electron-hole and Auger recombination, which is reflected in the near-constant photocon-
ductivity over the first 100 ps (figure 4.6). [Her16b, Sum14] We measured the instrument
response function (IRF) using a thin layer of TiO2 and 320 nm optical excitation, result-
ing in an IRF of Gaussian shape with FWHM of 250 fs (for a more detailed discussion
see figure 4.7). Clearly, the observed rise of the photoconductivity in the perovskites is
appreciably slower than the instrument response function, even for band-edge excitation,
which we attribute to a finite polaron formation time. For excitation without excess
energy (see figure 4.2A, B), the photoconductivity rise is independent of temperature
(160 - 295 K), occurring within ~1.5 ps for FAPbls and MAPbI;. Notable differences
can be observed for the rise time of the photoconductivity for both increasing excess
energy (see figure 4.2C, D) and temperature (figure 4.2E, F), respectively. The rise of
the photoconductivity increases for both, higher excess energy (shorter excitation wave-
length) and lower temperature, respectively. The rise in the photoconductivity is unlikely
to be limited by the generation of free carriers, which has been reported to occur on
timescales most likely smaller than 100 fs, only limited by the rapid thermalization of
carriers. [Yanlb, Niel6c, Ponl7, Sav14, Ponl4, Ghol7, Monl7, VC15, Yinl4b] In order
to quantify the rise dynamics before reaching the equilibrium photoconductivity (constant
carrier number, scattering time and effective mass), we propose a model with two distinct,
sequential contributions to the rise of the photoconductivity: carrier cooling and polaron
formation, i.e. the model assumes carrier cooling occurs prior to polaron formation.

We use a three-level system in which the relevant populations are named Nput, Neoid
and N, (the number of hot, cooled carriers and polarons) and time scales T.o and 7y,
(relaxation between Nj and Ny and Negig and Ny, respectively.) For band-edge exci-

tation, the carriers are directly excited to N.q; for excitation with excess energy to Np¢.
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Thereby we obtain the following rate equations:

= — N, 4.2
dt Tecool hot ( )
dN, t 1 1
COId( ) = Nhot - 7Ncold(t) (4 3)
dt Teool pol
AN, (t 1
pol( ) = 7Ncold(t)' (4 4)
dt pol

With a fraction n excited to the hot state, the initial conditions read:

Nhot(t = 0) =n (45
Ncold(t = 0) = Npol(t = 0) =0 (46)
Nhot+Ncold+Npol =1. (47)
Solving the rate equations, we obtain, for the time-dependent polaron population
1 t t
dNpoi(t) =n | ————— | Tpor€xp | — — Teool €XP | — +1]. (4.8)
Tcool — Tpol Tpol Tcool

The polaron formation time 7,, can be inferred directly from experiments with near-zero
excess energy of the charge carriers (band edge excitation), and is found to be temperature
independent, amounting to 400 + 20 fs for both FAPbI3 and MAPbI3 (lines in figures
4.3 A and B) . The temperature independence of polaron formation can be explained by
the Debye temperatures of < 140 K in the tetragonal phases of both materials, which
means that phonons below a frequency 3.3 THz are thermally excited, including LO
phonon modes responsible for the polaron formation. [Frol7a, Wril6, DI14a, Fenl4] In
contrast, the cooling time 7., is temperature- and excess-energy dependent due to the
temperature-dependent phonon emission probability. [Mill5, Ulb11, Zegl1, Hen04] figures
4.2 C-F show the substantial influence of the excess energy and the temperature on the
rise time of the photoconductivity. These traces are in agreement with previous studies
of time-resolved photoconductivity in lead-halide perovskite, reporting photoconductivity
rise times of 300 fs and upward. [Ponl7, VC15, PJ16] In order to quantify the cooling
of carriers, we extract average cooling times (table 4.2) from the global fitting within the
assumption of linear dependence on the excess energy. At room temperature, the range of
the cooling time ranges between 39 fs (700 nm excitation) and 275 fs (400 nm excitation)
for FAPbI3 and 30 fs (700 nm excitation) and 316 fs (400 nm excitation) for MAPbI;.
For lower temperatures, the cooling time increases compared to the room temperature
measurement. Cooling rates derived from the cooling times are summarized in Table
1, revealing faster cooling (see figure 4.3B) at elevated temperatures for both FAPbI;
and MAPDbDI3, with somewhat higher rates for the former. We stress here the limitations

56 PHOTOPHYSICS OF LEAD-HALIDE PEROVSKITES



4. QUANTIFYING POLARON FORMATION IN LEAD-IODIDE PEROVSKITES

of the sequential cooling and polaron formation model, as it excludes the possibility of

simultaneous polaron formation and cooling and the formation and cooling of hot polarons.

Our model is also insensitive to variations in the density of states near the band-edges,
which will likely affect the cooling rates. [Niel6c, Dem16, Kaw1l5, End16a] Nonetheless,

the good description of the data provided by this simple model lends some credence to

the assumptions.

k=]
.

temperature:
« 160K
+ 190K
220K
250K
+ 205K
fit

R

-AT/T (normalized)
=

E
.

7= 800nm (AE = ~0eV)

delay time (ps)
MAPbI,

O

k=]
.

T=160K
wavelength:
«  800nm (AE
T00nm (AE
= B50nm(AE
«  400nm (AE

—AT/T (normalized)
(]

~0eV)

=0.14eV)
=0.623eV)
= 1.468eV)

e
[=]

delay time (ps)
MAPbI,

m

=y
[=1
T

temperature:
» 295K
250K
220K
= 190K
B = 160K

-AT/T (normalized)

i

& o=400nm (AE = 1.468eV)

delay time [ps]

SIMON BRETSCHNEIDER

-AT/T (normalized)
= -
n o

=
[=]

—AT/T (normalized)
= -
n o

=
[=]

-

-AT/T (normalized)

[=1
[=1

7= 800nm (AE = ~0eV)
temperature: i
s 160K
220K
= 205K
fit

delay time (ps)

FAPDI,

T=160K

wavelength:

+  800nm (AE = 0eV)
700nm (AE = 0.221&V)

+  550nm (AE = 0.705eV)

= 400nm (AE = 1.55eV)

s

& =400nm (AE = 1.55eV)
temperature: i
+ 208K

250K

220K
= 190K
+ 160K

delay time [ps]

o7
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Figure 4.2.: Time-resolved THz photoconductivity measurements. (A) shows the
temperature-independent rise of the photoconductivity of MAPDbIs for tem-
peratures between 160 and 295 K after excitation at 800 nm. (B) The same
measurement as (A), but for FAPbI3. The Gaussian fit of the instrument
response function is shown in grey. In all figures, the solid lines show the fits
obtained from the rate equations discussed in the text. The zero time is ob-
tained from the convolution of the data and the instrument response function.
The deviation of the fits to the measured data is attributed to non-exponential
contribution to the rise of the photoconductivity and different excitation pulse
duration for the individual pump wavelength. (C) shows the evolution of the
(normalized) photoconductivity rise dynamics with different excess energies
in photo-generated carriers in MAPbI3 at 160 K by excitation between 400
nm (blue, high excess energy) and 800 nm (red, no excess energy). (D) The
same measurement as (A), but for FAPbI3. The rise of the photoconductivity
is slower for shorter pump wavelength /higher excess energy for both FAPbI3
and MAPDI3, respectively. (E) and (F) show the temperature-dependent rise
of the photoconductivity for temperatures between 160 and 295 K after ex-
citation at 400 nm, E for MAPbI3 and F for FAPbIs, respectively. For both,
FAPbI3 and MAPDbI3, respectively, a lower temperature results in a slower
rise of the photoconductivity.

T [K] FAPbls [meV/fs] MAPbI; [meV /fs]

160 3,23 £ 0,08 2,90 £ 0,08
190 3,82 4+ 0,13 3,30 & 0,11
220 4,14 + 0,14 3,87 = 0,15
250 4,99 + 0,23 3,76 + 0,14
295 5,63 & 0,28 4,63 + 0,22

Table 4.1.: Average cooling rates obtained from the temperature- and excess-energy de-
pendent rise of the photoconductivity.

Both the formation of polarons and the cooling of hot carriers rely on electron-phonon-
coupling. Polaron formation is enabled by the interaction of the LO-phonon with charge
carriers. [Zhulbb, Bonl7, Frol7b, Frol7a, Sen16] As LO phonon modes are already excited
due to thermal excitation and the initial charge carrier thermalization, a fully quantum-
mechanical treatment is not required, instead we can estimate the timescale of the polaron
formation simply from the LO phonon oscillation period, wg(l). [Frol7b, Bet04, Bet02]
Sendner et al. have reported frequencies of 2.75 and 3.6 THz for MAPbI3, Wright et al.
6.3 THz for MAPDI3 and 4.6 THz for FAPbI3 and Frost et al. 2.25 THz. Assuming that
polaron formation requires ~1 cycle of the relevant phonon frequency, these frequencies
result in approximate timescales for the polaron formation between 180 and 450 fs, which

is consistent with our inferred polaron formation time of 400 fs. [Frol7b, Wril6, Senl6]
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Miyata et al. recently reported excess-energy independent polaron formation times of ~
300 fs for MAPbBrs and ~ 700 fs for CsPbBrs based on the decay of a signal measured
with transient reflectance, which can be associated with the band-gap renormalization
observed at higher fluences, concurrently occurring with decay of transient birefringence.
[Miy17b]
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Figure 4.3.: Results of the fitting of the photoconductivity using the three-level system for
both FAPbls and MAPDI3, respectively. (A) shows the cooling time obtained
from the fitting for excess energies corresponding to pump wavelength of 700,
550 and 400 nm. For higher excess energy/shorter excitation wavelength, a
longer cooling time is observed. For comparison, the polaron formation time
of 400 £ 20 fs for FAPbI3 and 390 + 10 fs for MAPDI3 is also shown. Lines
are to guide the eye. (B) shows the extracted cooling rate in meV/fs. Both
FAPbI3 and MAPbDI3, share an increase of the cooling rate with increasing
temperature. The slope of the temperature-dependent cooling rate is slightly
steeper for FAPbIl3 compared to MAPDI;.

We note that Price et al. reported that for transient absorption measurement, the
same feature vanishes with reduced excess energy and might, therefore, be also related
to cooling of carriers. [Pril5] Monahan et al. observed a rise time of ~300 fs and
a long-living coherent phonon TO-phonon population in two-dimensional electronic
spectroscopy. [Monl7] Although the formation of the polaron is associated with the
higher frequency LO phonon, coherent (and virtual) phonons, which appear on a shorter
timescale than their inverse frequency were reported to accompany the dressing of charge
with phonons in order to form a polaron. [Bet04] Valverdez-Chavez et al. found a sub-ps
reduction of the mobility using broadband photoconductivity measurements in reflection,
which could also be associated with the formation of polarons, at, however, substantially

higher carrier densities. [VC15] Changing the lattice and carrier temperature (i.e. the
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excess energy thus the pump wavelength) does not alter the formation of the polaron, but
is expected to influence carrier cooling due to the reduced probability of emitting phonons
at reduced temperatures. The temperature-dependent blue-shift of the absorption edge
is on the order of 0.1 eV between 295 and 160 K and will slightly reduce the total excess
(pump) energy. [DI14a] Thereby, we did not account for this blue-shift as the expected
impact on the cooling times is insignificant. The influence of the carrier excess energy
was, in agreement with our measurements, also observed by Yang et al., who found
that increasing the pump energy from 2.1 to 3.1 eV is correlated with an increase the
cooling time. [Yanl5] The mechanism of the cooling was determined to be LO-phonon
emission. Niesner et al. measured time-resolved two-photon photoelectron spectroscopy
of MAPbDI5 at 190 K and reported cooling time of 280 fs for electrons with an excess
energy of 0.5 eV, which is comparable to our measurements (see figure 4.2C for an
estimate of the cooling time at 190 K for a total excess energy for electrons and holes
of 1 eV) and was recently confirmed by Fu et al. [Ful7, Niel6c| Niesner et al. propose
that the formation of polarons, the reduced scattering with optical phonons and the
ultralow thermal conductivity are responsible for the long lifetime of hot carriers, which
were also independently reported by Bretschneider et al. [Frol7b, Miyl7a, Brel7b] The
differentiation and connection between the initial thermalization in the side valley around
the M-point, polaron formation, intervalley-scattering and the role of optical-phonon
scattering is not straightforward and is also not possible based on our measurements
due to the small contribution from the conductivity for heavy carriers/polarons at the
M-point. The much higher average cooling rates extracted from our measurements in
comparison with values predicted by Frost et al. (at room temperature: ~5 meV/fs
vs. ~0.1 meV/fs) is possibly related to initial thermalization of charge carriers and
carrier-carrier scattering, photoinduced changes in the dielectric function and inelastic
carrier-phonon scattering within ~120 fs. [Miy17b, Frol7b, Pril5, Ricl7, Bal97]

Interestingly, the frequency-resolved conductivity of FAPbl; and MAPbI3, show a
temperature dependence very similar to that of the cooling rates: the photoconduc-
tivity and the corresponding scattering times, increase almost linearly by a factor
of ~2 when the temperature is lowered from 295 to 160 K (see ESI for a detailed
discussion). For steady-state charge carrier scattering, this temperature dependence
has previously been interpreted as scattering with acoustic phonons; the observa-
tion of the very similar temperature dependence for the cooling rate, which must
involve a LO phonon emission, seems to indicate that scattering may also optical,
rather than acoustic, phonons, as also supported by the conclusions by Yang et al
[Frol7a, Chel6, Wril6, Yanl5, Manl7, Zhal7a] Guo et al. reported long-range ballistic

transport of carriers, but the rise, rather than decay, of the initial photoconductivity
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prove that the conductivity of the hot carriers is lower than that of the cold carriers
and therefore are inconsistent with long-range ballistic transport prior to cooling.
[Guol7, KuelO] The overall almost identical results for MAPbI3 and FAPbI3 supports
the proposition that the polaron behavior of charge carriers in lead-iodide perovskites
originates from the coupling of the charge carriers to the lead-halide lattice rather
than to the organic cations. [Bonl7, Miyl17b, Zhul6, Chel6, Ival7, Yanl5, Zhul7]
This proposition is in line with the relevant optical phonons involving predominantly
lead-halide lattice motion, and being quite similar for both materials (see also figure
4.4A). Indeed, the cation-lattice interaction was recently concluded to be not significantly
different for MAPbI3 and FAPbI3. [Fabl7] However, the role of hydrogen bonds between
the organic cations and the lattice, the rotation of the cations itself with the almost
identical timescales of cation rotation and carrier-phonon interaction and the connection
to polaron formation and initial carrier cooling are important question to be answered
in order to fully elucidate the fundamental photophysical phenomena in lead-halide
perovskite solar cells. [Bok16, Fabl7, Sell7, Bak15]

4.4. Conclusion

We report the initial charge carrier dynamics of the two most prominent lead-iodide
perovskites, FAPbIs and MAPbDI3 between 160 and 295 K. We find that the increase of
photoconductivity can be described well using a simple model, in which the initial carrier
cooling and polaron formation take place sequentially. For the polaron formation, we find
temperature-independent times of 400 + 20 fs for both FAPbI3 and MAPbI3, which, to the
best of our knowledge, is the first report for these particular materials. For the cooling
time of the thermalized carriers in the I'-valley before polaron formation, we extract
average rates, 5.6 + 0.3 meV /fs for FAPbI3 and 4.6 + 0.2 meV /fs for MAPbI3 at room
temperature. Additionally, the cooling rates are temperature-dependent (changing by
factor of ~1.8 from 295 to 160 K), which is measured under non-equilibrium conditions
during the rise of the photoconductivity. We attribute the temperature-dependence of
the photoconductivity to optical phonon scattering, which is therefore also the limiting
processes for carrier cooling and the mobility /band-like transport of the (intermediate)

polaron.
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4.6. Supporting Information

Perovskite film deposition

Fused silica samples (Prézisions Glas & Optik GmbH, Germany) were cleaned in an
ultrasonic bath with 2% Hellmanex solution, acetone, isopropanol and a final rinse of
ethanol. Prior to spin-coating of the organic films, the substrates were plasma etched
for 20 min in oxygen plasma. The perovskite samples were prepared in a nitrogen-filled
glovebox with an oxygen level of < 1 ppm. A 1.2 M solution of MAI or FAI (Dyesol)
and Pbl2 (99.9985 % purity, Alfa Aesar) in anhydrous DMF (Sigma Aldrich) was spin-
coated on fused silica for 10 s at 1000 rpm and 30 at 4000 rpm. After 20s, 100 ul of in
anhydrous chlorobenzene (Sigma Aldrich) were dropped on the spinning sample to initiate
the crystallization. MAPbI3 samples were annealed at 100 °C for 30 minutes, FAPbI3 at
150 °C for 20 minutes. The samples were stored overnight prior to analysis. Time-resolved
THz measurements were performed under high vacuum conditions without any exposure

to ambient conditions. All chemicals were used as received.

Time-resolved THz measurements

Experiments were performed using a regenerative amplified, mode-locked Ti:sapphire
based femtosecond laser system (Newport Solice Ace, 800 nm, 40 fs, 1 kHz). A frac-
tion of the laser output was used to generate ~1 ps THz pulses in Imm ZnTe crystal
between 0.5 and 2.5 THz. The samples were either pumped with the fundamental laser
output, frequency doubled (100 pm BiB3Og) or with 550 and 700 nm pulses generated
with a TOPAS prime NIR-UV/VIS. The pump pulses were delayed with respect to the
THz probe pulse, the polarization of the pump and probe is parallel. The pump beam
was chopped at 500 Hz using a mechanical chopper. The samples were cooled using a
Janis VPF-700s cryostat.
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Characterization

X-ray diffraction measurements were carried out on a Philips PW 1820 Diffractometer
with Cu-K, radiation (A\ = 1.5418 A) under dry nitrogen flow. UV/VIS measurements
were performed using a Perkin Elmer UV /VIS/NIR spectrometer (Lambda 900) in a 150

mm integrating sphere with a spectral resolution of 1 nm.

Fitting procedure

In order to fit our model to the measured data we first convoluted the analytical expression
for the polaron population N,y (t) with the instrument response function (IRF), which
is Gaussian function with FWHM w = ~ 250 fs and was measured experimentally as
explained in the main text). The convolution was performed in Wolfram Mathematica.

The resulting equation that we fit to the measured data:

Npoi(t) = 1 + Erf [/at]

1—4at.p01t 1—2a7.001
eXp < 4(17'2 TCOOl ErfC 2\/aTcool

cool

Tcool — Tpol
1-4 t 1-2 t
eXp < ATpol ) Tpol Erfc |: ATpol :|

2
4anol 2V/atpor

+

Tcool — Tpol

where a=4 In2/w? and w is the FWHM of the IRF, Erf the error function and Erfc the

complementary error function.

Frequency-resolved photoconductivity measurements

In order to identify the relevant scattering mechanism, we use the Fourier transforma-
tion of measured THz signals to analyse the frequency-resolved conductivity of FAPDbIg
and MAPbDI3. figure 4.3A displays the frequency-resolved photoconductivity of MAPbDI3
for 160, 220 and 295 K measured between 0.5 and 2.2 THz after excitation at 400 nm.
The real part of the photoconductivity is nearly flat, except of two dips in the response
around 1 and 2 THz, the imaginary part is close to zero. For decreasing temperature, the
magnitude of the photoconductivity increases, from 295 to 160 K around a factor of 2 in
agreement with previously published studied. [Hut17, Mill5, Sav14, Weh14b, Ogal4] The
flat real component of the photoconductivity together with almost zero imaginary compo-
nent of the photoconductivity (within our frequency range) is the signature of very short
scattering time of charge carriers in the order of a few femtoseconds. The extracted pho-

toconductivity spectra could be pictured as the Drude-like conductivity model overlapped
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with two phonon modes at ~1 and ~2 THz. [Mill5, Weh14b] The phonon modes appear
in the spectra due absorption of the THz pulse and the use of the thin film approximation
for conductivity extraction which is fairly simplistic approach. [Lal5] To investigate these
phonon modes, we performed THz-TDS without excitation at room temperature of both,
FAPDI3 and MAPDI3, respectively (see figure 4.3A, lower panel). Using a standard Lorentz
oscillator model, we are able fit the peaks of the frequency-resolved real conductivity. For
MAPDbDI3, we find relevant modes at 0.96 &= 0.01 and 1.89 &+ 0.01 THz. For FAPbI3, we find
modes at 1.01 £ 0.02 and 1.94 +0.02 THz. The extracted frequencies agree with published
values of the TO phonons and can be assigned to the Pb-I-Pb rocking mode (0.9 THz)
and the Pb-I stretching mode (1.9 THz). [Miyl7b, Ival7, Senl6, Mon17, Weh14b] The
former phonon mode was also found to be related to the polaron formation by Miyata et
al. [Miy17b] They proposed that a missing electron (hole) in the lattice is energetically
stabilized (itself a signature of a polaron) due to structural relaxation of the lead-halide
sub-lattice. Here, e is the fundamental charge, m} effective mass (or band mass) of the
charge carrier, N is the charge carrier density, w the angular frequency of external field
and Tseqr the scattering time. At room temperature, we obtain scattering time of 7.4 +
1.7 fs for MAPbI3 pumped at 400 nm and 4.5 £+ 2.6 fs for MAPbI3 pumped at 800 nm.
In figure 4.4B, we show the ratio of the scattering times normalized to the scattering
time at room temperature probed 2 ps after the photoexcitation for two different pump
wavelengths (400 and 700 nm, corresponding to small and large excess energy) for both,
FAPDbI3 and MAPbDI3, respectively. From 300 to 160 K, the photoconductivity and the
scattering time increase for all the cases almost linearly. The increase of the scattering
time is between a factor of 1.75 for FAPbI3 pumped with 400 nm and 2 for MAPbI3 when
pumped with 700 nm. We can fit the frequency-resolved conductivity using the Drude

model, which allows us to extract the scattering times:

1 N@QTscat
op = .

1 —iwrseqr M}

The conductivity is related to the temperature with a factor of T~'2. In addition to
the influence of optical phonon scattering and the Rashba-effect, further scenarios were
proposed to explain the temperature-dependent conductivity. La-o-vorakiat et al. pro-
posed the influence of increasing disorder, especially with lower temperature close to the
tetragonal-orthorhombic phase transition. [Lal5] Zhang et al. suggested the temperature
dependence of the dielectric function as the origin of the derivation from T-1.5-dependence
of the photoconductivity to the temperature. [Zhal7a] Based on the derived scattering
time, an effective free carrier mass of 0.15 m,, the estimated carrier density of 10'® cm™3,

we estimate an upper boundary for the mobility of 78 cm?/Vs.
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Figure 4.4.: Frequency-resolved THz time-domain spectroscopy data. (A) shows the tran-
sient frequency-resolved conductivity of MAPbI3 measured at 160, 220 and
295 K between 0.5 and 2.2 THz after excitation at 400 nm. The data are
recorded 2 ps after the photoexcitation. The steady-state real conductivity
(full circles) is essentially flat with superimposed phonon modes around 1
and 1.8 THz (see lower panel), while the imaginary part (open circles) of
the conductivity remains close to 0. The magnitude of the real conductiv-
ity increases by a factor of ~2 for decreasing the temperature from 295 to
160 K. The lower panel shows the frequency-resolved real conductivity of
FAPDI3 (red) and MAPDI3 (blue) between 0.5 and 2.2 THz without excita-
tion. The real conductivity of MAPbI3 (blue) shows two peaks around 0.96
and 1.89 THz, using fitting with a Lorentzian functions. The real conduc-
tivity of FAPbI3 (red) shows two peaks at 1.01 and 1.94 THz. (B) shows
the temperature-dependent relative change of the scattering times Tgeq: for
temperatures between 160 and 295 K normalized to the scattering time at
room temperature (see ESI). Both FAPbI3 and MAPbI3 show longer scatter-
ing times for lower temperatures, and the ratio of the scattering times varies
between 1.75 for FAPbl3 pumped at 400 nm and 2 for MAPbI3 pumped at
700 nm.

Figure 4.5.: Scanning electron microscopy image of a FAPbI3 film, the scale bar is 200
nm.
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Figure 4.6.: Time-resolved photoconductivity measurements of MAPbI3 at room temper-
ature after excitation at 400 nm (black) and 700 nm (red). The photocon-
ductivity increases within a few ps to the (normalized) maximum and does
not decay significantly in the time window of 100 ps.
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Figure 4.7.: Comparison of the rise of the photoconductivity for FAPbI3 (red) and TiO2
(black). The photoconductivity of TiOg after excitation at 320 nm rises
within 0.3 ps and was therefore used for the instrument response function.
The photoconductivity of FAPbI3 after excitation at 800 nm (resonant to the
band gap) rises much slower, reaching its maximum after 1.5 ps.
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Figure 4.8.: Normalized UV /VIS Absorption measurements of MAPbI3 (red) and FAPbI3
(black). The samples of MAPbI3 and FAPbI3 show the characteristic increase
of the absorbance for a wavelength shorter than the one which corresponds to
the bandgap; 781 nm (1.58 e€V) for MAPbI3 and 824 nm (1.5 V) for FAPDI;.
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Figure 4.9.: X-Ray diffraction measurement of a MAPbI3 film. The film shows peak at

14.26 and 28.5° which are associated with the 110 and 220 crystal orientation.
The peak at 12.8° indicates trace amounts of lead-iodide in the sample.
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Figure 4.10.: Correlation of the signal of the photoconductivity measured 5 ps after the
excitation for different pump power. The signal increases nearly linearly
with the pump power; the measurements in the manuscript were taken at
5.6 pJ/cm?. The line is to guide the eye.

Table 4.2.: Cooling times for FAPbIzand MAPDbI3 obtained from the cooling rates, for
different temperatures and excitation wavelengths.
FAPbI3, T [K]  Teoor, 700 nm [fs]  Teor, 550 nm [fS]  7ep07, 400 nm [fs]

160 68+ 2 217+ 6 478+ 14
190 57+ 2 184+ 7 405+ 15
220 53+ 2 170+ 7 374+ 14
250 444+ 2 141+ 7 310+ 16
295 39+ 2 125+ 7 275+ 15

MAPDI3, T [K]  Teoor, 700 nm [fs]  7Teoor, 550 nm [fs]  Teoer, 400 nm [fs]

160 4842 21448 506+19
190 4242 18849 445+20
220 36+2 1608 379420
250 37£2 16548 389+20
295 30£2 134+9 31620
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5. Long Hot Carrier Lifetimes in
Lead-Halide Perovskite Films

5.1. Trap-free hot carrier relaxation in lead-halide perovskite

films

This following article was published in the Journal of Physical Chemistry C and is
reprinted with permission from J. Phys. Chem. C, 2017, 121 (21), pp 11201 11206,
Copyright (2017) American Chemical society.

5.1.1. Abstract

Photovoltaic devices that employ lead-halide perovskites as photoactive materials exhibit
power conversion efficiencies of 22 %. One of the potential routes to go beyond the current
efficiencies is to extract charge carriers that carry excess energy, that is, non-relaxed or hot
carriers, before relaxation to the band minima is completed. Lead-halide perovskites have
been demonstrated to exhibit hot-carrier relaxation times exceeding 100 picoseconds for
both single- and polycrystalline samples. Here, we demonstrate, using a combined time-
resolved photoluminescence and transient absorption study supported by basic modeling
of the dynamics, that the decay of the high-energy part of the photoluminescence occurs
on a timescale (~ 100 ps) very similar to the repopulation of the band minima when
excited with a photon energy larger than 2.6 eV. The similarity between the two timescales
indicates that the depopulation of hot states occurs without transient trapping of electrons

or holes.

5.1.2. Introduction
Since organic-inorganic lead-halide perovskites were proposed for solar cell applications by

Kojima et al. in 2009, the scientific community has witnessed great progress of both, de-

vice performance and fundamental understanding of the photophysical processes following
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their photoexcitation. [Koj09, Leel2, Her16b, Str15b, Zhal6b, Lil7b, Brel4] However, al-
though perovskite-based solar cells have now exceeded power conversion efficiencies of 21.5
%, some of their fundamental physical properties such as the nature of the band-gap and
occurrence of ferroelectricity, are still under debate. [Sall6, Hut17, Azal6, Chol7, Her16a,
Kut14, Trel7] Intense research has also been dedicated to study non-relaxed, hot, carriers
in CH3NH3PbI3 (MAPbDI3). In principle, reducing the losses associated with thermaliza-
tion of hot carriers could allow the solar cell efficiency to surpass the Shockley-Queisser
limit. In fact, if hot carriers could be extracted prior to their relaxation and recombina-
tion, then the maximum obtainable power conversion efficiency could theoretically be as
high as 44%. [Gre03, Niel6c] For MAPbDI3, long-lived (> 50 ps) hot carriers have been
reported in two pump fluence-dependent regimes: at high (> 10'® cm™3) charge carrier
densities a hot-phonon bottleneck was observed that slows down cooling of hot carriers.
The hot-phonon bottleneck originates from charge carrier reheating due to reabsorption
of phonons. [Pril5, Yan15] At lower (< 10'7 cm™3) charge carrier densities, high-energy
photoluminescence originates from carriers that carry a large excess energy of up to 0.25
eV. This effect has been attributed to carrier screening resulting from the reorientation of
the polar cations in the perovskite lattice. [Niel6c, Zhul6] Niesner et al. have reported a
rise of the integrated signal intensity in time-resolved two-photon photoelectron (2-PPE)
spectroscopy for more than 60 ps attributed to photoelectrons close to the conduction
band minimum, in conjunction with a simultaneous decay of the intensity of high-energy
photoelectrons. Manser and Flender et al. have observed a two-component decay of a
population of hot carriers at ~2.5 eV using transient absorption spectroscopy. The fast,
sub-ps component of this decay was attributed to relaxation of hot holes towards the
band-minima. [Xinl3] The slow component with a lifetime of ~50 ps was interpreted
as slow thermalization of carriers from the M- to the I'-point in the energy band struc-
ture of MAPDI3. [Xinl3, Flel5, Kaw15, Manl4, Legl6, Anal6, Amal4, Guol7] Here, we
investigate hot carrier dynamics in solution-processed polycrystalline MAPbI3(Cl) per-
ovskite films with lower excess energy (< 0.15 e€V) by time-resolved photoluminescence
(PL) and transient absorption (TA) spectroscopy. We find high-energy photoluminescence
in solution-processed MAPDbI3(Cl) exhibiting a relaxation rate of 0.16 meV /ps for excess
energies exceeding 0.15 eV when excited at 3.1 eV. We infer lifetime of 94 + 13 ps for the
spectrally-integrated fraction of the photoluminescence above energies of 1.7 eV. From TA
experiments, the signal of the ground-state bleach (GSB) is observed to peak at 100 £ 5
ps when excited above 2.6 eV. The similarity of the timescales clearly indicates that the

hot carrier thermalization occurs without transient trapping of charge carriers.
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5.1.3. Methods

The perovskite samples were prepared in a nitrogen-filled glovebox with an oxygen level
of < 1lppm. A 40 wt% solution of MAI (prepared following Lee et al., see [Leel2]) and
PbCly (99.999% purity, Sigma Aldrich; dehydrated under high vacuum conditions) in an-
hydrous DMF (Sigma Aldrich) was spin-coated on fused silica for 60 s at 2000 rpm with
a molar ration of 3:1 MAL:PbCl,. After a room temperature annealing for 30 minutes,
the samples were annealed at 100 °C for 60 minutes. The samples thickness (422 + 26
nm) was measured using a KLA Tencor P16+ step profiler at six different positions of the
sample. The samples were stored overnight prior to analysis. Transient absorption and
photoluminescence measurements were performed under high vacuum conditions with-
out any exposure to ambient conditions at 291 K. Time-resolved photoluminescence was
measured with a C5680 Hamamatsu streak camera system following excitation at 400 nm
from a frequency-doubled mode-locked titanium:sapphire amplifier (Coherent LIBRA HE,
3.5 mJ, 100 fs), either with a repetition rate of 1 kHz (10 ns time window; instrument
response function 81 ps) or with a repetition rate of 80 MHz (2 ns time window; instru-
ment response function 16 ps). Transient absorption experiments were carried out with
a home-built pump-probe setup. The output of a titanium:sapphire amplifier was used
to seed two independent optical parametric amplifiers (Coherent OPerA Solo), of which
one was used to generate a pump pulse. The second OPA was used generate a seed pulse
for supercontinuum generation, which served as the broadband probe pulse. For super-
continuum generation in the range of 550 - 1000 nm, a 1300 nm pulse was focused into a
3 mm c-cut sapphire crystal. Time resolution was obtained by delaying the pump pulses
on a motorized delay stage between 300 fs and 8 ns with respect to the probe pulse. The
transmission spectrum of the probe pulses was measured with a linear silicon photodiode
array and successive probe pulses were used to determine the change in transmission in-
duced by the pump pulse. Data collection and analysis were performed with home-built
readout electronics and a LabView-based data acquisition and analysis software. UV /VIS
measurements were performed using a Perkin Elmer UV /VIS/NIR spectrometer (Lambda
900) in a 150 mm integrating sphere with a spectral resolution of 1 nm. Scanning electron

microscopy images were measured using a Zeiss LEO Gemini 1530.

5.1.4. Results and discussion
To investigate the dynamics of hot carriers in MAPbI3(Cl), we studied both the radiative

recombination (via PL spectroscopy) and population dynamics of excited states (using

TA spectroscopy).
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Figure 5.1.: Ps-ns transient absorption measurements on MAPbI3(Cl) films after excita-

tion with a ~150 fs pulse with a fluence of 2.5 & 0.25 uJ/cm?. (A) shows a
contour plot of the transient absorption data after excitation at 3.1 eV. (B)
shows the kinetics of the GSB probed at 1.63 + 0.01 eV (brown, as indicated
by the dashed box in (A)) for different pump photon energies. For a pump
photon energy of 3.1 ¢V the maximum of the bleach increases by 11 % on a
timescale of 100 £ 5 ps (upper panel). The fit obtained from the rate equation
is shown in green (fitting parameters in the SI). For a pump photon energy of
2.6 eV (middle panel), the bleach increases similar to the case of excitation at
3.1 eV. For a pump photon energy of 2.05 eV (lower panel), no further growth
of the bleach can be observed, the bleach remains flat for ~ 200 ps. (C) shows
a scheme of the energy levels relevant to understand the TA measurements
and the simplified three-level model used for the rate equations. The popula-
tions of the three energy levels (ground state, band edges and hot states) are
denoted as Ngg, Npg and Ny,; their respective lifetimes are 7,010 and 7epo;-

The samples were prepared by spin-coating MAI and PbCly from solution in DMF on

fused silica and subsequent thermal annealing in a nitrogen-filled glovebox. The prepa-

ration results in polycrystalline films with micrometer-sized crystals (compare figure 5.4)

with a thickness of ~ 420 nm. Both, transient absorption and photoluminescence mea-

surements were performed under high dynamic vacuum conditions (p < 5 107 mbar) at

291 K. The occurrence of long-lived hot carriers was investigated using TA measurements
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with excitation at 3.1, 2.6 and 2.05 eV with low (2.5 £ 0.25 pJ/cm?) fluence. Fig. 5.1,
(A) shows a false color two-dimensional map of TA measurement after excitation at 3.1
eV obtained at a fluence of 2.5 puJ/cm?.

The broad feature centered at 1.63 eV is commonly assigned to the ground-state bleach
(GSB) related to the transition between the valence band (VB) maximum and the conduc-
tion band (CB) minimum at the I'-point in the energy band diagram. [Her16b, Gaol6] The
derivative-like feature between 1.5 and 1.6 eV at 1 ps, partially overlapping with the GSB,
was previously assigned to photoinduced reflectivity changes. [Pril5] The high-energy tail
above 1.7 eV, which exhibits a sub-ps lifetime, can be associated with a population of hot
carriers. [Yanl5, Pril5, Xinl3] Kinetics extracted from the two-dimensional plot are
shown in figure 5.1, (B). The integrated signal (probed at 1.63 4+ 0.01 eV) rises within
the instrument response time of ~1 ps to an amplitude of 0.03. Furthermore, the signal
subsequently increases to a value of 0.034 within 100 £+ 5 ps. The dynamics of the GSB
after excitation at 2.6 eV show a similar trend. These results indicate that excitation at
3.1 eV and 2.6 eV leads to electrons and holes populating energetically high-lying states
far from the VB maximum and CB minimum, as illustrated in figure 5.1, C. Relaxation
from these high-lying states to the I'-point leads to a rise in the TA signal at 1.63 €V.
For excitation at 2.05 eV, the GSB signal does not show a subsequent increase but rather
stays constant before the population decays. In order to quantify the energy-dependent
kinetics of the GSB we approximate the kinetics using a simple three-level system, also
shown in figure 5.1 1(C). The pump excites charge carriers from the ground to the excited
states; an electron-hole pair is generated. We implemented the sub-ps carrier thermaliza-
tion resulting in direct population of the band-edge state, Npg. A fraction of the carriers
does not undergo immediate thermalization, but forms a hot population, N, relaxing
to the band-edge state with a cooling time, 7. The band edge population, Ngg decays
back to the ground state Ngg with a lifetime 7,.¢j4.. Neglecting the depletion of the hot
state by hot PL, the resulting rate equations read:

dNGS

= Npg(t 1
T BE(t) (5.1)
dNpg 1 1
e aNhot(t) — NpEg(t) (5.2)
dNpot 1
=— Ny (t 5.3
2t = = Nt (53)
1= NBS(t) + NBE(t) + Nhot(t) (5.4)

The GSB TA signal AT/T is proportional to (1 — (Ngs(t) — Npg(t))). Immediately
after excitation, the initial conditions are Npy,(t = 0) = 0 and Npy,(t = 0) = v, with
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v,0 < 1. The values for =, 6, Trejar and 7o were adjusted to provide best description
of the data between 2.5 and 1000 ps. The result is shown in figure 5.1, (B); the kinetics
of the population of the band edges and hot population are shown in figure 5.5. The
fit follows the bleach signal probed at 1.63 eV, peaking at 108 ps. Fitting to the rate
equations resulted in a cooling time of the hot population of 40 + 2 ps. For a fluence
of 12.5 pJ/cm?, the lifetime of the bleach bands is reduced as expected for fast non-
geminate recombination due to the high initial charge carrier density (see figure 5.6). For
a fluence of 39 pJ/cm?, we observed signatures of a hot-phonon bottleneck (see figure
5.7) in agreement with previous results published measurements by Yang and Price et al.,
confirming the equivalence of our results to previously published data. [Pril5, Yanl5] In
addition to the investigation of the population of excited states, which is accessible by
TA spectroscopy, the radiative recombination of charge carriers was measured by time-
resolved photoluminescence spectroscopy using the Streak Camera technique. Figure 5.2,
(A) shows a false color two-dimensional plot of the photoluminescence measured over a
time-window of 10 ns on a logarithmic intensity scale. The PL response is dominated by
the band-edge emission centered at 1.59 eV. In addition to the band-edge emission, a high-
energy tail is present between 1.7 and 1.85 eV. This tail of the PL does not originate from
high signal intensities at short time scales, as evident from different normalized spectra
(see figure 5.8, (B)). The high-energy tail appears to originate from photoluminescence
of hot charge carriers, in agreement with previous reports by Zhu and Niesner et al.
[Niel6c, Zhul6] To analyze the excess energy of the states from which the high-energy
photon emission occurs, we performed a spectral deconvolution based on a global fit of the
spectra between - 50 and 2500 ps relative to the maximum emission signal intensity. This
procedure allows extraction of the excess energy with an effective carrier temperature,
kpT., based on the model proposed by Zhu et al. [Zhul6] After the initial charge carrier
generation, the effective carrier temperature (compare figure 5.2, B) rises to 1780 + 43 K,
equivalent to an excess energy of 153 + 4 meV. The initial decay of ~ 60 meV within 300
ps can be attributed to the decay of the high-energy photoluminescence. The relaxation
rate for this decay is 0.16 &+ 0.01 meV /ps, which is comparable to the values previously
observed by Niesner et al. [Niel6c] For an estimate of the lifetime of the high energy
photoluminescence, we compared the spectrally integrated total photoluminescence signal
amplitude to the fraction of the photoluminescence signal above 1.7 eV (compare figure
5.8, C). We fit the signal decay with a single exponential function and obtained lifetime
of 94 £ 13 ps. For the photoluminescence signal probed at 1.7 eV (see figure 5.8, D), we
obtained a lifetime of 117 £ 10 ps.

For comparison, the fast decay of the initial hot effective carrier temperatures kgT. has

a half-life of ~140 ps. It should be noted that the amount of excess energy also depends
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Figure 5.2.: Time-resolved photoluminescence measurements on MAPbI3(Cl) films after
excitation with a 100 fs pulse at 3.1 eV with a fluence of 2.5 uJ/cm?. (A)
shows the photoluminescence contour plot. The high energy tail is associated
with the recombination of non-relaxed, hot, charge carriers visible at early
timescales. (B) shows the temporal evolution (carrier cooling) of the excess
energy /effective carrier temperatures kT, obtained from a global fit of the
data according to a model proposed by Zhul9. The lifetime of the initial fast
decay was approximated by a linear fit (red solid line) with a slope of -0.16
+ 0.01 meV/ps.

on the position of the quasi Fermi levels.

This increases the uncertainty of the value

we determine, but not necessarily for the dynamics of the decay of the excess energy.

[Niel6c, Kawl5, End16b] The very similar timescales of the decay of the high-energy
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photoluminescence (~ 100 - 140 ps) and the bleach signal reaching completion (~ 100
ps, with a ~ 40 ps rise time) point to both effects sharing the same physical origin. The
appearance of the ground state population virtually in parallel with the decay of the
high-energy photoluminescence, points to direct relaxation from high-energy states to the
I-point. If hot charge carriers underwent transient trapping while relaxing to the band
edges, the band edge population would not rise as quickly as observed, but instead the
buildup would take even longer. Furthermore, it is also questionable whether, in such
a case, the simple three-level model would still provide an adequate description of the
dynamics, as it does in our experiments. [Smil5] We attribute the slight red-shift of
the GSB after 100 ps to a (although weak) signature of a dynamic Burstein-Moss-shift.
[Yan15, Pril5, Man14] The photon energy-dependent TA measurements allow assumptions
about the origin of the hot carriers. The delayed population of the ground state can be
observed for excitation above 2.6 €V, but not for excitation at 2.05 eV, where it replicates
published dynamics of perovskites films prepared from lead-chloride. [Chel4, Tril5] Due
to the limited probe range in our TA measurement we cannot probe the origin of the
hot carriers directly. A tentative proposition for the origin of the hot carriers based on
the photon energy-dependent TA measurements suggests a long-lived population at the
M-point of the Brillouin zone. [Her16b, Flel5, Manl14, Legl6, Anal6] Niesner et al. have
shown a decay of the intensity of photoelectrons with an excess energy of ~0.25 eV and
a subsequent increase of the photoelectron intensity associated with a population close
to the Fermi energy on a similar timescale as in our TA measurements. As such, our
results validate those conclusions, but there are some notable differences between the
experiments: TA measurements described above probe the bulk sample in transmission,
and were carried out at room temperature, rather than being surface sensitive as 2-PPE
spectroscopy and being measured at 190 K. 2-PPE also is sensitive to photoelectrons
only, whereas TA probes both electrons and holes. Furthermore, a recently study by Guo
et al. using spatially-resolved and pump-photon energy dependent transient absorption
spectroscopy on MAPDI3 films showed a similar slow rise of the GSB signal for a pump
photon energy of 3.14 eV, while it was absent for a pump photon energy of 1.68 eV in
excellent agreement with our data presented in figure 5.1. [Guol7] In fact, Guo et al.
provide clear evidence for quasi-ballistic transport of hot charge carriers, which supports
our conclusion that trapping effects are negligible for hot carriers excited with pump
photon energies above 2.6 eV. The high-energy photoluminescence also originates from
the hot carrier population. The exact mechanism of the high-energy photoluminescence
itself is still under debate. Wehrenfennig et al. have proposed dynamic spectral broadening
due to carrier-phonon interaction. [Weh14d] Chang et al. have proposed a transient change
of the recombination rates with a characteristic timescale of < 80 ps resulting from the

emission of high-energy phonons (of the MA cations) and subsequent phonon-phonon
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coupling. [Chal6] A transient change of the recombination rate caused by a long-lived
population of hot carriers in combination with excitation of MA phonon modes could
also explain the absence of a bleach signal in the TA measurements associated with the
high-energy photoluminescence. In fact, it would also explain the lack of high-energy
photoluminescence from CsPbls as reported by Zhu et al. [Zhul6] Different mechanisms
could contribute to the rise of the GSB, including interband relaxation from a higher-
lying conduction band to the lowest-energy conduction band and/or intervalley scattering.
[Her16b, Niel6c, Xinl3, Anal6] To better understand the origin of the various hot carrier
processes, additional experiments are clearly required; specifically, the question whether
polarons, as proposed by Zhu et al. [Zhul5b] are responsible for the low carrier scattering
rates or whether a proposed spin-split indirect band gap can explain the remarkable hot

carrier properties. [Hutl7, Azal6, Frol6a)]

5.1.5. Conclusions

In conclusion, we report high-energy photoluminescence and long-lived hot charge carriers
in polycrystalline solution-processed MAPDI3(Cl) films similar to previous reports on co-
evaporated MAPDbI3 and MAPbBr3 single crystals. [Niel6c, Zhul6] Our results suggest
that the high-energy photoluminescence, which exhibits an excess energy of up to 0.15
eV, is correlated with a delayed population of the band edges with charge carriers after
excitation with a photon energy larger than 2.6 V. The similar timescales of the hot carrier
relaxation and the increased population of the band edges indicate a direct depopulation

of hot states without transient trapping of charge carriers during the cooling process.
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5.1.7. Supporting information
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Figure 5.3.: Optical characterization of the MAPbI3(Cl) sample for the measurement:
absorbance shown in black, integrated emission shown in red.

Figure 5.4.: Scanning-electron microscopy of the MAPbI3(Cl) sample for the measure-
ment. The scale bar is 2 pm.
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Ultrafast transient absorption measurements MAPDbI3(Cl) after excitation
with a 150 fs pulse at 3.1 eV for a fluence of 12.5 uJ/cm?. The bleach
probed at 1.62 eV shows the delayed rise with a peak at ~ 60 ps. The decay
was fitted with a single exponential function; the lifetime is 1147 £ 28 ps for
the signal at 1.62 eV.
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The parameters of the fit shown in 5.1, C are

Trelaz = 3085 £ 44 ps
Teool = 40.1 £ 1.8 ps
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Figure 5.7.: Ultrafast transient absorption measurements of MAPbI3(Cl) after excitation
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with a ~150 fs pulse at 3.1 eV for a fluence of 39 ;J/cm?. (A) shows the false
color two-dimensional transient absorption data for a pump fluence. It shows
the same sub-ps feature as in Fig. 2a, but a much broader high-energy tail
extending towards 1.9 eV and the ground-state bleach with stronger red-shift
(0.02 eV between 1 ps and 1 ns). Both features have been associated with
the hot-phonon bottleneck. [Yanl5] (B) shows the comparison of the kinetics
of the ground-state bleach (black) and of the hot carriers, probed at 1.73 eV;
indicated by the dashed boxes in (A). The hot carriers decay exponentially
with a time constant of 7 = 15.57 + 0.55 ps, on a similar timescale to the
ingrowth of the peak of the ground-state bleach. For the high fluence mea-
surement, similar timescales were extracted for the delayed rise of the GSB
signal (23 £ 3 ps) and the decay of the hot carriers (probed at 1.7 eV: 7 =
15.6 £ 0.6 ps). Compared to the low-fluence measurement, the high-energy
tail (see figure 5.6, A) becomes much more prominent. The similar timescale
of the decay of hot carriers and the rise of the GSB, in combination with
the spectral narrowing over time and the substantial redshift, indicates a
hot-phonon bottleneck. This interpretation is in line with that by Yang et
al. and Price et al. [Pril5, Yanl5] They attributed the delayed rise of the
GSB to spectral narrowing of the bleach signal, which, for a slowly decaying
population, will result in an increase of the bleach signal. [Yan15] The in-
creased carrier density enhances bimolecular- and Auger recombination, and
accordingly, the overall lifetime of the GSB is significantly reduced, evident
also from the kinetics shown in above. [Her16b]
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Figure 5.8.: Time-resolved photoluminescence measurements of MAPbI3(Cl) measured at
a fluence of 2.5 uJ/cm? after excitation with a 100 fs pulse at 400 nm. (A)
shows the temporal evolution of the emission peak between 0 and 1500 ns and
the associated global fits based on the model proposed by Zhu. [Zhul6] (B)
shows the normalized emission spectra between 0 and 1 ns. The high-energy
tail is still observable in normalized intensity. (C) shows the fraction of the
spectrally integrated fraction of the high-energy photoluminescence above 1.7
eV and the photoluminescence originating from band-to-band transition. The
signal fraction rises with the emission signal up to 0.42 before it decays within
400 ps. A fit of the decay with a single exponential function reveals a lifetime
of 94 + 13 ps. The background of the signal (0.25) is substantial; we attribute
the background to the relatively low signal-to-noise ratio obtained above 1.7
eV, which is why we use 1.7 eV as limit of the hot emission. (D) shows the
linear kinetics and a single-exponential fit for the hot photoluminescence at
1.7eV (7 = 117 £ 10 ps) measured in a time-window of 2 ns and an instrument
response function of 16 ps. (E) shows the linear kinetics for band-edge and
hot photoluminescence. In comparison to Chang et al., the amplitude of the
sub-100 ps emission is much smaller than the 50% mentioned. [Chal6] (F)
shows the normalized spectrum at t = 0, 10 and 90 ns. We do not observe
a significant red-shift (< 6 meV), suggestion limited effects of vertical carrier
diffusion affecting our conclusions. [Zhul6, PO16, Niel6c]
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Figure 5.9.: Intensity-dependent time-resolved photoluminescence spectra of MAPbI3(Cl).
The fluence was increased from pJ/cm? to pJ/cm?, resulting in a reduction
of the high-energy tail of the photoluminescence. [Zhul6, Niel6c]
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5.2. Ultra long hot carrier lifetimes in lead-iodide perovskites

In addition to the results presented in section 5.1, another sample showed similar quali-
tative properties. However, the ground state bleach was observed to reach its maximum

after more than 500 picoseconds.
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Figure 5.10.: Transient absorption measurements of an MAPbI3(Cl) sample after excita-
tion with an ~ 150 fs pulse with a wavelength of 400 nm for fluences of 3
(top), 16 (middle) and 39 pJ/cm? (bottom).
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The corresponding lifetime of the hot emission was in the nanosecond timescale. The
sample prepared from CH3NH3 and PbCly to form CH3NH3PbI3(Cl) was investigated
using fluence-dependent ultrafast transient absorption spectroscopy. Measurements with
fluences of 3, 16 and 39 pJ/cm? are shown in Fig. 5.10. For all measured fluences, two
distinct spectral features can be observed: the ground state bleach with fluence-dependent
dynamics centered around 730 nm and the fluence-dependent short -wavelength tail below
700 nm associated with hot carrier cooling. For the measurement with a fluence of 39
pJ/em?, one can observe the signatures of a hot-phonon bottleneck: a temporal coinci-
dence of the reduction of the short-wavelength tail and the maximum of the ground state
bleach. [Pril5, Yanl5] In contrast to results published by Yang et al. and Price et al.,
the ground state bleach reaches its maximum around 60 ps pump-probe delay rather than
at 20 ps, but with a similar high energy tail extending to 625 nm. [Pril5, Yanl5] When
exciting with gradually lower fluence, a transition from the hot-phonon bottleneck to the
delayed rise of the ground-state bleach can be observed. When the sample is excited with
3 1J/em?, the ground state bleach reaches its maximum at 600 ps but without the short-
wavelength tail, indicating a different cooling regime. In contrast to the observations in
section 5.1, the ground state bleach reaches its peak at 600 ps for comparable fluence.
For the lowest fluence, the peak ground state bleach increases by ~ 40 % in intensity.
This indicates that also a significantly higher fraction of charge carriers is excited to the
long-living hot state, much more in comparison to the results published in section 5.1.
For the fluence of 16 ©J /cm?, a combination of the long-living hot state and the energetic
onset of the hot-phonon bottleneck would be expected. The high-energy tail is depleted
much earlier than the ground state bleach reaches its maximum, but one can observe a
redshift of the ground state bleach. The redshift is commonly associated with the hot-
phonon bottleneck due to the cooling and the corresponding band-gap renormalization.
[Pril5, Yanl5] The redshift is superimposed with the delayed peak of the ground state
bleach due to the long living hot state.

To study not just the population of states close to the band edges, but also the emission
related to the cooling of hot carriers, the emission was measured using ultrafast pho-
toluminescence spectroscopy (see Fig. 5.11). The sample was excited at 400 nm, the
emission was observed with the streak camera system (100 ns time range, resulting in an
instrument response function of ~0.8 ns). The band edge emission is centered at 780 nm
and shows a spectrally homogeneous decay. At shorter wavelengths compared to the band
edge emission, one can observe an additional emission signal between 655 nm and 710 nm,
125 nm less than the characteristic band edge emission wavelength. The hot emission is
highlighted in panel B of figure 5.11. It is apparent that the hot emission starts to decay

within one nanosecond, comparable to the timescale of the instrument response function.
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Figure 5.11.: Photoluminescence measurements of a CH3NH3PbI3(Cl) sample after exci-
tation with a ~ 150 fs pulse with a wavelength of 400 nm for a fluence of
1 uJ/cm?. Panel A shows a contour plot of the measurement, the short-
wavelength tail associated with the recombination of hot charge carriers is
apparent at early time scales; panel B shows the hot emission in more dy-
namic detail. Panel ¢ shows the recombination dynamics probed at 775,
730 and 710 nm, each with an average of £ 0.63 nm. A shorter lifetime is
observed with lower probe wavelength.

In figure 5.11, panel C, the dynamics of the band edge and hot emission probed at 730
and 710 nm are compared. The emission from the band-edges can be fitted with a single
exponential function, resulting in a lifetime of 12 + 0.2 ns. The lifetime decreases to 5.1
+ 0.3 ns when probed at 730 nm (1.7 €V) and to 2.5 + 0.1 ns when probed at 710 nm
(1.75 eV). The lifetime probed at 710 nm exceed the lifetimes reported in section 5.1 by
a factor of ~ 25.

Numerous attempts have been made to explain the long lifetimes of hot states and the
origin of the hot emission. Possible explanations of the former include the electronic
band structure of the lead-halide perovskite itself, electron-phonon interaction (polaron
formation) and transient trap states in the conduction band. [Dem16, Zhul5b, Yinl4b]

The electronic band structure of lead-halide perovskite allows multiple transitions after
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excitation at 3.1 eV, either between the valence and conduction band in the I'-Valley or
around the M-point, where a transition energy 2.5 - 2.7 eV was proposed by Demchenko
et al. Additional transitions are possible around the I'-point, but from lower or to
higher-energetic bands. [Herl6b, Dem16] Several groups have reported a population of
charge carriers with a long lifetime and similar transition energies to the ones at the
M-point (2.4 - 2.6 eV, < 100 ps lifetime) and with slightly higher energy (2.5 - 2.7 eV,
> 100 ps lifetime). These populations can be associated with a transition from the
band minima to a lower/higher energetic band. [Appl17b, Man14, Tril5] As indicated in
section 2.5, the highest transition probabilities compared to the transition to a different
conduction band are expected around the M-point.

A tentative assignment of the transition would associate the population at 2.5 eV with the
M-point and the more energetic transition with a second conduction band. The actual
origin of the long lifetime of carriers is still being discussed, but the large momentum
mismatch between the M-point and the I'-point and the ultra-low thermal conductivity

of the lattice can certainly play a role for the exact mechanism. [Pis14, Appl7b]

The formation of polarons is another concept that has been introduced in order to
explain the long-living excited states measured in lead-halide perovskites and is dis-
cussed in detail in chapter 4. Here we provide a short overview of the mechanism.
After photoexcitation, non-equilibrium carriers are generated. Due to carrier-carrier
interaction, the excess energy of the hot carriers will follow a Boltzmann distribution
after ~ 100 fs (thermalization). Due to the interaction of (thermalized) charge carriers
and phonons in a polar lattice, a polaron is formed. The effective mass of the polaron
is ~ 1/3 larger compared to the bare free electron in the perovskite. [Frol7a] One
putative consequence of the polaron formation is reduced scattering of charge carriers
and phonons in comparison to bare charge carriers. Scattering of charge carriers and
phonons is a limiting factor to the recombination of charge carriers and hot carrier
lifetime. [Mill5, Zhul5b] The formation of a polaron prior to carrier cooling will result in
a longer hot carrier lifetimes.[Ric17] In addition to the reduced scattering, the localization
of electron and hole polarons was proposed to occur in spatially separated regions, which
would reduce the recombination further. [Ival7, Miyl7b, Amb18|

It has recently been proposed that the hot emission from lead-halide perovskite is related
to the organic cation. Specifically, Chang et al. have proposed that the sub-ns recom-
bination is associated with the excitation of high-energy phonon modes associated with
the MA-cations. [Chal6] For hot emission occurring in MAPbBr3, it has been proposed
that the reorientation dynamics of the MA-cations leads to different local structures
with larger or smaller band gaps. [Zhal7b] The smaller bandgap structure features

polaron-like charge localization with low overlap of the electron and hole wave function,
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i.e. slower recombination and were associated with the band edge emission. The higher
energy structure (energetic difference 0.3 eV) was associated with delocalized charges
with a larger overlap of the electron and hole wave function, i.e. faster recombination.
The high-energy emission was related to the hot emission.

The delayed peak of the ground state bleach at ~ 600 ps can be attributed to an
ultra-long-lived population of hot carriers. If the hot emission is actually related to the
cooling of hot carriers (LO-phonon emission and subsequent coupling of LO phonons to
high-energy phonons related to the organic cation), than the nanosecond hot emission
lifetimes cannot be explained by cooling alone. The discrepancy of the timescales of
cooling and emission is in striking contrast to section 5.1, where the time scale of cooling
and emission vary by 20% rather than at least a factor of four for the measurements
discussed above. An additional contribution might therefore arise from transient trapping
and de-trapping of charge carriers. The majority of the defects, such as iodine vacancies
and interstitials, are located in the proximity of the band edges within the band gap.
However some, e.g. MA, vacancies are located in the valence band. [Yinl4a] Due to
the large excess energy of the carriers, de-trapping on a ps timescale and subsequent
relaxation to the band edges is possible and could explain both, the increase of the
population of the band-edges and the delayed, high-energetic photoluminescence.

In conclusion, the cooling of hot carriers and hot emission of MAPbI3(Cl) films was inves-
tigated using transient absorption and time-resolved photoluminescence measurements.
The delayed rise of the ground state bleach can be associated with the slow cooling
of excited carriers. On a slightly longer timescale compared to the rise of the ground
state bleach, hot emission was observed. The ultimate origin of the long-lived excited
population and the hot emission could not be identified so far. A tentative assignment
of the origin points to a combination of polarons, ultra-low thermal conductivity and
high-energy phonon modes associated with the organic cations. After formation of
polarons at the M-point, the density of phonons that are in thermal contact with the
hot carriers is limited. As a direct result, the cooling of charge carrier at the M-point is
rather slow. [Frol7b] The slow cooling is enhanced due to the low thermal dissipation
within the lattice. Along with the cooling of hot carriers, high-energy phonon modes
are excited. The vibronic coupling between the hot carriers and the high-energy phonon
modes results in a two different emission processes, namely hot and band edge emission.
It has been suggested that hot carriers could enhance the efficiency of a solar cell.
Although extraordinary high hot carrier extraction ratios up to 85% have previously
been reported for colloidal perovskite nanocrystals after excitation at 500 nm, the overall
efficiency increase for a realistic scenario would be small. [Lil7a] The AM1.5 standard,
which is used to test solar cells, results in a carrier density which is 2 - 3 orders of

magnitude lower compared to the density used by Li et al, a condition that reduces the
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total amount of long-living hot carriers significantly. In combination with the spectral
distribution of the solar radiation, the additional extractable current is negligible. Beyond
the physical limitation, a technical one is as important: the engineering challenge to build

a solar cell with two charge extraction layers for each, electrons and holes. [Lil7a, Ricl7]
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6. Photophysical changes of lead-halide
perovskite films following methylamine
treatment

The performance of a perovskite solar cell is highly dependent on the morphology of the
perovskite layer. Common preparation techniques, such as spin-coating, show widespread
effects on the final film morphology if it is not possible to control all the parameters that
influence the film formation. Methylamine (MA) can be used to improve a perovskite film
post deposition. In this chapter, the photophysical properties of lead-iodide perovskites
prior and after the MA-treatment are discussed.

Section 6.1 discusses the photophysics of the MA-treatment related to a bare film and
covers the fundamentals of this method. The work presented in section 6.1 is based on the
collaboration with Amala Elizabeth from the Max Planck Institute for Polymer Research.
Section 6.2 covers the photophysics of the MA-treatment when the perovskite film is
used in a solar cell. Section 6.2 is based on the contribution to the paper "Structure-
Property Relations of Methylamine Vapor Treated Hybrid Perovskite CHsNH3Pbls Films
and Solar Cells". Adapted with permission from ACS Appl. Mater. Interfaces, (2017),
9 (9), pp 8092-8099. Copyright (2017) American Chemical Society. The work presented
in section 6.2 was a cooperation between the Max Planck Institute for Polymer Research
Mainz (Germany), the Institute for Materials Research at Hasselt University (Belgium)
who collaboratively initiated the project, the Department of Physics of the University of
Oxford (United Kingdom) and electron microscopy facility of the University of Antwerp
(Belgium).

6.1. Photophysics of methylamine-treated perovskite films

Lead-halide perovskites have gained recognition in photovoltaic and optoelectronic re-
search not only owing to easy and economic manufacturing by simple solution processing
at low temperatures, but also due to their exceptional charge recombination and transport

properties. Solution-processed solar cells manufactured by using lead-halide perovskite as
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absorber material reach power conversion efficiencies of 22%. However, solution-processed
films typically contain substantial surface defects, which require additional treatment to
realize the full potential of the device. Methylamine (MA) treatment has been proposed
as a post-processing treatment to enhance the power conversion efficiency of perovskite
solar cells. However, the effect of MA treatment on the carrier recombination properties
in lead-halide perovskites have not been widely studied. Here, we observe a substantial
blue shift of the photoluminescence, lower photoluminescence intensity and faster trap-
assisted recombination of lead-iodide perovskite films upon MA treatment. We propose
that the MA treatment increases the trap density. The reduced emission intensity and the
faster trap-assisted recombination can be directly related to the increased trap density.
We assign the blue shift of the emission to the enhancement of the electric field in the

surface layer of the perovskite as well as to structural disorder.

6.1.1. Introduction

Perovskite-structured lead halides (APbX3, where A is CH3NH3, CH(NHz)2, Cs or Rb
and X is I, Cl, Br) continue to remain a promising class of materials in the field of
optoelectronic devices, including light-emitting diodes, nano-lasers and photovoltaics.
[Zhal6b, Lil7b, CB17] The success of perovskite-based optoelectronic devices is based
on their excellent charge generation, thermalization, recombination and transport
properties, broad absorption range in the visible region and easy manufacturing.
[Weh14a, Brel7b, Pril5, Yanl7b, Herl6b] Within 5 years after the initial report of a
high-performance perovskite devices, solar cells with polycrystalline thin film MAPbI3
as absorbers have achieved efficiencies greater than 22%. [Yanl7a, Leel2] The ease
of manufacturing of MAPbI3 thin films by solution processing makes it the most
economical choice for large-scale production of this exceptional photovoltaic material.
However, solution-processing leads to incomplete surface coverage, micro- and macro-
scopic defects, like recombination centers and pinholes, that need to be controlled.
In a device, macroscopic defects, e.g. pinholes, will reduce the shunt-resistance of
the solar cell, compromising efficiency. Microscopic defects, which are caused either
extrinsically due to imperfect manufacturing or intrinsically due to halide interstitials
and halide vacancy migration, will limit the solar cell performance below the theoretical
limits.[Quilb, Mos16, deQ16b, Strl4] Hence, several post-annealing techniques aimed
at improving the film quality after fabrication by simple solution processing have been
developed. One such method is methylamine (MA) gas-treatment, first reported by Zhou
et al. [Zhol5] Essentially, methylamine gas is used to disrupt the perovskite structure in
the thin film into a liquefied form. On removing the gas, recrystallization occurs, albeit

with a more homogeneous morphology relative to the original form. Zhou et al. observed
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a considerable increase in the power conversion efficiency (PCE) from 5% to 15% in a
solar cell made usinggas-treated perovskite films as an absorber. They attributed the
improved efficiency to improved morphology and healed defects. Zhang et al. observed an
increase in the PCE of a solar cell device made from the gas-treated perovskite film from
6 to 15% in comparison to the raw device and assigned it to preferred crystal orientation
in the (110)-direction [Zhal6a]. An increase in the PCE of their solar cell by using
methylamine vapor exposed MAPDI3 films was also observed by Zhao et al. (3 to 12%)
and Conings et al. (6 to 16%). [Zhal6c, Conl7] Both observed reduced emissive lifetimes
and a blue shift of the emission of the perovskite thin film after the MA-treatment.
Jiang et al. used methylamine gas exposure during the annealing and also found an
increased performance, but increased lifetime and no blue shift the emission. [Jial6]
Conings et al. also observed a significant reduction in the size of the crystal grains that
form the polycrystalline film after MA-treatment, with single crystals having a size of 40
nm in the pristine and 30 nm in the MA-treated case. [Conl7] Despite contrary obser-
vations concerning carrier lifetimes and spectral shifts, it was found that methylamine
gas-treatment of MAPDI3 thin films were beneficial for device applications. However,

the exact photophysical effects of the method on the perovskite layer are still under debate.

In this work, we study in detail the effects of MA-treatment on MAPbI3 thin films using
scanning electron microscopy and static and time-resolved photoluminescence (TRPL)
spectroscopy. During the MA-treatment, the sample undergoes a reversible chemical
interaction with the methylamine gas, which typically leads to a drastic reduction of
pinholes in the film. The MA-treatment is accompanied by a blue shift of the photolu-
minescence (PL) emission by 8 nm and a >5-fold reduction in the photoluminescence
lifetime. We attribute the faster recombination as well as the decreased emission intensity
to an increased density of trap states after the MA-treatment. Furthermore, we assign
the blue shift of the emission to the increased electric field due to the increased trap
density in the surface layer of the perovskite. Low-temperature emission measurements

point to structural disorder as an additional effect of the MA-treatment.

6.1.2. Results and discussion

Polycrystalline thin films of MAPDbI3 are fabricated by spin coating an equimolar solution
of Pbly and methylammonium iodide in anhydrous dimethylformamide (DMF) onto fused
silica substrates (See experimental methods section for details) and annealing at room
temperature and 100 °C. The resulting films consist of (polycrystalline) micrometer-sized
needle-like grains with a large size distribution ranging from 500 nm to 2 pm with large

pinholes. Scanning electron microscopy (SEM) images of MAPbI3 thin films are shown in
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figure 6.1. Methylamine gas treatment of these MAPbI3 samples is carried out according
to an earlier reported procedure by Zhou et al. [Zhol5] In short, a reactor containing the
sample is flushed with methylamine gas for a few seconds. The collapse of the perovskite
crystal structure is observed by the formation of a clear liquid layer on the substrate. On
subsequent removal of the methylamine gas from the chamber by flushing with Ny gas,

perovskite recrystallization occurs.

Figure 6.1.: Scanning electron microscopy images of pristine (a) and MA-treated (b) films.
The scale bar is 1 um. The pristine films consist of a discontinuous network
of broad needle-like structures whereas the treated film shows a smooth sur-
face with very few pinholes. A high-resolution image of the MA-treated film
is shown in (c); the red scale bar is 200 nm. Small grains (<50 nm) can
be observed. The pinhole in the left part of the image does not reach the
substrate.

This procedure is intended to create uniform films with a smooth and homogeneous sur-
face. As expected, the resulting films no longer contain the needle network structure, but
instead form a homogeneous thin film with fewer pinholes as shown in figure 6.1, Panel
B. Upon closer inspection, we find that both films (prior and after MA-treatment) consist
of much smaller crystallites as shown in fig. 6.1C. The pristine film shows a large variety

of grain sizes; whereas the MA-treated film shows more uniform size distribution and
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overall smaller grain sizes (see figure 6.1C for a high-resolution image of the MA-treated
film). To provide insight into the effect of MA-treatment on the optoelectronic proper-
ties of MAPDI3, emission measurements from the pristine and MA-treated samples are

compared (see fig. 6.2).
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Figure 6.2.: Emission spectra and kinetics of the pristine and MA-treated film after exci-
tation at 1uJ/cm? at 400 nm. Panel A visualizes the blue shift from 771 to
762 nm (8 nm) and the spectral narrowing (from 50 to 45 nm) upon the MA
treatment. The spectra are fitted (solid lines) using a Voigt-function) Panel
B shows the reduced emission intensity upon gas treatment (peaking at 600
compared to 130 counts). The peaks around 800 nm are spectral artifacts due
to the overlap of the diffracted 400 nm excitation peaks. Panel C shows the
recombination dynamics of the pristine and MA-treated samples including
the much faster recombination after the MA treatment. The dynamics are
fitted (solid lines) with a biexponential function.
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For the pristine sample, the emission peak is at 771 4+ 0.1 nm with an FWHM of 50.4
+ 0.2 nm (obtained from fitting with a Voigt-function. Upon methylamine treatment,
we observe a blue shift of 8.1 nm to 762.8 + 0.2 nm and a narrowing of the FWHM to
44.5 + 0.7 nm. Time-resolved photoluminescence dynamics were measured along with
the emission spectra (see fig. 6.2, Panel C) and reveal much faster recombination and
therefore shorter emission lifetimes after the MA-treatment. Given the relatively high
fluence (1pJ/cm?) and moderate signal-to-noise ratio, the trap-assisted lifetime cannot
be obtained by fitting the dynamics with a single exponential function. Instead, we use
a biexponential fitting function to obtain the trap-assisted lifetimes. The results of the
fitting are given in table 6.1. Upon the MA-treatment, we observe a drastic reduction of
the lifetimes 7g,¢ and 7gow. The recombination dynamics of the pristine sample can be
fitted with lifetimes of 5.7 and 35 ns. After the treatment, lifetimes of 1.1 and 3.3 ns can
be extracted via fitting. The reduction of the lifetime in combination with the blue shift
of the emission from lead-halide perovskite has also been previously reported by Sarmah
et al., who compared single- and two-photon absorption measurements. [Sarl7] They
found that the emission after single-photon excitation (more surface sensitive due to
the smaller penetration depth) was blue shifted in comparison to two-photon-excitation,
which is more bulk sensitive due to the large penetration depth. The blue shift was
accompanied by a strong reduction of the lifetime. They related the blue shift of the
emission and the reduction of the lifetime to the electric field in the surface layer of the
perovskite, which is present owing to the selective migration of iodine interstitials to

the surface. [Sarl7] Since the MA-treatment results in the formation of smaller crystal

Table 6.1.: Fitting results of the emission dynamics
Afast Ttast {HS] Aglow Tslow [DS]
Pristine sample 0,49+0,01 5,74+0,12 0,474+0,01 35,04+0,92
MA-treated sample 0,86+0,04 1,1240,05 0,17+0,05  3,3040,5

grains in comparison to the pristine films (see figure 6.1), the surface-to-volume ratio
increases. Therefore, we associate the blue shift of the emission to the surface, especially
to the increased density of surface traps. Several studies using ultrafast transient
photoluminescence and transient absorption spectroscopy have identified the surface and
grain boundaries of crystals (for both single crystals and polycrystalline films) as major
sites for traps. [Yanl7b, deQ16b, Wulba, Gralba, Gral7] Therefore, it can be assumed
that the higher surface area is related to a higher trap density. A majority of these traps
originate from mobile iodine interstitials and iodine vacancies (V7§ /1)) as well as MA
vacancies. [Mosl6, Yinldb, Sarl7, OY92] Under thermal equilibrium, (defect-induced)
interstitial iodine ions move to the surface to reduce the elastic energy. Due to the

separation of the charged defects, an electric field is generated in the surface layer.
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[deQ16b, Sarl7] Sarmah et al. were able to correlate the density of iodide interstitials
Niod-Int. t0 the strength of the electric field E, which is proportional to the wavelength
shift of the emission: AX ~ E ~ njoq.mt. [Sarl7] We assume that the increased density
of trap states after the MA-treatment results in an enhanced electric field in the surface
layer of the perovskite and therefore in a blue shift of the emission in comparison to the
pristine sample. Our proposition is supported by measurement by Li et al. who observed
a size-dependent blue shift for single-crystalline perovskite microplates. [Lil6]

Crothers et al. and Pazos-Outon et al. report on carrier recycling in 100+ nm thick films
as a cause for shifts of the emission from perovskites. [Crol7, PO16] Crothers et al.
observed a blue shift for thin (50 nm) samples compared to thicker (400 nm) samples
as a result of the emission and re-absorption in thin films thicker than the absorption
length of the pump pulse. [Crol7] We note that carrier recycling will also occur in both
pristine and MA-treated sample as the film thickness exceeds 400 nm in both cases, but
the blue shift of the MA-treated sample can still be observed, indicating that the surface
trap-induced blue shift is a different mechanism from carrier recycling. In addition to
increasing the density of traps, MA treatment can alter the nature of the trap states. We
can also exclude strain as an exclusive origin, as it would result in a spectral widening
of the emission peak, rather than the spectral narrowing in combination with a blue
shift. [Lil5] We note that the magnitude of the blue shift of the emission and the faster
recombination upon gas-treatment is sample-dependent, but the trend can always be
observed unless the sample suffers from excessive non-radiative recombination due to

poor sample quality.

In addition to the effect of the surface traps, we suspect a second contribution
from (structural) disorder originating from the soft, organic-inorganic nature of the
perovskite and the small crystal size to the observed blue shift after MA treatment.
[Gral7, Gralbb, Frol6b, Osh16] We performed time-resolved photoluminescence mea-
surements at 77K, well below the nominal phase transition temperature (shown in fig.

6.3) using two different pump fluences (5 and 10 pJ/cm?).

When excited with a pump fluence of 5 pJ/cm?, the pristine sample shows only a single
emission peak at 760 nm, including a weak red-shifted shoulder as a result of emissive
traps. [Weh1l4c] For the MA-treated sample excited with a pump fluence at 5 xJ/cm?, we
observe two peaks at 787 and 745 nm. The lifetime of the peak at 745 nm is much shorter
than the peak at 787 nm peak (see fig. 6.3C). These peaks represent the orthorhombic and
tetragonal phase and are commonly associated with the phase-coexistence region around
150K. These peaks are observed even at 77K. [Osh16, Wehl4c, Konl5, Dobl17, Qinl7]
Recombination dynamics (see fig. 6.3C) of the peaks at 745 and 787 nm show a donor-

SIMON BRETSCHNEIDER 97



6.1. PHOTOPHYSICS OF

METHYLAMINE-TREATED PEROVSKITE FILMS

1,00+ a) Orthorhombic Pristine, 5 pJ/cm? |
] Pristine, 10 pJ/icm?
0,75 E
0,504 i
0,254 i
5 O’OO T : T : - T -
L 1,001}, MA-treated, 5 pJ/cm? :
= 1 MA-treated, 10 pJ/icm? ]
w
c 0,754 E
Q£
= 1
_5 0,504 R
7] 4
Rl
E 0,254 ]
)
S J
ﬁ 0,00 (— T T T T
® 700 725 750 775 800 825 850
E , Wavelength [nm]
o " 1 1 i |
Z = MA-treated, 787 nm
MA-treated, 745 nm
Biexp. fit 787 nm
Biexp. fit 745 nm
0,01 T T T T
3 12 15
0 6 Time [ns]

Figure 6.3.: Normalized emission measurements at 77K for pristine and MA-treated sam-

ples after excitation at 400 nm. A shows a single emission peak of the pristine
sample, centered at 760 nm for a fluence of 5 uJ/cm? and at 746 nm for a
fluence of 10 pJ/cm?. B shows the emission spectra of the treated sam-
ple featuring two emission peaks, a fluence-independent peak at 745 nm and
a second peak at 787 nm (5 pJ/cm?) and 776 nm (10 pJ/cm?). C shows
the normalized recombination dynamics of the MA-treated sample at 77 K.
The emission peak assigned to the orthorhombic structure (745 nm) and the
tetragonal structure (787 nm) are shown. The (biexponential) fitted lifetimes
(solid lines) for the peak at 787 nm are Tp,sp = 1,22 £ 0,01 ns, Tyow = 8,32 +
0,01 ns and for the peak at 745 nm are 7get = 0,52 £ 0,01 ns, Tgow = 5,80 +
0,01 ns.

acceptor behavior, which is expected for phase-coexistence. [Konl5] In a donor-acceptor

system, charge carriers are transported from the large energy-gap material (donor) to the

low energy-gap material (acceptor). Therefore, the recombination dynamics should speed

up in the donor material, as an additional decay channel for the carriers (transport to

the acceptor, making radiative recombination impossible) exists. The observation of the

shorter lifetime of the peak at 745 nm in comparison to the peak at 782 nm supports
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the notion of donor-acceptor behavior. Comparison of the two emission spectra shows a
size-dependent phase-transition temperature in our samples: the small crystals obtained
via the MA-treatment show emission from the orthorhombic and tetragonal phases even
at 77K, whereas the pristine sample shows only emission from the orthorhombic phase.
Our conclusion is supported by observations from Li et al., who reported size-dependent
phase-transition for single-crystalline perovskite microplates. [Lil6, Osh16] Although we
cannot observe direct emission from the orthorhombic phase in our perovskite samples
due to homogeneous and inhomogeneous broadening of the room-temperature emission
peak, we propose the occurrence of structural disorder based on the phase coexistence
well below and above the nominal phase transition temperature. This structural disorder
also contributes to the blue shift of the emission in addition to the surface-trap induced
blue shift. This is supported by observations by Conings et al., who reports a higher
Urbach-energy for MA-treated samples compared to pristine ones. [Conl7] Chen et al.
have reported the Burstein-Moss shift (a band-filling effect, where the band gap widens
due to band filling effects) as a possible explanation for the size-dependent blue shift.
[Weh14c] The Burstein-Moss shift has also been observed in lead-halide perovskites, but
only as a dynamic phenomenon. [Hanl4, Yanl5, Pril5] In fig. 6.3, we also show a
comparison of the emission spectra for pump fluences of 5 and 10 pJ/cm? averaged over
the first 5 nanoseconds. The Burstein-Moss shift can be observed for the orthorhombic
peak of the pristine sample and the tetragonal peak of the MA-treated sample, but not for
the orthorhombic peak of the MA-treated sample in addition to the surface trap induced
blue shift. We attribute the absence of the shift to the fast relaxation of carriers from the
orthorhombic to the tetragonal phase. Fig. 6.2B also shows the lower emission intensity of
MA-treated samples compared to pristine samples. The coexistence of the phase at room
temperature gives rise to additional sub-bandgap levels, which increases the non-radiative

decay, thereby decreasing radiative emission. [Qinl7]

6.1.3. Conclusion

In conclusion, we report the effects of methylamine treatment on solution-processed lead-
halide perovskite films and observe a strong blue shift of the photoluminescence and sub-
stantial recombination lifetime reduction of lead-halide perovskite film upon methylamine-
treatment. Photoluminescence measurements at 77 K show phase coexistence well below
the nominal orthorhombic-tetragonal phase transition temperature of 150 K for the MA-
treated films, but not for pristine ones. Based on these observations, we suggest a combi-
nation of the enhancement of the electric field in the surface layer of the perovskite due
to the additional traps and structural disorder even at room temperature as the origin of

the blue shift upon methylamine treatment.
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6.1.4. Methods

Equimolar ratio (1.1 M) of the precursors lead iodide Pbly (99.999% Sigma Aldrich)
and methylammonium iodide (MAI) (Solaronix) were dissolved in anhydrous N,N-
Dimethylformamide (DMF) (Sigma Aldrich) and stirred overnight at 60 °C to obtain
42 wt% solution of MAPDI3. 30 ul of the perovskite solution was spin coated onto a
piranha cleaned 1 cm x 1 cm fused silica substrates at 2000 rpm for 60 s and annealed
at 100 °C for 25 min. Prior to annealing, the spin coated samples were left in the
inert atmosphere at RT for 22 minutes to allow slow evaporation of the excess solvent
present. (Note there was no preheating of the substrates prior to the solution deposition).
Although the films turn black within seconds of annealing signaling the formation of
MAPDI3, they were kept longer on the hotplate to ensure complete evaporation of the
solvent. For gas-treatment, the samples were transferred to a sealed glass chamber in
the inert atmosphere of the glovebox. Initially, the chamber is flushed with N2 for 15
+ 2 s to ensure the atmosphere is inert. This is followed by flushing the chamber with
methylamine (CH3NHy) gas (Methylamin 2.0, Linde) for 10 & 2 s. Consequently, the gas
is removed from the chamber by flushing with Ns again for 15 £ 2 s. The glass sample
holder ensured that the perovskite thin films never came in contact with atmospheric

conditions before and during the gas-treatment.

Scanning electron microscopy (SEM) images were collected using LEO Gemini 1530

microscope at a working bias of 3 kV.

Time-resolved photoluminescence was measured under dynamic high vacuum con-
ditions with a C5680 Hamamatsu streak camera system following excitation at 400 nm
from a frequency-doubled mode-locked titanium:sapphire amplifier (Coherent LIBRA
HE, 3.5 mJ, 100 fs) with a repetition rate of 1 kHz (100 ns time window).

100 PHOTOPHYSICS OF LEAD-HALIDE PEROVSKITES



6. PHOTOPHYSICS OF METHYLAMINE-TREATED PEROVSKITE FILMS

6.2. Photophysics of methylamine-treated perovskite layers

used in solar cells

The preparation of a pinhole-free lead-halide perovskite layer is a crucial step in order
to obtain a high-performance perovskite solar cell. The state of the art deposition tech-
niques require precise control over numerous variables, e.g. the solvent atmosphere in a
glovebox, making commercialization difficult. An alternative approach is to improve the
properties such as the trap density or the surface coverage post deposition. A number of
post-processing strategies are used to improve the morphology and the charge-transport
of the perovskite. Commonly used methods include solvent annealing or solid-gas inter-
action of MAPbI3 with methylamine (MA) gas. Using a MA-treatment to improve the
performance of the solar cell was initially reported by Zhou et al. The treatment led to
a drastic improvement of the surface coverage and was later expanded to improve the
performance of FAPbI3 devices. [Zhol5, Zhol6]

In order to not only study the improvement of the device but also attempt to unravel the
underlying mechanisms of the MA-treatment, the following systematic approach was cho-
sen. The method combines the comparison of structural information from X-ray diffrac-
tion (XRD) and electron microscopy with transport as well as time-resolved photolumi-
nescence measurements. Two sets of perovskite films were prepared using a single-step
deposition method on top of a mesoporous layer. During thermal annealing, large (~
500 nm) crystallites form, however at this point the surface coverage is still incomplete.
In order to investigate the charge extraction and charge recombination, two different
mesoporous layer were used: semiconducting mesoporous TiOs or insulating mesoporous
Al;O3. While a set of samples was used as-prepared (pristine), another set of samples was
exposed to methylamine and subsequently dried with nitrogen'. Upon the MA-treatment,
the MAPbDI;3 crystallites shrunk in combination with a complete coverage of the substrate
surface. Solar cells prepared from the pristine and MA-treated perovskite films yielded
efficiencies of 6.2% and 16.9%, respectively. XRD measurements showed much higher
diffraction peaks of the treated films, indicating improved crystallinity compared to pris-
tine films. To elucidate the origin of the improved crystallinity despite the reduced crystal
size, transmission electron microscopy measurements were performed. It was found that
the single-crystalline grain size was ~ 40 nm for pristine and MA-treated films. The anal-
ysis of the width of the diffraction peaks using the Scherrer equation reveals grain sizes
~ 30 nm for the MA-treated grains and ~ 40 nm for pristine grains. As a complemen-
tary method, time-resolved photoluminescence was measured (see figure 6.4). In order
to distinguish between the contribution of the recombination originating from perovskite

capping layer and the perovskite confined in the mesoporous network, each side was illu-

'for complete experimental details, see [Con17]

SIMON BRETSCHNEIDER 101



6.2. PHOTOPHYSICS OF METHYLAMINE-TREATED PEROVSKITE IN SOLAR CELLS

minated separately as used by D’Innocenzo et al.? [DI14b] The resulting kinetics of the
photoluminescence decay were fitted with a biexponential function. A biexponential was
used to fit the dynamics instead of an exponential function in order to account for the
relatively high fluence (1 pJ/cm?) required for an acceptable signal-to-noise ratio used
in the experiment. The decay kinetics for the AloO3 demonstrate a change in the slope
after 5 to 10 ns (see figure 6.4, panel A). The change of slope can be interpreted as the
progression from bimolecular to trap-assisted recombination. Due to the use of biexpo-
nential fitting, the interpretation of the initial slope, which is associated with the first
decay time (71, for AloOgs in the first ~10 ns), is not straightforward. However, the decay
of the photoluminescence after the change of slope can be associated with trap-assisted
recombination (characterized by 72) and can be therefore be interpreted as a measure of
the trap density. [Quil5, Ric16] As shown in figure 6.4, panel A, after the MA-treatment,
the trap-assisted lifetime is reduced from 19.8 & 0.3 ns to 16.1 £ 0.5 ns. The single-crystal
size was determined to be quite similar before and after the treatment. The reduction
of the trap-assisted lifetime is assumed to be correlated with increased non-radiative re-
combination, originating from a higher trap density. Our results and interpretation are
consistent with measurements of Zhao et al. [Zhal6c] The increased non-radiative recom-
bination correlates well to the reduced emission intensity, which appears in the spectra in
figure 6.4, panel B. For the case of the perovskite confined in the AloOg, the trap-assisted
lifetime increases upon MA-treatment from 12.6 + 0.3 ns to 16 £+ 0.5 ns. Interestingly,
after the MA-treatment the trap-assisted lifetimes of the perovskite capping layer and
the perovskite confined in the mesoporous layer are almost identical. This observation
suggests that the MA-treatment is responsible for the increased trap density rather than
the local structural environment. The proposed explanation is supported by the nearly
identical positions of the emission peaks. Nevertheless, the trap-assisted lifetime increases
due to the MA-treatment, which is interpreted to be related to the increased pore filling
of the Al,O3 and the resulting increase crystallite size. Due to the charge extraction
into the TiO4 as an additional decay channel competing with the photoluminescence, the
interpretation of the photoluminescence decay lifetimes is different compared to the mea-
surements of perovskite in AloOs. In figure 6.4, panel E, one can observe slightly faster
radiative recombination for the case of the MA-treatment. The faster reduction of the
photoluminescence intensity suggests improved charge extraction at the perovskite/TiOq-
interface, valid under the assumption that the results of the perovskite in the mesoporous
Al;Og3 are transferable to the TiOs.

The discrepancy between the improved device performance and the increased trap density
is still under intense discussion. Several possibilities are being discussed to explain the

behavior:

2Excitation with 400 nm corresponds to a penetration depth of around 100 nm. The thickness of the
mesoporous and capping layer is > 150 nm.

102 PHOTOPHYSICS OF LEAD-HALIDE PEROVSKITES



6. PHOTOPHYSICS OF METHYLAMINE-TREATED PEROVSKITE FILMS

As a consequence of the growth-mechanism of the perovskite grains after the initial
crystallization (Oswald-ripening, see section 3.1), using MA-treatment without sub-
sequent annealing might retain imperfect grains. The preservation of imperfect
grains is evident from the higher trap density and lower PLQY. [Str15a, Str15b]

The crystallization mechanism of the liquefied perovskite-methylamine-phase is most
likely different from the Volmer-Weber growth discussed in section 3.1. It was
observed that the properties of perovskite film after the treatment depend on the
characteristics of the substrate as the liquefied phase was partially found to form a

meniscus on the substrate.

For any metal-organic chemical vapor deposition process, obtaining the right parameters,
such as process temperature and timing, is crucial for the outcome of the process.
The uncontrolled recrystallization from the colorless intermediate state, which im-
proves the surface coverage and presumably the pore-filling and the physical contact
to the interface can be obtained quite easily. Based on extensive experiments, which
include various flow- and purging rates of the treatment chamber, recrystallization
under nitrogen-, vacuum or mixed methylamine-nitrogen atmospheric conditions
within a temperature range between 5 and 60 °C and different post-treatment
annealing procedures, the trap-assisted lifetime was limited to the lifetime of the
pristine sample. A reduced external PLQY due to the increase non-radiative recom-
bination was observed for all the treated samples.

A successful treatment was published by Jiang et al., who applied a combination
of the methylamine treatment while annealing the sample. They were able to not
only increase the device performance by 50%, but also to increase the trap-assisted

lifetime by a factor of ~ 3, indicating a net lower trap-density.[Jial6]

To summarize, methylamine treatment of perovskite films was successfully used to improve
the device efficiency by a factor of nearly three. Based on complementary characteriza-
tion tools, it was concluded that the improvement of the device efficiency is related to
the improved surface coverage and better filling of the mesoporous metal oxide layer.
Partially as a consequence of the improved pore filling, the electron extraction across the
perovskite/TiOs-interface was found to improve as well. The improvement is even more
astonishing with respect due to the increased non-radiative recombination and increased
trap density in the perovskite capping layer. The improvement of the charge extraction
despite the increased trap density can be seen as confirmation of the proposed defect
tolerance of lead-halide perovskites. At the same time, it is required to understand and
control the recrystallization of the perovskite under methylamine atmosphere especially

on the local scale in order to utilize the full potential of the treatment.
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Figure 6.4.: Time-resolved photoluminescence measurements of pristine and MA-treated
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samples. Panel A shows the faster recombination of the perovskite capping
layer after the MA-treatment; B the corresponding substantial blue-shift due
to the MA-treatment; C shows the slower recombination of the perovskite in
the mesoporous AlsOg3 after the MA-treatment; D the corresponding small
blue-shift and spectral broadening after the treatment. E shows the slightly
faster recombination of the perovskite in the mesoporous TiOs after the MA-
treatment, F the corresponding blue-shift of 6 nm after the MA-treatment.

Adapted from [Conl7] with permission of the American Chemical Society
(2017).
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7. Conclusion and outlook

Solar cells provide an ideal opportunity to generate electrical power without the emission
of greenhouse gases. Due to the drastic reduction of the cost of photovoltaics in the
last years, Si-based solar cells have become the cheapest option for new power plants.
The reduction of cost per kWh is mostly caused by the mass production effects rather
than an improvement of the efficiencies of solar cells. To reduce the cost per kWh even
further, new concepts to enhance the solar cell efficiency, such as multi-junction solar
cells, are required. In addition to silicon as an established absorber material, a number of
compounds, which absorb in the visible spectral range such as InGaAs, InGaN or halide
perovskites are proposed for the role as a complementary material. Halide perovskites
can be solution processed and have tunable absorption, which makes them an ideal
partner to Silicon in a low-cost multi-junction solar cell. Single-junction solar cells made
from halide perovskites reach astonishing power conversion efficiencies exceeding 22.5%,
however some of the most basic properties, such as the origin of the low recombination

rates, have not been clearly understood yet.

In this thesis, the fundamental photophysical and engineering-related properties of
solution-processed lead-iodide have been investigated using ultrafast spectroscopy.
Three separate characteristics were studied. The formation of polarons and initial
charge carrier cooling were investigated using time-resolved THz spectroscopy. The
slow cooling of hot carriers and the corresponding hot emission were examined using
transient absorption and time-resolved photoluminescence spectroscopy. The effects of a
post-preparation methylamine treatment to the luminescent properties were investigated

using photoluminescence spectroscopy.

Hybrid organic-inorganic lead-halide perovskites show exceptionally low bimolecular
recombination rates, making them much more comparable to inorganic semiconductors
like GaAs, instead of organic semiconductors. Despite similar low effective masses
(m} ~ 0.12m. and mj =~ 0.15m,), the charge carrier mobility of lead-halide based
perovskites was reported to be rather moderate. The moderate carrier mobility in
lead-halide perovskites is surprisingly low compared to GaAs, where the mobility is

more than two orders of magnitude higher. The low bimolecular recombination in
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combination with the moderate mobility suggests the formation of polarons. Due to the
local interaction of charge carriers with the lattice, the effective mass of the polarons
is increased in comparison to the bare electron in the conduction band, which could
explain the moderate mobility of charge carriers in lead-iodide perovskites. As a side
effect of the polaron formation, opposite charge carriers become localized in spatially
different regions, lowering the recombination rate due to the reduced spatial overlap of
electron/hole wave functions. [Ival7, Miy17b, Amb18]

The dynamics of polaron formation in MAPbI3 and FAPbI3 is discussed in chap-
ter 4. Time-resolved THz spectroscopy was used to investigate the polaron formation,
specifically to probe the rise of the photoconductivity on a sub-ps timescales. The tran-
sient photoconductivity is a good indicator for the formation of polarons in the I'-valley
due to its dependence on the scattering time 75 and the effective mass m; via the mobility
o (section 2.6.1). As the generation of free charge carriers was determined to occur on a
sub-0.05 ps timescale, the photoconductivity should rise on a comparable timescale. In
stark contrast, we observed that the photoconductivity rises within 1.5 ps for resonant
excitation. When the pump photons carried excess energy in comparison to the band
gap, the rise of the photoconductivity was even slower (within 2.5 ps at an excess energy
of 1.5 e€V). A lower temperature resulted in slower rise time of the photoconductivity.
The dynamics were analyzed using a three-level system, which distinguishes between
populations of hot carriers, cold carriers and polarons. It was assumed that hot carriers
cool before forming polarons. The rise of the photoconductivity was found to contain
contributions from both the formation of the polarons and the initial carrier cooling. The
polaron was found to form with a characteristic timescale of 0.4 £ 0.02 ps, independent
of the cation and the lattice temperature in a range of 160 K to room temperature.
The cooling of carriers in the I'-Valley is cation- and temperature-dependent, resulting
in cooling times of 0.28 + 0.02 ps for FAPbI3 and 0.32 4+ 0.02 ps for MAPDbI3 after
excitation at 3.1 eV at room temperature. The data and the chosen model could not
determine whether polarons are formed before cooling to the lattice temperature or if
free charge carriers cool before the polarons are formed. The temperature-dependence of
the transient photoconductivity can be attributed to scattering of optical phonons with
the polarons. The phonon-polaron scattering ultimately limits the carrier mobility and
cooling. In addition to the investigated timescale of a few picoseconds, polarons play an
essential role for the low bimolecular recombination of charge carriers due to localization

of oppositely charged polarons in spatially separated regions. [Amb18|

The cooling of charge carriers and hot emission in MAPDbI3(Cl) is discussed in

chapter 5. The temporal and spectral evolution of the ground state bleach, i.e. the
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lowest-energetic excited state, was investigated using transient absorption spectroscopy
whereas the emissive properties were investigated using photoluminescence spectroscopy.
When excited at 2.05 eV with a low fluence of 2.5 J/cm?, the population of the band
edges monitored using the ground state bleach was measured to be constant for nearly
100 ps before decreasing due to the recombination of charge carriers. When excited at
or above an energy of 2.6 eV, the population of the band edges increased during the
first 100 ps, before decreasing. Using a three-level system, we found that the increased
population of the band edges is related to the decay of a hot population with a lifetime
of 40 £+ 2 ps. This slow cooling mechanism is different from the hot-phonon bottleneck,
which can be observed for excitation at 3.1 eV with a fluence of 39 uJ/cm? (discussed
in section 2.5). The slow cooling after excitation 2.6 or 3.1 €V is related to a long-living
hot carrier population at the M-point. The origin of the slow cooling of the population
is assigned to a combination of four effects. The formation of the polaron results in
reduced scattering with optical phonons, which was reported to be the main cooling
mechanism of carriers (compare to section 2.5). The large momentum mismatch between
the M- and the I'-point, the limited density of states 0.3 €V above the conduction band
minimum and the ultra-low thermal conductivity also contribute to the slow cooling.
[Pis14, Niel6c] As discussed in appendix A, the morphology affects the dynamics of the
ground state population due to locally different trap nature and density. Along with the
cooling of hot carriers, the emission from states with an excess energy of up to 0.15 eV
above the band edges was observed. The hot emission decayed within ~ 100 ps with a
relaxation rate of 0.16 £+ 0.01 meV/ps and was assigned to originate from the coupling
of charge carriers and the organic cations. [Zhal7b] As for the population of the ground

state discussed in appendix A, the local properties affect also the radiative recombination.

The recombination in pristine and post-processed MAPDI3 films is discussed in
chapter 6. A methylamine treatment is a promising method to improve a perovskite film
post deposition, resulting in an enhancement of the efficiency of perovskite solar cells.
Upon methylamine treatment, the surface coverage of MAPbDI3 films improved, resulting
in an overall boost of the power conversion efficiency by a factor of three. Along with the
improvement of the efficiency, we measured a reduction of the radiative emission intensity
by a factor of four, a five-fold reduction of the trap-assisted lifetime and a blue shift of the
emission by 9 nm. The counterintuitive improvement of the solar cell efficiency and the
decreased radiative lifetime and emission intensity are related to separate effects of the
treatment. While the single crystalline grain size was not affected by the methylamine
treatment, the nature and the density of surface traps are affected. Due to the increased
density of traps, the trap-assisted radiative recombination occurs faster. The emission

intensity is reduced as a result of increased non-radiative recombination.[Yinl4b] The
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blue shift of the emission is also attributed to the higher density of trap states. Under
thermal equilibrium, iodine interstitials, which are common traps, were reported to
diffuse to the surface in order to reduce the elastic energy. [Sarl7] Due to the separation
of iodine interstitials and iodine vacancies in the bulk perovskite, an electric field at the
surface is generated. The strength of the electric field and the correlated blue shift of the
emission are related to the density of charged trap states. Furthermore, it is proposed
that, with regard to the effect of the treatment on the device efficiency, the increased trap
density is more than balanced by an enhancement of the surface coverage and improved
charge carrier extraction. The fact that the power conversion efficiency increases despite
an increased trap density highlights the potential of methylamine treatment to improve

the overall performance of halide perovskite optoelectronic devices.

This thesis aims to contribute to the understanding of the ultrafast photophysical
properties of lead-iodide perovskites. The observation and quantification of polaron
formation in MAPbI3 and FAPbI3 allows for a better comprehension of the success of
perovskite solar cells. The polarons result in low recombination and band-like transport
of charge carriers. The slow cooling of charge carriers and the subsequent increase of
the ground state population shows the unique fundamental properties of lead-iodide
perovskite. The importance and nature of the trap density were furthermore illus-
trated with the preparation-dependent ground state population dynamics and radiative
recombination, contributing therefore to the knowledge of the extrinsic effects to the

photophysics of perovskite films.

While the future of solar power is bright, the future of solar cells prepared from
lead-halide solar cell has not yet been decided. The intrinsic instabilities of the
perovskite due to the low threshold of ion and vacancy migration has not yet been
resolved, however initial steps, such as iodide and contact management, show promising
results. [Yanl7a, Arol7, Houl7] As a positive side-effect of ion migration, self-healing
of light-induced trap states occurs, which could be crucial for the stability of a device
under terrestrial conditions, i.e. a day and night cycles. [Niel6a] While small area
perovskite solar cells reach efficiencies exceeding 22.5 %, the scaling of these devices
towards commercially usable sizes using spin-coating technology remains challenging.
Only a few techniques, for instance costly co-evaporation and complicated multi-step
chemical vapor deposition, have already been successfully used for the preparation of
larger cells. [Jial8, Hsil6] A much better perspective share colloidal lead-halide per-
ovskite quantum dots and low-dimensional perovskite structures for lighting and lasing
applications. The fully inorganic perovskite quantum dots such as CsPbBrs or CsPbCls

are successfully used as light emitting diodes, whereas single crystalline nanoplates
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and nanowires show low lasing thresholds. [Xinl4, Zhulba, Shil7a, Sonl5, Kov17]
Beyond the application, the investigation of the fundamental properties of halide
perovskite remains an ongoing challenge. The investigation of carrier recombination,
thermalization and the non-equilibrium transport with high spatial and temporal
resolution are currently widely investigated. [Quil5, Nahl7, Nahl8, Guol7] Following
the work presented in this thesis about the formation of polarons, an important challenge
remains: to reveal the origin of the low recombination rates taking into account the
combined or complementary effects of the Rashba-effect, polarons and the electronic
band structure of halide perovskites. [Hutl7, Niel6b, Chel7] Tackling the fundamen-

tal and engineering challenges will hopefully allow us to shift to a cleaner energy economy.

The shift to a cleaner energy economy won’t happen overnight, and it will
require some tough choices along the way.

But the debate is settled. Climate change is a fact. And when our children’s
children look us in the eye and ask if we did all we could to leave them a safer,
more stable world, with new sources of energy, I want us to be able to say yes,
we did.

Barack Obama, 2014 State of the Union Address
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A. Morphology-dependent ground state
population in MAPbI;(Cl)

In addition to the standard deposition of MAPbI3(Cl), a modified annealing scheme was
used. The spin-coated film was annealed under ambient conditions for 30 min, followed
by solvent annealing. The samples were annealed for 1h at 100 °C under a petri dish
in the presence of 10 uL. of DMF followed by 1h at 100 °C in a nitrogen atmosphere.
[Xial4b, Herl6a] The standard deposition method resulted in crystals with sizes around
1 pum, whereas the solvent annealing resulted in much large crystals, as shown in figure
Al.

Figure A.1.: SEM images of MAPbI3(Cl) films prepared from thermal (left) and solvent
annealing (right). The scale bar is 10 um, and applies to both images.

The samples were investigated using transient absorption spectroscopy in order to elu-
cidate the dynamics of the ground state bleach and the carrier cooling. The graphical
comparison of the measurements is shown in figure A.2. Two features can be identified
for both annealing procedures; the ground state bleach centered around 740 nm and the
derivative-like signal associated to the band gap renormalization at 760 nm at around 1
ps. The signature of the hot carrier cooling is highly dependent on the annealing proce-
dure. For the thermal annealing, the spectral signature of the hot-phonon bottleneck can

clearly be observed. [Yanl5, Pril5] The slow cooling of charge carriers above the band
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edges is visible in the low-wavelength tail accompanied by the redshift of the ground state
bleach, both happening on the order of 100 ps.
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Figure A.2.: Transient absorption measurements of MAPbI3(Cl) films prepared from ther-
mal (left) and solvent annealing (right). The samples were excited with a
fluence of 39 uJ/cm? at 3.1 eV. The upper panels show the two-dimensional
maps of the measurements, the lower ones the kinetics of the ground state
bleach of the corresponding measurements.

The low-wavelength tail accompanied by the redshift of the ground state bleach are absent
in the measurement of the solvent annealed sample. The absence of the hot phonon
bottleneck can be explained by the trap density, which depends on the annealing scheme.
In particular, the formation of MAPbI3(Cl) crystals relies on the evaporation of excess
MACI during the annealing process. As the solvent annealing is performed under a petri-
dish, the evaporation of excess MA might be reduced. The deviation from the nominal
stoichiometric composition might lead to the formation of trap states within in valence or
conduction bands in the proximity of the band minima.! For a high trap density within
the valence and conduction bands, additional scattering of hot carriers with impurities is

expected to result in faster cooling in comparison to scattering only with optical phonons.

The most relevant trap states outside of the band gap are MA-interstitials and lead-vacancies, which
are positioned within & 0.25 eV of the band edges. [Yinl4b]
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