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Chapter 1

Fundamental properties of organic
and hybrid semiconducting

materials

This chapter introduces fundamental and optoelectronical properties of organic and
hybrid semiconducting materials which are promising to be used for solar cells. Focus

of this chapter is optical excitations in organic and hybrid semiconductor materials.



Chapter 1 Fundamental properties of studied materials

1.1 Introduction

1.1.1 Ultrafast processes in semiconductors

Ultrafast processes play a very important role in the field of photovoltaics. In con-
ventional semiconductors which are used for solar cell applications, only a fraction
of absorbed photons lead to free carrier generation because of various ultrafast pro-
cesses involved (figure 1.1). Following the absorption of a photon in a conventional
semiconductor electrons and holes undergo a series of temporal and spatial evolu-
tion with energy losses occurring at each step. These microscopic processes largely
influence the macroscopical properties of photoexcited semiconductor and play a
crucial role for the efficiency in a solar cell material. Typical dynamical mechanisms

following the photoexcitation are shown in a chronological order in Table 1.1[1]. The
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Figure 1.1: A sketch depicting the conversion of absorbed photons to excitons and
free charges via ultrafast processes in photovoltaic material.
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fastest of these processes is the so-called carrier-carrier scattering and it depends on
the excitation density. This process is responsible for a quick momentum redistri-
bution of excited species. Intervalley scattering is usually driven by the emission
of phonons with large wave-vector and is causing carriers to be scattered between
various side valleys in the Brillouin zone. In addition to the intervalley scattering,
carriers can decay to the bottom of the same valley through the emission of high
energy, small wave-vector phonons. Eventually all emitted phonons decay to lower
energy phonons. Finally, electrons and holes diffuse spatially. The carrier diffusion
is caused by the density gradient and causes carriers to move randomly if no electri-
cal field is applied. This random motion does not yield a net current and cause the
carrier density to become uniform. The timescale of the diffusion process strongly
depends on macroscopical properties of the materials, such as carrier mobility and
can be strongly influenced by morphology and structural defects of the material.

Figure 1.2 depicts major dynamical processes following the excitation of a direct

4



Chapter 1 Fundamental properties of studied materials

Table 1.1: Scattering and recombination processes following the photoexcitation
in a conventional semiconductor.

Process ‘ Timescale
Carrier-carrier scattering 1075 — 10712
Intervalley scattering > 10"
Intravalley scattering ~ 10785
Carrier-Optical phonon interaction > 10725
Optical phonon-acoustic phonon interaction ~ 107 s
Carrier diffusion >10"Ms
Auger recombination ~ 1075
Radiative recombination >10"%s
Lattice heat diffusion ~ 1078 s

semiconductor. It is assumed that the excitation is done using a monochromatic
polarized light assuming an ultrashort pulse duration and the photon energy (hwy)
higher than the bandgap (E,). Initial excitation with a short pulse creates a narrow
distribution of electron and holes in energy and momentum space (figure 1.2a).
These photoexcited carriers interact both elastically and inelastically and in the
first tens of femtoseconds after the photoexcitation, the momentum gets randomized.
Initially electrons and holes are considered as separate systems with an individual
energy and momentum distributions. Because of electron-electron and hole-hole
interactions, carriers thermalize (establish a carrier temperature) in approximately
in 100’s of femtoseconds and form a Fermi-Dirac distribution with a specific carrier
temperature (figure 1.2b). The carrier temperature of electrons and holes may
be different. The temperature of carriers is slowly equilibrating with the lattice
temperature through electron - phonon interaction. Because of this interaction, the
population of non-equilibrium phonons increases in a picosecond time scale. Finally,

the phonon-phonon interaction leads to a slow equilibration of phonons.

Lifetime of carriers in a non-equilibrium state

One of the most important microscopical propertties of a good solar cell material is
the lifetime of the photoexcited carriers. The long lifetime of carriers means a higher
probability for the photogenerated charges to reach the extraction electrode and
generate current. Few 100’s femtoseconds after the photoexcitation when carriers
have thermalized, electrons have reached the bottom of the conduction band and

hole the top of the valence band system is in a non-equilibrium state and carrier can
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Figure 1.2: Generalized dynamical processes and DOS (density of states) forma-
tion in a conventional, direct gap semiconductor, following the photoexcitation; a)
photoexcitation, b) carriers form a Fermi-Dirac distribution, described by the car-
rier temperature and quasi fermi level; ¢) Equilibration of carriers through multiple
phonon scattering, decreasing the carrier temperature.

be transferred from band to band. The total carrier lifetime in the non-equilibrium
state can be expressed as the sum of different recombination rates 7. It contains

radiative, Auger and non-radiative (Shockley-read type) recombination channels.

-1 _ -1 —1 -1
T = TsrH + Trad + Tauger (11)

here TgéH is the Shockley-Reed-Hall (SRH) recombination rate, 7,4 is the band to
band radiative recombination and 74,4, correspond the Auger type recombination.
The so-called band-to-band recombination process happens when the electron and
hole recombine by releasing a photon with energy equal of the excess energy. The

band-to-band recombination rate at high excitation densities can be expressed as:

1
B, An

Trad = (1.2)
here B, is the radiative recombination coefficient and An corresponds to excess
electron density. From this equation one can see that the radiative recombination
rate has a linear dependence to excitation density. The so called SRH and Auger
recombination processes are nonradiative in nature. In the SRH recombination (also
called a trap assisted recombination) electron and hole recombine via a defect state

and the excess energy is released through one or multiple phonon emission events.
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The lifetime of SRH recombination at intermediate temperatures can be expressed

as:
Ne

TponoefEt/kBT

(1.3)

TSRH =

N, is the intrinsic carrier concentration, 7, represents the intrinsic lifetime of holes,
ng is the equilibrium concentration of electrons and F, is the defect energy level.
Auger recombination is a three-particle process. In this process, the excess energy
is being released not by the photon emission, instead it is absorbed by either the
electron or the hole, putting the carrier in to higher excited state. All aforemen-
tioned scattering and recombination mechanisms lay the foundations of the charge
transport properties in solar cell materials and must be well understood. In our

study this is done by implementing the ultrafast spectroscopy techniques.

1.1.2 Types of modern photovoltaics cells

Solar cells are electronic devices which can convert light to electric energy. Con-
cerns on the high level of C'Oy emission and the associate climate change has fueled
research on solar cells and other renewable energy sources in recent decades. Every
alternative energy source has its pros and cons. For solar energy technologies, the
advantage is that the solar energy is non-exhaustive, and it can be used at almost
every geographical location on the planet. Depending on the angle of the incoming
sun and atmospheric circumstances, the average solar energy incidence typically is
about 1 kW /m? [2]. Such a diluted energy density requires to cover a large area
with high efficiency solar cells to meet world’s energy consumption needs.

The so-called photo voltaic effect was first introduced by Henri Becquerel in
1839 using an electrochemical cell. Modern solar cells use the concept of a p-n
junction, which was first introduced by Russel Ohl at Bell laboratories in 1939 using
crystalline silicon. This type of junction is created at the interface between n type
and p type semiconductors. Due to diffusion of electrons and holes, a buildup of
charges at the p-n junction is responsible for a built-in electrostatic gradient. This
electrostatic gradient is causing a carrier drift process, in the direction opposite
of carrier diffusion across the p-n junction which in turn causes the formation of
a so-called space charge region. In a typical p-n junction electron- hole pairs are
generated when the incident photon energy is higher than the band gap energy of
the material and the current is flowing due to a built-in electrostatic potential. The
research of solar technology led to a drastic increase in the efficiencies of a single
junction solar cells (where only one p-n junction is used) of up to 26.7% [3]. The real

limitation for the efficiency of a photovoltaic device however is an intrinsic one and is

7
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caused by thermodynamics of a cell. This limit is called Shockley—Queisser limit and
this theoretical limit for a single junction solar cell device is 33.7%. It is calculated
assuming a perfect, non-concentrated AM (air mass) of 1.5 solar spectrum with a
material band gap of 1.34 eV under illumination of 1 sun (1 kW /m?). It is assuming
that the carrier recombination term is exponentially dependent on the temperature
of a working cell [4].

One of the most used technologies in photovoltaics is based on crystalline and
polycrystalline inorganic materials. By far the most used material in this field is
crystalline silicon (c-Si) which has a bang gap of 1.1eV. The solar absorption of
¢-Si based p-n junction cells covers the visible and NIR part of the solar radiation.
Crystalline silicon is usually grown as an ingot using the Czochralski method. These
ingots are cut into wafers of 160 — 240 pm thickness which are used in photovoltaic
devices. For cost reduction reasons, polycrystalline silicon is also often used as a
material for solar cells. It is produced by a chemical purification method (called
Siemen’s method). This second type of silicon is more cost effective because of the
simple production process, but monocrystalline silicon is a leader in silicon industry
with 26.7% efficiency [5].
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Figure 1.3: Efficiency for different types of perovskite solar cells compared to the
theoretical Shockley—Queisser (SQ) efficiency limit. 75% of SQ is shown in yellow
and 50% in red. Reproduced from [6].

For applications with a very high efficiency requirements, crystalline GaAs (Gal-
lium Arsenide) solar cells are being used. It is a III-V type semiconductor material
with a direct band gap of 1.44eV. It is superior to silicon based solar cells in terms
of its efficiency (28.8%) [7]. However due to the expensive technology, it is used only
in space industry in a form of a multi-junction solar cells.

Other classes of modern photovoltaics include thin film solar cells, where an ac-
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tive film with a typical thickness ranging from nm to um is deposited on a flexible
substrate. Commercially available thin films solar cells are based on: CdTe (cad-
mium telluride), CIGS (copper indium gallium selenide) and amorphous silicon.
This technology allows to have flexible, semitransparent solar cells. These types of
cells usually are cheaper than conventional cells based on crystalline silicon but do
have multiple drawbacks. Thin films CdTe contains toxic Cadmium, even though
they have a relatively high efficiency of up to 20% [8]. CIGS based cells have a lack
of scalability and are not as efficient as other thin films photovolatics. Laboratory
CIGS type single cells show an efficiency of 21.7%:; in large area cells a 13% efficiency
is reported [8]. This decrease is due to technological challenges in large area CIGS
device manufacturing.

To reduce the average price of photovoltaics in recent decades organic and hybrid
solar cells were introduced. Advantage of organic solar cells is potentially cheap and
easy low temperature processing and versatility in terms of chemical optimization.
However organic solar cells lag in efficiency primarily due to the large disorder in
these systems which for instance substantially limits the carrier mobility. Hybrid
materials combine the best properties of organic and inorganic semiconductors: they
can be processed at low temperature and show a high degree of crystallinity giving
rise to good charge transport properties. These types of semiconductors are in the
early stages of development and have a large future potential. In the remainder
of this chapter some key properties of organic and hybrid semiconductors used for

solar cell applications will be introduced.

1.2 Organic semiconducting materials

Organic solar cells were introduced with the goal to have a solar cell technology for
large scale power generation using environment friendly materials with unlimited
availability. Materials which are used in organic optoelectronics are less expensive
compared to traditional silicon-based technology, have a large absorption coefficient
in the visible spectral range, and are potentially harmless to the environment. Most
of the materials in organic electronics can be processed at low temperature on flexible
surfaces, allowing large scale printing technology to be used [9, 10].

One of the most common architectures for organic solar cells is the so called
donor: acceptor structure, where a bulk heterojunction between electron donat-
ing and electron accepting molecules is formed [11]. Free charges in these bulk
heterojunctions are formed through intermediate charge transfer excitons. This is

a necessary step in organic semiconductors since the exciton binding energies are
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larger than kT (product of the Boltzmann constant and the temperature) strongly
suppressing thermal dissociation. The field of organic solar cell technology, unlike
widespread use of organic LED’s in smartphones and TV-screens, has so far not
found widespread applications, partially due to the still relatively low efficiency
(7.9% in polymer based tandem cells) and also due to the long time stability issues
[12].

1.2.1 Fundamentals of organic solar cells

The field of organic semiconductors started with a ground breaking work of Shi-
rakawa, MacDiarmid, and Heeger, who have shown that conductivity in organic
polymers (such as polyacetylene) can be controlled through a doping process [13].
For this discovery, all three authors have been awarded with a Nobel prize in chem-
istry in 2000. This finding led to the use of conductive polymers as photo-receptors
in the field of xerography. The interest in undoped polymers and molecules has
risen in the 1980’s after a first bulk heterojunction solar cells was demonstrated
[14]. Other pioneering research demonstrated a thin film conducting polymer and
oligomer based transistor [15-17] and finally high performance electro-luminescence
in organic diodes of vacuum evaporated molecules and polymer films was demon-
strated in the late 80’s [18, 19].

Most used organic polymers and molecules are in fact insulating because of the
nature of their molecular orbitals. These compounds have o type carbon bonding.
Organic compounds which are used in organic semiconductors, however, have conju-
gated 7w type molecular bonds. The ground state electronic configuration of carbon
is (1s%)(25%)(2py)(2p,), the one s and two p-orbitals can combine and form so called
sp® hybridized orbitals with a configuration of 1s?(2sp?)3(2p). 7 type bonds are
formed by the p, orbitals of sp? hybridized carbon atoms in the molecule. (figure
1.4). The example of two different bonding types in ethene molecule is shown in
figure 1.4. The o bond is formed between sp? hybridized carbon orbitals when their
electronic cloud overlap in head-on orientation. The 7 bond in ethene molecule is
formed between unhybridized p, orbitals. The filled m band is called the highest
occupied molecular orbital (HOMO) and the empty 7* band is called lowest unoc-
cupied molecular orbital (LUMO). Usually transitions from HOMO to LUMO are
in the energy range from 1.5eV to 3eV giving rise the optical absorption in the vis-
ible range of the spectrum. Conjugated molecules offer a great tunability because
their photophysical properties can be tuned by changing the conjugation length
or adding/removing electron donating or withdrawing moieties to the molecule or

polymer.

10



Chapter 1 Fundamental properties of studied materials

a) b) c)

p,-p, interaction 0—* ‘
L), /o
H ” %
C/

c AT

<« >
7 NN
(Q H O H " £ spZhybrids
sp2-sp? Overlap

Figure 1.4: Schematic diagram of the molecular orbitals in Ethene molecule. It
forms a) o bonds between sp? hybridized carbon orbitals and b) 7 bonds between
hybridized 2p, orbitals, ¢) energy levels of corresponding bonding and antibonding
levels of 7 and o.
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1.2.2 Charge transfer mechanism in organic compounds

The absorption of a photon in a semiconductor creates an electron in the conduction
band and a hole in the valence band. Since they are created at the same point in
space and have opposite charges, they attract each other through Coulomb interac-
tion and form a bound state - the exciton. Unlike in conventional semiconductor
materials, photoexcitation in organic semiconductors leads to strongly bounded ex-
citon (Frenkel exciton). This is mainly due to the low dielectric constant of organic
materials, causing strong Coulomb interactions between electron and hole with a
coupling strength usually much larger than k7. The typical radius of a Frenkel
exciton in an organic medium is in range of 10’s of Angstroms, so excitons are
on one lattice site [20]. The coupling between electron and hole lowers the overall
energy of the system and exciton is frequently the lowest energy excitation in organic
materials.

Excitons can be well described by a hydrogen model. The main differences with
the hydrogen atom are the screening of the coulomb interaction by the environment
and the fact that one must take the electron and hole masses properly into account.

This leads to a series of quantized exciton levels with energy:

En)=-L -2 _ T (1.4)

where the Ry is the Rydberg’s constant of 13.6eV.

The small distance between electron and hole in a Frenkel exciton gives a strong
wave-function overlap between the two particles and increases the probability of
recombination. Also, the localized nature of Frenkel excitons does not allow a band-

to-band type of transport in molecular solids, site to site hoping becomes the domi-

11
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nant transport process. Typically, without an external mechanism to dissociate the
exciton to free charges, the lifetime of the Frenkel exciton in organic compounds can

vary from 100 ps to few ns.

CT exciton Interfacial CT exciton

Figure 1.5: Schematics of CT excitons in molecular solids. Frenkel excitons are
typically localized on one molecule where as CT excitons are delocalized on two
or more molecules. When CT exciton is formed on the surface between the two
different molecules it is called an interfacial charge transfer exciton.

One way to overcome the limitation of a strongly bound exciton in organic com-
pounds is by utilizing a so-called donor/acceptor interface. Using two organic com-
pounds with different electron work functions creates and energy offset at the inter-
face between two materials like in a heterojunction and this energy offset between
work functions is the driving force for the exciton dissociation process into free
charges. In such devices, excitons can travel until the recombination process hap-
pens and a typical diffusion distance in organic compounds is in the scale of tens of
nanometers. However, for efficient light harvesting, hundreds of nanometers of the
material thickness is required. To overcome these two conflicting requirements, bulk
heterojunctions are used, where donor and acceptor molecules are mixed together,
creating a continuous network of heterojunctions in the bulk of the material so that
excitons can be split more efficiently [21]. An important ingredient in the exciton
splitting in organic semiconductors is the intermediate state between bound Frenkel
exciton and free charges. It is called charge transfer exciton which is an intermediate
case between delocalized Wannier type exciton and localized Frenkel exciton. In the
CT exciton electron and hole are delocalized on different molecules and the state

has a partially ionic character.

1.2.3 Optical transitions in organic compounds

Generally, in organic compounds, the wavefunction, describing the nuclear and elec-
tronic subsystem can be separated. This is valid only when the mass of nucleus if
larger than the electron mass, which is the case in all compounds. According to

the Born-Oppenheimer approximation, the electron cloud responds to the motion

12
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of nuclei simultaneously and the total wavefunction can be described as product of

electronic and nuclear motion terms

Wit (17, Q5) = XN (Qj) - War(ri, Qj), (1.5)

here Wyp (7, Q;) denotes the total wavefunction, yn(Q;) describes the nuclear mo-
tion and W,;(r;, Q;) describes the electronic wavefunction. This allows to separate

nuclear and electronic terms.

Electronic transitions from initial to the final state are faster than atomic reor-
ganization time. Meaning that during the photoexcitation the nuclear framework
does not change because the typical reorganization time for nuclear framework is in

order of 10713 s compared with the typical transition time of 10717 s.

The strength of the optical transition is determined by the transition dipole

matrix element:

ppi = (flild) (1.6)

because of the Born-Oppenheimer approximation, the dipole operator fi consist of
the sum over nuclear and electronic coordinates thus both final and the initial states
consists of the nuclear |v) and electronic |€) parts. Combining this together, the

matrix element becomes:
i =—e Y (el rales) (vrlvi) (1.7)

this equation is particularly important in explaining optical transition in organic
materials. Because the intensity of the optical transition is directly proportional
to the transition matrix element squared: |up]?. Then it follows that strength
of an optical transition in organic systems is proportional to the overlap integral
between the vibrational wavefunction in the initial electronic state |v;) and the
vibrational wavefunction in the final electronic state |vy). Thus it can be written
that || o< (vf|w;)? and it is called the Franck-Condon factor. Using this factor,
spectroscopic properties and various photophysical processes in organic materials

can be explained as it is visualized in figure 1.6.

Using the Franck Condon factor one can show that strong optical transitions
occur from where molecular vibrations in the initial and final state are overlapping,
and these kind of transitions where vibrational and electronic transitions are coupled
together are called vibronic transitions. Electronic transitions in organic compounds

are strongly coupled to molecular vibrations. The typical energy of these vibrations

13
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Potential energy

Absorption

(1)- Internal conversion

(2)- Vibrational relaxation

(3)- Intersystem crossing
)-
)-

(4)- Phosphorescence
(5)- Fluorescence

Reaction coordinate (q)

Figure 1.6: Franck-Condon principle in a diatomic molecular system. Absorption
from the ground state singlet state Sy to the higher singlet state .S,, appears when
their vibrational wavefunctions overlap more significantly. In the illustrated case,
the 0-2 vibronic transition occurs, meaning from the zero-phonon level (v = 0) to
the double phonon level (v = 2). The transition which involves both the elec-
tronic and vibrational wavefunctions to overlap is called the vibronic transition.
The showed molecular system undergoes an internal conversion (1) from the .S, to
the lower singlet state S;. The excitation is rapidly decaying to the bottom of the
S via phonon emission (vibrational relaxation (2)). System can also undergo an
intersystem crossing process (3) and cross from the singlet to the triplet state. The
triplet can relax back to the ground state only after the spin flip (Phosphorescence
(4)). The singlet state relaxes back to the ground state via fluorescence process (5)
to the higher vibrational state (0-2 transition).

is relatively high compared to the room temperature. For example the stretching
mode of a carbon double bond in a polymethine is 150 meV, far exceeding the kT
energy and according to the Boltzmann distribution, only the lowest vibrational
level is populated at room temperature. The Franck Condon principle for a simple
diatomic molecule with its potential energy surfaces is illustrated in figure 1.6. The
x axis denotes the intermolecular displacement distance and y axis is the potential
energy. In the figure the initial state is denoted as Sy (ground state singlet state)

and the final state is shown as S, (ny, singlet state). The shape of the Sy S

14
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and S,, potential surfaces are almost identical, however the excited state is shifted
horizontally. This shift is caused by the molecular reorientation which appears
because electronic cloud is causing the molecule to reorganize to a new optimal
position. The absorption process (figure 1.6) occurs when the the Frank-Condon
factors is largest- when electronic and vibrational wavefunctions overlap. In the
illustration it is the 0-2 vibronic transition. The used transition notation 0-2 allows
to show the vibrational quantum number v of the initial and final state. After the
absorption process carrier rapidly decays to the bottom of the S, state via vibrational
relaxation and then to the lower electronic singlet state S via process, called internal
conversion(process (1) in the figure 1.6). After that, multiple phonon emission
(vibrational relaxation) (2) to the bottom of the S level follows. From this level the
excitation can undergo the transition to the ground state level (Sp) via fluorescence
(5). The fluorescence from the S; to the Sy also follows the intensity of the Franck-
Condon factor S. In figure 1.6 maximum vibrational wavefunction overlap and
therefore maximum fluorescence intensity is achieved for the 0-3 transition. This
shows that in the fluorescence measurements one can probe the vibrational structure
of ground state and in the absorption experiment, the vibrational structure of the
excited state.

Another important process in photoexcited compounds is the so called intersystem
crossing (3). This is a non-radiative process between two electronic transitions which
involve a change in the spin multiplicity. The intersystem crossing is illustrated in
figure 1.6 from the singlet (S7) to the triplet (7)) state. The energy of the triplet
state is lower compared to the singlet state because the system energy is lowered by
the spin flip process. Because of the angular momentum conservation law, triplet
state cannot directly decay to the ground state, it must change the spin back to
a singlet configuration before decaying. This appears in the phosphorescence (4)
process and is one of the slowest decay process because of slow probability of a spin

flip process.

1.3 Fundamental properties of hybrid perovskite

materials

In recent years, a new class of materials for solar cell applications has emerged.
These are materials that have both organic and inorganic components and crystallize
in a 3D perovskite ABXj3 structure and therefor are called hybrid perovskite (HP)
materials. This type of materials derive their name from the structure of the mineral

CaTiOs. In this type of materials, the A-site is replaced by organic amine cations
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or a combination or organic/ inorganic components. There is a variety of organic
and inorganic cations which can be used to form hybrid perovskite crystals on the
A-site. Few widely used examples are methylammonium CH3NH;, formamidinium
CH(NH,),, guanidinium C(NH,)3 and cesium (Cs™). In the ideal cubic structure,
the organic cation on the A site has a 12 fold cuboctahedral symmetry. The B-site
is typically occupied by lead (Pb*1), tin (Sn*") or germanium (Ge®') ions, while
the X-site typically has iodide (I"), bromine (Br) or chloride (Cl") anions [22]. The
variety of constituents make the hybrid perovskites a versatile system in which one
can easily tune the (photo-) physical and chemical properties. The structure of
a hybrid perovskite is depicted in figure 1.7. The rotation and tilting of [BX6]47
polyhedra in perovskites leads to a variety of different crystal polymorphs, such as
cubic, orthorombic, tetragonal, trigonal or monoclinic [23].

The real breakthrough in the hybrid perovskite field happened after the first
evidence that hybrid perovskites can be used as solar cell materials both in elec-
trolyte and in solid state forms. This caused a sharp increase of the research in the
field concerning the transport, semiconducting and photovoltaic properties of hybrid
perovskites.

Typical conventional semiconductors, used in photovoltaic technology such as Si
or GaAs are crystals, which are bounded by strong covalent bonds, but hybrid per-
ovskite materials are ionic crystals, exhibiting semiconducting properties. The ionic
and semiconducting nature of hybrid perovskites allows tuning of their absorption
properties over a wide energy range. In hybrid perovskites this is primarily achieved
by chemically changing the composition of the material on the X site of the crystal.
By varying the molar ratio between different halides such as I, Br, or Cl the band

gap can be tuned continuously.

1.3.1 High optical absorption in hybrid perovskites

One of the most import aspects of this type of material, is their extraordinary ab-
sorption properties. Despite solution processing, which results in a quasi-amorphous
structure with many structural defects, the absorption spectrum has a steep absorp-
tion edge. This sharp absorption edge with and an optical gap of 1.6 ¢V in a tra-
ditional methylammonium lead iodide CH3NH3Pbl; (known as MAPDbI3) perovskite
is well suited as an absorber in solar cell materials as it was shown in the Schockley-
Queisser efficiency graph in figure 1.3. These materials are also characterized by
good charge transport properties both for electrons and holes, which helps for a
more efficient charge extraction in solar cell applications [24]. The carrier diffusion
length exceeds 175 ym [25-27] with the carrier mobility up to 70 cm?V~'s™! [28].
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Figure 1.7: An ideal structure of the 3D cubic perovskite. It consists of a network
of [BXg]" edge sharing octahedra with its unit cell. The structure has and ABX,
chemical formula.Where in hybrid perovskite A site is typically occupied by an or-
ganic cation such as methyllamonium (MA™), formamidinium(FA™) or guanidinium
(GA™) B*" site is Pb*" and X site can be different types of halides such as I or
Br.

In a solar cell configuration, the typical active perovskite layer is 500 nm, which is
enough to achieve power conversion efficiencies exceeding 15% and in some cases
even 20% [29]. This is not that far from amorphous/crystalline silicon photovoltaics
with efficiencies up to 26% [5].

The optical absorption of a semiconductor is typically determined by two fun-
damental factors: the transition matrix element between valence and conduction
bands and the joint density of states (JDOS) between them. The first factor de-
termines the probability of the optoelectronic transition and the JDOS determines
the density of possible transitions. These two factors are strongly related to the
electronic structures of the material.

The absorption mechanisms for different photovoltaic devices of different genera-
tions is sketched in figure 1.8. The fundamental absorption in semiconductors takes
place between the band edges of the conduction and valence bands. For silicon,
this transition is optically weak since this is an indirect semiconductor. The optical
matrix element in this case is typically two orders of magnitude smaller as compared
to the direct semiconductor case. To compensate for weak absorption, thick silicon
wafers 500 ym are typically used with the charge diffusion length setting the upper
limit for the thickness. To overcome this, direct gap semiconductors are preferred

such as GaAs or hybrid perovskites, giving large transition matrix elements and
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Figure 1.8: Schematics of different mechanisms of optical absorption in semicon-
ductors, used in solar cell applications. Reproduced after [30].

therefore a larger absorption coefficient. The electronic structure of these two semi-
conductors is different. In case of GaAs, the conduction band edge is derived from
delocalized s bands of gallium and arsenic and top of valence band is derived from
arsenic p and gallium s orbitals. In a typical hybrid perovskite crystals (MAPbDI;)
the bandgap is generally formed between two molecular orbitals Pb(6s)-1(5p) and
Pb(6p)-1(5p) [31-34].

1.3.2 Electronic properties of hybrid perovskites

The electronic structure with a bonding diagram of the [PBI] " cluster is depicted in
figure 1.9. Lowest unoccupied molecular orbitals consist of ¢ antibonding Pb 6p —
I 5s and Pb 6p — I 5p hybridized orbitals. The highest occupied molecular orbitals
consist of hybridized Pb 6s — I 5p ¢ antibonding orbitals. The band structure of
the crystal of hybrid perovskite adopts the same electronic characteristic features
as the [PBIg]* octahedra, and it was shown by theoretical calculations that in a
typical MAPbDI; perovskite crystal the valence band consists of approximately 70%
I 5p and 25% Pb 6s? orbitals. The conduction band is formed by Pb 6p orbitals
hybridized with iodide 5s and 5p orbitals [32, 35].

This type of electronic structure of hybrid perovskites where antibonding or-
bitals are at the conduction band minimum and the valence band maximum is quiet
unusual and of great importance for defect tolerance in this material as it is shown
in the figure 1.10. In halide perovskites it is expected to have many point defects to

be present due to the low temperature, spin coating based preparation techniques
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Figure 1.9: Bonding diagram of [PbIg]* cluster and a simplified sketch of optical
transition in a typical hybrid perovskite crystal. Reproduced from[36].

but these defects do not limit the performance of solar cell as expected. It turns out
many of these point defects are shallow defects which are ”inert” and contribute to

the good performance of the solar cell device [37].

a. Defect Intolerant b. Defect Tolerant: MAPbI,

bonding

Figure 1.10: a) The electronic structure of a typical I1I-V | II-VI semiconductor;b)
The electronic structure of MAPbI3 hybrid perovskite. Reproduced from [37].

Theoretical calculations (using DFT (density functional theory)) predicting the
band structure in the first Brillouin zone of the high temperature cubic Pm3m
MAPDI; is given in figure 1.11 [38]. Because of the orientational disorder of the
organic cations in the crystal structure, most density functional theory computa-
tions of hybrid perovskites use the CsPbl; structure. As it was mentioned before,

conduction and valence bands are formed by I and Pb hybridized molecular orbitals,
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Figure 1.11: a) Schematic energy level diagram for the high symmetry R point of
the Pm3m Brillouin zone at the room temperature, SOC denotes the spin orbit cou-
pling b) Electronic band structure of the high temperature cubic phase of MAPbDI;.
Vertical arrows indicate optically allowed transitions. Reproduced from [38].

therefore the Cs™ cation does not substantially influence the electronic states at the
conduction band minimum (CBM) and valence band maximum (VBM). It is clear
from the band structure that it has a direct gap at the high symmetry point R
of the Brillouin zone. The electronic band structure is also highly impacted by a
strong spin orbit coupling, caused by the heavy lead atom in the crystal structure.
This interaction is strongest in the conduction band and lifts the degeneracy of the
CBM. Due to this interaction, a secondary, conduction band (spin orbit split off
band) above the main conduction band appears as illustrated in the figure 1.11.

The symmetry analysis of the electronic states at the R point in the first Brillouin
zone can be used to analyze allowed optical transitions in the energy level diagram
shown in figure 1.11a. Due to the strong spin orbit coupling (SOC) the T energy
level of the conduction band is split in to doubly degenerate E52u and a 4-fold
degenerate F;}Qu state. The main optical transition from the ground state is the
transition from doubly degenerate Eﬁz , valence band to ESQu conduction band
state [38]. This optical transition is also depicted in the calculated band structure
diagram in the figurel.11b (pink arrow).

Optically allowed transitions can appear both at the R and M points as well as
between the bands along M and R as shown in figure 1.11b. The relatively flat shape
of the valence band leads to an enhancement of the JDOS, and hence contributes
to the large optical density in the material.

The band structure also plays a role in the carrier transport properties. Based
on the deformation potential scattering theory, the carrier mobility is inversely pro-

portional to effective masses of electrons and holes. These are predetermined by the
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curvature of the band at conduction and valence edges. Because both the conduc-
tion and valence bands consist of two parabolas with similar effective masses (band
curvature) a well-balanced transport of holes and electrons in hybrid perovskites can

be achieved [38].

1.3.3 Excitons in hybrid perovskites

In hybrid perovskites the initial excitation forms an exciton with a finite coupling
energy. From the absorption data of the MAPDbI;, shown in figure 1.14, a strong
excitonic onset at the band gap energy can be observed. The exciton binding energy
in polycrystalline MAPDI; is currently still discussed in the literature. Reports range
from 16 to 60 meV, and seem both to depend on the preparation procedures as well
as on the experimental technique [22, 39, 40]. Most importantly, the absorption
spectra, measured at room temperature, confirm the existence of excitons with a
binding energy similar to kT. According to exciton binding energy estimates in
polycrystalline MAPbI; the Wannier-Mott model is sufficient to describe excitons
in hybrid perovskites. These types of excitons are hydrogen like, combining the
electron in the conduction band with a hole in the valence band. Wannier excitons
are usually formed in materials with high dielectric screening leading to large exciton
radius. Therefore, excited states in hybrid perovskites are more similar in nature
to those in inorganic semiconductors such as Si, or GaAs than to those in organic

solids.

1.4 Tailoring halide perovskite properties by chem-
ical engineering

Until recently, most reports on hybrid perovskite solar cell materials are concerned
with methyl-ammonium lead iodide CH3;NH3PbI3 (MAPbDI;). Despite high reported
efficiencies exceeding the 20% mark [41], hybrid perovskites still have intrinsic dis-
advantages such as degradation in humid conditions and instability at higher tem-
peratures. Moreover, MAPbDI; undergoes a reversible structural phase transition
from tetragonal to cubic at 55°C and reduces the optical gap, limiting the external
quantum efficiency [42]. This is concerning and limiting its application as a solar
cell material because it’s in the working regime of a working device.

Recent theoretical work by Giorgi et al. suggested that guanidinium (C(NHy)s)
ions (Ga™) has nearly zero dipole moment due to its symmetry and could form

GaPbl;/FAPDI; intermediate alloys which are insensitive to ion migration in the
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presence of an external electric field, thereby minimizing the usual hysteresis effects
in hybrid perovskites [43]. Hysteresis effects in hybrid perovskite are observed with
applied electrical field and are caused by ion migration toward electrodes and could
increase the recombination rate at perovskite/electrode surface [44]. In a multi
crystalline material such as hybrid perovskite, defect density and the recombination
through defect states are a major issue. One way to minimize this type of recom-
bination is to reduce the amount of deep defect states. Some authors have show
that incorporation of Ga™ can drastically decrease the concentration of deep defect

states leading to better transport properties|[45].

1.4.1 Formamidinium and methylammonium cations

Recently, formamidinium (HC(NH),), (Fa™) as an alternative to replace the methyl
ammonium cation in hybrid perovskites was suggested by some authors [46, 47].
FAPDI; perovskites offer better light harvesting properties because of the reduced
optical band gap from 1.55eV in MAPbI; to 1.47eV [46]. It was also shown that
it has longer carrier diffusion length and better photo-stability [48, 49]. However,
there are still some disadvantages with FA cation based perovskites. One of them
is the intrinsic structural instability caused by Fa® rotation in the unit cell. Due
to this, FAPbI; crystallizes either into cubic (trigonal P63m1) phase (also known as
a—FAPDI;) or a hexagonal Pggme phase(also known as §—FAPbI;), depending on
the heat treatment in the growing process [50].

In the literature these two polymorphs are also called black and yellow phases
because of drastically different optical properties. The undesired, yellow phase has
an indirect optical gap of 2.43eV limiting its use for solar cell applications [51]. This
phase is also a non-3D perovskite, which limits charge carrier migrations properties.
It is known that under the ambient humid atmosphere FAPbI; slowly undergoes a
phase transition from the black delta ) —FAPbI; to the yellow a—FAPbI; polymorph.
In addition, the FA cation itself has been reported to dissociate into sym-triazine
and N Hj [52]. To stabilize the black FAPbI; phase, a mixed cation system with
substitution of FA with M A cations was found to be effective with lower optical
gap than 6 — FAPbI; [53]. This stabilization has been attributed to the higher
dipole moment of the MA cations and a resulting stronger interaction with the Pblg
octahedral cage [54].

Strong interaction with Pblz octahedra is driven by hydrogen bonding between
iodide ions and ammonium. The number of hydrogen bonds is proportional to
the number of hydrogens on the cation and the strength of the hydrogen bonding
depends on the dipole moment of the molecule. In the pseudo-cubic o — FAPbDI;
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Figure 1.12: a) Sketch of the interaction strength between BXg4 octahedron inter-
action with organic cation in MA™/FA™ type perovskite b) formamidinium cation c)
methylammonium cation and their dipole moments.

structure there are 4 FA cations, each of them having 5 hydrogen atoms and a dipole
moment of 0.21 Debye [55]. Methylammonium on hand has 6 hydrogen atoms and a
dipole moment of 2.3 Debye and can stabilize the crystal structure through hydrogen
bonding much better [55-57]. In the FA cation, the low dipole moment is thought
to originate from the resonance stabilization of the structure, where the charge is
evenly distributed over the nitrogen-carbon-nitrogen bond [56], whereas in MA it is
concentrated at the Nitrogen atom. Also the larger dipole moment of MA leads to

a stronger Coulomb interaction between BX4 octahedron and organic cation [56].

1.4.2 Incorporation of cesium atoms

Another way to stabilize the crystal structure of &« — FAPbI; perovskite is to replace
some of the FA™ molecules with cesium atoms Cs. The ionic radius of cesium is
181 pm which is smaller than that of the of formamidinium (253 pm). Insertion of
a smaller cation such as cesium in the hybrid perovskite leads to a reduction of the
volume of the A-site surrounded by eight Pblg corner sharing octahedra in the unit
cell [54, 55, 58].

This leads to an increased interaction between the Pb and I ions in the BXg oc-
tahedron, similar to FA/ MA mixed cation perovskites [54, 58]. Because of different
interatomic interactions between Pb 6s and I 5p hybridized orbitals, the optical gap
of the material also is lowered as a function of Cs. Incorporation of cesium also
increases photo and moisture stability of the material stabilizing the ”"black” phase
of FAPbI; [58].
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Figure 1.13: Addition of cesium to the crystal structure of the hybrid perovskite

make the lattice to contract b) The contraction of the lattice decreases distances
between X-site (I) and B-site(Pb) atoms in ABXj3 type perovskite.

1.4.3 Effect of bromine substitution on the electronic struc-

ture of hybrid perovskite

Another important element which can be used to tailor the photophysical prop-
erties of the hybrid perovskites is the X-site element in the ABXj; structure. In
typical perovskites this site is occupied by mono-valent iodine anions (/7). Some
authors have shown that bromine (ionic radius 1.96 A versus 2.2 A for iodine) ions
can also be used here, because of the similar ionic radius [59]. Recently it was
shown that the iodide bromine mixture alloying can be used to continuously alter
the optical gap of a perovskite with the band gap increasing for increasing iodide
content [49, 60]. For example, in the Formamidinium (FA) lead iodide bromine com-
pounds HC(NH,),)Pb(I;_Bry)s, also known as FAPb(I;_,Br,)s, the band gap energy
is changing continuously depending on the content of bromine (see figure 1.14b). For
a pure FAPbI; the band gap is at1.49 eV (830 nm) and in pure FAPbBrj it is 2.25 eV
(550 nm). The addition of a smaller atom on the X-site in the ABXj structure re-
duces distances between atoms in the crystal lattice, leading to a stronger interaction
between the element on the X - site (in this case Br) and B - site (Pb), similar to
cesium or MA on the A - site. The introduction of bromine also decrease angles
across X-Pb-X direction on the corner sharing BXg octahedra [61] and makes the
X-Pb-X bonding stronger and increases the band gap.

Bromine also changes the crystal structure of the material. FAPbI; perovskite
undergoes a gradual transition from a cubic structure when it’s bromine rich (
x>0.5) to tetragonal in the iodide rich case ( y<0.5) as shown in figure 1.14b. The
tetragonal phase arises from the tilting of octahedra [47].

By adding bromine, the exciton binding also changes substantially and can be
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Figure 1.14: a) Absorption edge shift as a function of a molar ratio between
iodide and bromine; Reproduced from [49] b)Influence on octahedra angle change
BXg by replacing iodide with bromine in the hybrid perovskite. The change in the
octahedra orientation alters the crystal structure and influences electronic properties
of the materials causing the bang gap to increase.

seen as a strong excitonic onset at the band gap as shown in figure 1.14a. The
excitonic binding energy in MAPbBr; at room temperature has been estimated to
be 70-90 meV [32, 62]. The increase in exciton binding energy for bromine containing
hybrid perovskites is assigned to a change in dielectric constant which reduces the

Coulomb screening between electron and hole [32].

1.4.4 Guanidinium and domain wall passivation

Hybrid perovskites have a multi domain structure and domain walls can act as defect
states and reduce the carrier transport efficiency. The defect passivation at domain
boundaries is therefore important and could increase carrier transport properties.
One of the materials which is used for defect passivation is guanidinium C(NHy)s
(GA). Recently it was found that even 0.6wt% GA can drastically improve device
efficiency of hybrid perovskite solar cells originating from the reduced trap density,
an increased carrier lifetime, as well as an increased grain size [45]. Other authors
have shown that incorporation of Ga™ can drastically increase the defect tolerance

(reducing mid gap defect formation and lowers the defect density) of halide per-
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ovskites leading to improved transport properties [45]. Defect tolerance is a crucial
ingredient for efficiency in hybrid perovskites because low temperature manufactur-
ing can induce high defect density and it is believed that in Ga™ doped perovskites

only shallow defect states are dominant [45].
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Figure 1.15: a) guanidinium molecular structure b) guanidinium molecules are

accumulating on grains and can passivate negatively charged iodide defects on the
grain boundaries.

\

—

Some authors also suggest that because of the symmetry of amine groups in GA
it could form six hydrogen bonds thus greatly enhancing the structural stability.
Grain boundaries in hybrid perovskites can have dangling bond defects which usually
are negatively charged iodide ions. Hydrogen bonding could affect the partially
negatively charged iodide ions on Pblg" octahedra, which are exposed at each grain
boundary and can interact with partially positively charged ammonium anion of
guanidinium. This process should reduce the amount of dangling bonds type of
defects at grain boundaries and increase the lifetime of charge carriers [45, 63—
65]. The grain boundary passivation also is linked to the fact that according to
Goldschmidt tolerance factor GA cannot form a stable 3D perovskite structure.
The Goldschmidt tolerance factor is dimensionless quantity which describes the
distortion and stability of a crystal structure so incorporation of GA can induce
strain and bending of the structure or can be concentrated on grain boundaries [64].

Another important physical property of GA™ is the diminished dipole moment,
compared to the dipole moments of 0.21 D and 2.3 D in FA and MA cations [63, 66].
The close to zero dipole moment can be explained from the symmetry perspective
of the molecule (D3, when planar). It has a threefold rotation symmetry, and the
electronic cloud is distributed equally along all three C-N bonds. Having a close to
zero dipole moment by symmetry is thought to be responsible for reducing the ionic

and hysteresis effect in perovskite with guanidinium additives [43, 63].
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Chapter 2
Experimental methods

This chapter introduces some basic principles of time resolved spectroscopy as well
as a detailed discussion of the transient absorption spectroscopy used in much of
the experimental work presented in this thesis. In addition, a short introduction to

photoemission spectroscopy and two-photon photoemission is given.
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2.1 Introduction to ultrafast spectroscopy

For studying dynamical processes such as charge recombination and transfer or
short-lived intermediate states in molecular systems and solids, a time resolved
spectroscopy is usually employed. These processes occur in the time scale from
fs (107'%s) to ps (107%). To achieve this type of temporal resolution, a stroboscopic
approach, like the one used in high-speed cameras can used, where a continuous
dynamical image can be represented by a series of instantaneous probes. In time
resolved spectroscopy, ultrafast femtosecond laser pulses are used and the duration
of the pulse becomes the only limiting factor of the temporal resolution. There are
many different ultrafast spectroscopy techniques but most of them are built on the
framework of the pump-probe method involving two short laser pulses. The first
pulse (also called pump pulse) excites the investigated system, and the second pulse
is used to measure some distinct properties of the material in its non-equilibrium
state. These two pulses are delayed relative to one another in the time domain in a
controlled manner. This allows to map the temporal evolution of the system in the
time domain. The underlying principle of a generic pump - probe experiment is de-
picted in the figure 2.1 . Phenomenologically, the pump-probe signal can be written
as P(1) = Py + AP(1), where P(t) is the evolution of the physical property P, P,
is equilibrium value and AP is the change from the equilibrium state measured at a
specific delay time 7 between pump and probe. By varying the time delay between
pump probe and measuring P at every delay time 7 a full mapping of the P(7) in
the time domain can be done. There are many variations of this technique such as:

transient absorption, reflectivity, dichroism, time resolved photoemission, etc.

2.1.1 Transient absorption

In our study, most of experiments were performed using the so-called transient ab-
sorption technique: a pump-probe method to measure the change of the absorption
coefficient as a function of delay between pump and probe pulses. The absorption
coefficient of the investigated sample can be written as «a(t) = ap + Aa(7), where
7 denotes the delay between pump and probe pulses. The change of the absorption
coefficient can be expressed as the convolution between optical intensity /(t) at the

pump pulse and a causal impulse response function h(®)(t):

Aa(t) = —/dt’](t’)h(a)(t —t') (2.1)
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Figure 2.1: a) A typical layout of a pump-probe approach to measure time depen-
dent change in transmission in the photoexcited medium. In this approach a delay
between two pulses is introduced and the change of transmission signal as a function
of a delay is measured. The detectable change in transmission can be plotted as a
function of a delay. b) Using the supercontinuum as a probe pulse, photon energy
dependency of the transmission change can be mapped.

The minus sign is added because in the usual experiment, the pump pulse induces
a reduction or bleaching of the absorption strength. Field of the probe pulse after

the transmission can be expressed as:
By = Epe 2 = B, [1 — (ag + Aa)L/2] (2.2)

where L is the thickness of the sample. This formalism only works if some assump-
tions are made. 1. Pump intensity is small enough, so that the induced absorption
signal is linear with the intensity. 2. Dispersion effects are small so that the pulse
shapes are unchanged going through the sample. We also assume having a slow de-
tector, which will measure only the average power of the transmitted probe beam.
In a typical pump probe experiment, the pump induced intensity change is mea-
sured. The change is normalized to the intensity of the probe beam and expressed
as Al /I,.. The change in intensity can be expressed as a change in absorption

coeflicient «.
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a(w) = o;;(N; — N;) (2.3)

here o;; is a cross section for a transition from initial (i) to final (j) state, N;
and NN; are populations at the initial and final state. The excitation or pump pulse
changes the equilibrium population by AN. As a consequence this decreases the
population at the ground state creating a ground state bleach effect. The pump

induced intensity change as measured by the probe can be expressed as:

AL,

L, = —a(w)ANd (2.4)

it is derived from beer Lambert law, here d is the sample thickness. Depending on
the probe frequency (energy), different effects on the transmitted pulse are possible.
A ground state depletion when the transmitted pulse intensity is higher or excited

state absorption effect - when the transmission intensity is lower.

2.1.2 Supercontinuum generation

Another way to perform the pump-probe experiment is by implementing a white
light continuum spectrum as a probe beam. When high intensity laser pulses travel
through a transparent medium, a strong spectral broadening is usually observed.
This effect sometimes is referred to as a white light generation or supercontinuum
generation [1]. This effect can be observed in different materials and in different
phases such as in gases, liquids or solids. The continuum spectra is usually used in
time resolved pump-probe spectroscopy but also could be used in other fields, such as
a tunable seed pulse for optical parametric amplification. The main mechanism for
the supercontinuum generation involved three main steps: self-focusing, self-phase

modulation and multiphoton ionization.

First, self-focusing process of the pulse in the medium takes place. Very tight
focusing of the laser pulse at the peak intensity leads to a self-phase modulation
and eventual spectral broadening effect. Spectrally broadened pulses disperse in
time due to the group velocity mismatch. Another effect which is involved in the
continuum generation process is the multiphoton ionization process at the spatial
position of the self-focused laser pulse, which can reduce the self-focusing effect due

to free electron generation causing a negative contribution to the refractive index

12].
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2.1.3 Transient absorption method

The before mentioned pump-probe technique with a supercontinuum can be used
to probe the absorption spectrum of a material of a very broad spectral range span-
ning from ultraviolet up to infrared. The main object of this type of spectroscopy
is to track the optical density of the material as a function of a delay. This kind
of experiment allows to obtain information on various dynamical processes in the
material, both spectrally and temporally [3].These processes include charge carrier
and exciton relaxation/transfer and hot charge carrier effects [3]. In a typical tran-
sient absorption experiment a very weak white light probe pulse is sent through the
sample at certain delay time after the excitation pulse. The spectral information of
the probe is analyzed by the spectrometer. From the Beer-Lambert law, change in

the optical density is given by:

IunexM)]
Lea(N)

In some cases the AOD is also written as AA or being converted to a AT/T

AOD(A) = ODea(A) = ODunea(A) = logio| (2.5)

using

AT/T ~1— (1—2.3A0D)

Here OD,, and OD,,., are optical densities measured in excited and unexcited state
the studied material. In the actual transient absorption measurement the intensity
of the transmitted probe pulse is measured by the spectrometer. The intensity of
the transmitted beam is measured at each delay time, giving a time resolution to
the optical density, so that AOD(A, 7) can be viewed as a 2D matrix as depicted
in the figure 2.2. Here depicted is an example of a photoexcited behavior of a
perovskite MAPbI;. Top panel shows the transient at 1.7eV energy, right panel is
the transient spectrum at 70ps, and middle panel is the 2D plot the total transient
spectrum. The negative part of the spectrum is called the spectral bleach and the
positive is commonly called the photoinduced absorption signal. Details of different
types of transient signals will be discussed later in the section ”transient spectral
fingerprints”.

Another difficulty with measuring a spectrally resolved data at high frequency is
the speed of the photo detection. In a typical spectrometer, detection is performed
using either a photodiode and a rotating grating or a photodiode array. In the
former case, the detection speed doesn’t exceed 2kHz, because the readout from
each diode linearly creates a certain delay. So, for high repetition rate systems,
when the laser repetition rate exceeds spectrometer read out speed, an averaged

value of I, and [,,., over multiple laser pulses is used. The averaging is usually

38



Chapter 2 Experimental section

Probe=1.7 eV 0
100
200

30 £
-40

—
N

At=70ps

Photon energy, eV

=N
©

h
o
0¢-
02
3
0L~

o

Figure 2.2: Typical transient absorption fingerprint of a photoexcited M APbl;
using 3eV as the excitation and supercontinuum as a probe in a transmission ge-
ometry. The temporal cut at 1.6eV probe energy (top) as well as the energy cut at
30 ps delay time (right) are shown. The signal is represented in optical density units
(mOD). The negative component at 1.7eV represent the state filling effect.

performed electronically over certain amount of laser pulses and the differentiation
between excited and unexcited spectra is done using a slowly rotating mechanical

chopper.

2.1.4 Experimental layout

One of the crucial components for performing time resolved spectroscopy is a laser
system. To perform time resolved spectroscopy studies on various materials we have
used a Pharos (Light Conversion) laser-based system to generate ultrashort laser
pulses. This is a Yb:KGW based regenerative amplifier system, generating 1030 nm
pulses with 290 fs temporal width and 0.1 mJ pulse energy. It also has an integrated
Pockels cell based pulse picker, allowing to continuously vary laser repetition rate
up to 250kHz. It is combined with a non-collinear optical parametric amplifier
(NOPA), which not only compresses pulses for up to 40 fs but also allows to use the
signal and idler outputs of 800 nm and 1400 nm, corresponding to photon energies

of 1.5eV and 0.88¢V.

In our study we were focused on transient dynamics in a broad range of photon
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Figure 2.3: The actual layout of a transient absorption setup used in this work.
Pump beam (blue), probe beam (red line), PD - a photo-diode.

energies. For this reason, a time resolved broadband pump probe experimental
setup was needed, so a commercially available transient absorption spectrometer
HARPIA (Light Conversion Ltd.) was used and the layout of it is displayed in
the figure 2.3. For white light generation the infrared (0.88 eV) laser output pulse is
used and focused on a 4 nm thick sapphire crystal. The generated continuum extends
from 2.63eV (470nm) to around 0.68eV (1800nm). Such spectrally broad pulses
cannot efficiently be focused using glass optics without causing large dispersion
effects, therefore metallic parabolic focusing mirrors are used. For detecting the
probe spectrum in the visible range, Silicon based diode array was used and for
near infrared - InGaAs based detector. Our detection scheme involves a separation
of measured spectrum to excited and non-excited ones. This was done using a
mechanical chopper and additional photo diode, which can detect the chopper blade
ON and blade OFF situations. Probe spectra, measured at chopper blade ON are

later assigned to the I, and other ones to [,,cs-

2.1.5 Types of transient spectral fingerprints

In time resolved spectra both spectral and temporal dynamics can be studied. By
probing the spectral degree of freedom, one can say more about the underlying
mechanism behind the dynamic phenomena. Depending on the sign and a shape of
a spectral component multiple physical phenomena can be deduced. Few examples
of spectral shifts and how they can be observed in the transient AOD spectra is

shown in the figure 2.4. This process leads to a first derivative-like shape of the
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AOD spectrum.

Spectral shift After the initial excitation pulse, photo excited carriers can cause
a change in the material properties and introduce a shift in the optical transition
energy. One example of such a process is a band gap renormalization effect caused
by photodoping [4]. In molecular systems such a shift can be observed in various
different ways, for example a shift in the photoinduced peak due to an ultrafast
carrier thermalization or a slow shift in the absorption peak due to thermal or

reorientation effects [5].

Spectral bleach In some cases the photoexcitation could lead to a so called
bleach effect. In this case carriers fill the bottom of the conduction band and the
transition strength of edge states is reduced by the Pauli blocking. In molecular
systems, this effect is originating from actual depletion of available electrons in the
ground state because usually in molecules, the amount of available state is lower [6].
The bleaching effect causes a reduction in the absorption strength so in the AOD

spectrum, a negative component is observed.

Photoinduced state The photoexcitation of carriers can introduce an addi-
tional optical transition which is not observable in the equilibrium state. This could
include a transition from the conduction band bottom to higher states or a new
intermediate state. In molecular systems excitation can also create photoproducts

which can be optically active, for example a photoisomerization process [6].

Broadening effects The spectral shape of the transition also could be altered
by the photoexcitation. For example, the full width at half maximum (FWHM) of
the optical transition can be increased by broadening effects. These could arise due
to simple temperature effects. The shape of the transient spectrum is shaped like

the second derivative of the broadened signal. (figure 2.4 d).

Another important aspect in the time resolved absorption spectroscopy is the
process of stimulated emission. This is one of the contributions for a negative
spectral component in the AOD spectra together with a ground state bleach. In a
two level system the Einstein coefficient from the ground to the excited state (Aj2)
which corresponds to the absorption, is same as the transition from excited to the
ground state (Ag;) - stimulated emission. In the transient absorption a stimulated
emission (SE) occurs when the probe pulse passes the sample in the excited state.
This type of transition overlaps with the fluorescence region because it comes from
the same emitting states. The SE signal amplitude is negative in the transient
spectrum because of the way the measurement is performed. When the number of
photons which reach the detector at certain energy increase, giving same signal as

the decrease in the absorption [7].
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Figure 2.4: Spectral fingerprints of transient absorption spectra, caused by differ-
ent photophysical processes in a materials: a) The energetical shift of the optical
transition b) population of the conduction or valence band caused the edge tran-
sitions to be bleached c) new photoinduced transition causes a peak in the time
resolved spectrum b) broadening of the optical transition causing reduction of the
transition and increase in the absorption near transition edges.

Band gap renormalization and Burstein-Moss effects

Heavy doping of a semiconductor with impurities is known to reduce the bang gap of
the energy gap of the materials, and this process is called band-gap renormalization
(BGR), due to self-energy effects and screening which are causing the conduction
band edge to go down in energy and the valence band energy to go up [8, 9.

The BGR effect(figure

2k 2k 4 k
AE, = — cr _crrr {1— —arctan (—F>] (2.6)

2m2epes  8megey T krr

and electron-ion interaction can be approximated with:

A= —— " 2.7

coesy_ kg
here the kp denotes the Fermi vector kp = (37?n)'/® and krp = 2\/k;/(7aj;_)
is the inverse Thomas-Fermi screening length, af_ is the screened Bohr radius, also
known as the effective Bohr radius, €g is the static dielectric function of the material.
After the photoexcitation the number of carriers in the excited state of the studied
material change, and this alter the Fermi vector kr and the Thomas-Fermi screening

length k7p, because they have the electron density term n [4]. This effect can be
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Figure 2.5: a) The band gap renormalization (BGR) process, causing the band gap
E, to shrink due to screening effects; b) Burstein-Moss state filling effect, causing
the optical band gap to increase and is caused by Pauli blocking of edge states.

understood in terms of changing of Coulomb screening between particles.
In addition to the band gap shrinkage, electrons, filling the conduction band

minimum can increase the band gap energy.
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Figure 2.6: Differential absorption spectra of the photo excited

GA0.014Cs0.043MA( 13FA 73Pb(Ig15Bro.185)3  film  using 2.5eV  excitation pulse
and white light continuum as a probe. In early delay time a band gap renormal-
ization (BGR) spectral feature is highlighted, giving a negative component due to
the shrinking of the band gap caused by many body effects. At later delay times
Burstein Moss effect becomes dominant and giving rise to the positive spectral
component (due to spectral hole burning in the band gap area).

The essence of this is the existence of the Pauli blocking for incoming electrons,
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when the bottom of the conduction band is already filled. This effect is known
as a Burstein-Moss effect (also known as state filling). The Burstein-Moss shift can

analytically be described as:

2

(3m2n)3/® (2.8)

*

h
AEpys = 5
eh

here m}, is the reduced effective electron mass. It has the electron density dependent
term n. After the photoexcitation electrons and holes acquire a quasi-stable Fermi-
Dirac distribution on parabolic bands near band edges. The spectral response of a
such a system with a new quasi-Fermi level for electrons of holes can be modeled by
removing "filled” states from the overall density of states and would give a Gaussian
like response near the band edge. This kind of response is typically what is observed
in a differential spectra of hybrid perovskites and was also experimentally confirmed
in our study (figure 2.6 )

In the transient absorption experiment both BGR and Burstein-Moss effects can
be seen as strong spectral features in the band gap region of the material. A typical
transient response of the photo-excited quadruple perovskite film is shown in the
figure 2.6.

2.2 Photoemission spectroscopy

The underlying phenomena of electron photoemission is based on the so called pho-
toelectric effect, which was discovered by Hertz [10] in 1887 and further explained by
Einstein [11] in 1905. This effect occurs when electrons are emitted from the surface
when the electromagnetic radiation hits the surface of a material. These emitted
electrons a called photoelectron and are being excited by the incoming photon with
the energy of hv. According to classical electromagnetism theory, the photoelectron
effect is the transfer of energy from incoming photons to the electrons. Photoelec-
trons can leave the surface of the material only if the energy of incoming photon hv
is greater than the work function of the surface ¢.

The phenomena of photoemission can be used for determining the electronic
structure of materials. Depending of the energy of the incoming photons different
experimental approaches can be applied. For example the ultraviolet photoelectron
spectroscopy (UPS) can be used to investigate valence electrons of the material
and X-ray photoelectron spectroscopy (XPS) can be used to investigate core level
electrons in the material [12, 13]. One of the most important aspects of this type of

spectroscopy is that each photoelectron carries the fundamental information of the
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solid by means of the energy and angle of the photoemission. Each electronic state
with the binding energy Eg in the photoelectron spectrum would occur at the energy
Eyin. By applying the energy and momentum conservation law for photoemission

[14]:

Epin, = hv — ¢ — |Ep| (2.9)
P|| = th (2.10)

Here Ej;, and P are measured energy and momentum of the photoelectron and Eg,
k)| can be used to describe the total band structure of the solid. By knowing the pho-
ton energy hr and the work function of the material ¢, material relevant properties
can be extracted. In these equations the photon momentum Ak, is neglected when
photon energy is much smaller then electron momentum. It is also worth noting that
in equation 2.10 only the parallel to the sample surface component is conserved. The
perpendicular momentum component k; of the the electron is conserved in the bulk
of the material and the conservation is lost when electron travel through the inter-
face between sample and air and is due to the lack of translational symmetry along
the normal direction toward the surface. Experimentally it is also important to use
a monochromatic light as the light source to get the precise electronic structure of
the material, because the spectral width of incident photons is the limiting factor
for the spectral resolution, considering high resolution detectors (100 meV and less).
For this reason, lamp, laser or synchrotron light sources are primarily being used
for photoemission experiments. The example of the photoemission spectrum of a
metal is shown in the figure 2.7. The intensity of the measured spectrum is directly
proportional to the density of States (DOS) in the solid. After the photon absorp-
tion, the electron is being emitted and correspond to the peak in the photoemission
spectrum. As it is seen from the figure 2.7 there is a strong background in the
spectrum which is highest at the ”secondary electrons”. Most of the background
and the "secondary electrons” are coming from inelastic scattering which come from
the collisions with lattice and other electrons [14]. Electrons participating in the
secondary scattering process are electrons with the lowest energy after the ejection
from the surface. The Fermi edge which is shown in the figure 2.7 is the Fermi level
of the solid and represents the maximum kinetic energy which electrons in the Fermi
sea can obtain at 0 K. From the sketch of the photoemission one also can see that
the energy of the incoming photon hv is equal to the sum of work function ® and
the width of the spectrum, so therefore the work function can be easily deduced

from the spectrum: ® = hv — (Ej. — E.), where Ey. and Ey. are Fermi edge and
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Figure 2.7: Sketch of a typical photoelectron spectrum of a metal. The red arrow
indicates the photon energy of photoemission. In the spectrum the edge at higher
energy correspond to the fermi level of the material: the highest kinetic energy
achievable by electrons. A peak in the lower end of the spectrum correspond to
secondary electrons - electrons which lose some energy because of inelastic scattering
events. The work function of the material can be obtained by subtracting the width
of the spectrum from the energy of the incoming photons.

secondary edge energies respectively.

To gain more insight to the details of the photoemission process in solids, a
three-step model is widely being used: i) electron is being excited from the ground
to the excited state ii) electron traveling from the bulk to the surface of the sample
iii) electron escapes the sample surface and is detected by the electron analyzer.
During the first step, electron carries the most information about the solid. During
the second step electron is scattered elastically and inelastically within the solid.
In the third step electrons overcome the work function of the solid and change the
k.. Mathematically the photoemission spectrum can be described by the spectral
function of removing one electron from the system times cross product of the photon-
electron interaction and cut-off by the Fermi distribution function. The spectral

function of removing or adding one electron to the system can be written as:[12]

At(k,w) = [(TNEUN ) Po(w — BN 4+ EN) (2.11)

N

7

here A(k,w) denotes a one particle spectral function, W)X ~! = ¢, N where ¢ is

the annihilation operator. The energy terms correspond to: E}~' = EY — Ej;, and

EN = EN7' — B where f and i denote the final and initial states.

The Intensity of the photoemission spectrum in the full form can be written as:
I(k,w) o< Y |Mf* f(w) A (k,w) (2.12)
fii
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here the M}‘Z X <gz§l]§| A-p ‘¢1‘> is the dipole matrix element of the photon-electron
interaction. This shows that intensity of the photoemission spectrum also strongly
depends on the energy and polarization of the incoming photon through the photon-
electron matrix element. At different photon energies the cross section of certain
electronic transition can drop, so a tunable source for the photoemision experiment

is preferred.

2.2.1 Two photon photoemission (2PPE)

Previously discussed photoemision experiment involve only a one photon process,
where a single photon is used to eject electrons from the sample to the detector.
However, employing two photons for the photoemission experiment and using a
pump-probe type of layout of two photons, a temporal information of electronic
properties can be gathered. Since the delay between two pulses can be precisely

controlled, a temporal evolution can be mapped [15].

In the two-photon photoemission (2PPE) experiment the first pulse is promoting
electron to the excited state and the secondary pulse is used to eject electrons
from the sample by a photoemission process. Generally, the energy of both pulses
is set to be smaller than the work function of the material, to avoid the single
photon photoemission by one of the pulses. By changing the temporal delay between
two pulses a direct evolution of excited electrons can measured. In this type of
experiment the photon energy term hv in Equation 2.9 can be replaced by the sum
of photon energy two separate pulses hv = hv; + his. Unlike in the simple one
photon photoemission, in 2PPE the photoemission can arise both from occupied
and unoccupied states, whereas in the simple photoemission only occupied states
can be monitored. Worth noting is that in 2PPE experiment the intermediate does
not have to be a real state, it also could be a virtual state. The virtual intermediate

state can be observed when both pump and probe pulses temporally overlap.

A typical spectrum of the 2PPE emission can have spectral components which
are not present in the conventional photoemission spectrum. These could come
both from the electron population in the initial state or due to the existence of a
real intermediate state. Because in the 2PPE experiment an additional dimension
of time can be obtained, the distinction between real or virtual intermediate state

can be obtained from time dynamics.
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Figure 2.8: Comparison between a conventional single photon photoemission (a)
and the two photon photoemission experiment (b); In the 2PPE approach two pho-
tons with a possible temporal delay between them are used and additional peak in
the photoemission spectrum could be corresponding both to the intermediate and
the initial state occupation.

2.2.2 Experimental details of 2PPE spectroscopy

In our study, the two photon photoemission experiments were carried out using a
conventional Ti:Sapphire crystal based laser system (RegA by Coherent), having
a 6 puJ energy per pulse and a repetition rate of 250 kHz. A small fraction of the
fundamental (1.55eV) laser output is converted to the second harmonic (3.1eV) by
using the 5-BBO non-linear crystal and the rest of the energy is used to generate
the third harmonic pulses (4.7 eV in a second BBO crystal). The shortest achievable
time resolution of the 2PPE experiment is 50fs. The 4.7eV laser pulses are used
for the photoelectron generation, while the 3.15 eV pulses were used to promote
electron to the higher electronic state. Photoemitted electrons were detected using
a hemishperical energy analyzer with 5° x 1° deg? acceptance angle around the
normal emission direction. Due to the short pulse duration of laser pulses which are
the limiting factor for the achievable resolution, the spectral resolution of the setup

was 60 meV.
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Main goals and achievements

Main goal of this thesis was to investigate charge carrier and exciton dynamics
in organic/inorganic materials used for solar cell applications in order to better
understand the underlying microscopic mechanisms influencing efficiency of solar
cells. Studied solar cell materials ranged from organic, small molecules (merocyanine
and PCgBM)) to organic/inorganic hybrid perovskite materials such as MAPbI3 and
more complex perovskites with different organic cations and halides. The wide range
of studied materials allowed to have a broader view on charge transfer mechanisms
in different compound groups.

Experimentally, dynamics of charge and exciton transfer was studied using dif-
ferent ultrafast spectroscopy techniques such as transient absorption and transient
photoemission. Studied materials were also characterized by standard optical tech-
niques such as absorption and photoluminescence. For merocyanine molecules it was
found that intermolecular interactions and packing behavior plays a major role in
charge transfer exciton formation. The specific orientation at which the merocyanine
and PCgBM molecules pack can increase the exciton delocalization.

In MAPbDI; films the charge (holes) extraction to a PEDOT:PSS layer was in-
vestigated using transient absorption spectroscopy. By simulating the hole diffusion
in MAPbDI; layer with a conventional 1D diffusion model the hole mobility was ex-
tracted.

In quadruple cation mixed halide perovskite
(GAy014C80.043M A 13FA.73Pb (10 815B10.185)3) charge dynamics from femtosecond to
microsecond was studied using time resolved spectroscopy techniques. In time re-
solved photoemission and transient absorption experiments, a 0.5 ps excitation decay
component, representing the band gap renormalization was observed. A fluence de-
pendent study allowed to extract the effective mass of electrons and holes. In this

study the new quadruple cation mixed halide perovskite was characterized both

chemically (NMR) and structurally (XRD).
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Chapter 3

Hole diffusion in MAPbDbI4 films

Carrier diffusion processes in hybrid perovskite materials play a crucial part in
understanding fundamental properties of perovskite based devices. This chapter
present a study of intrinsic carrier transport properties and excited carrier dynam-
ics of the MAPbI; / PEDOT:PSS / ITO multilayer structure using time resolved

absorption spectroscopy.

Parts of this chapter was published in: Budzinauskas,K., Ewertowski, S., Olthof, S., Budzin-
auskas, K., Ewertowski, S., Olthof, S., Meerholz, K.,Van Loosdrecht, P. H. Charge carrier migration
and hole extraction from MAPDI;.J. Phys. Conf. Ser. 1220 (2019)
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3.1 Introduction

Despite the rapid increase in efficiency, the exact origin for the extraordinary photo-
voltaic properties of hybrid perovskites are still under debate. It is postulated that
these are strongly correlated with anomalous MAPbDI; carrier transport properties.
Diffusion lengths in disordered MAPDI; films exceed 1 micrometer but mobilities
are very modest, giving bimolecular recombination rates as small as in well stud-
ied single-crystalline inorganic semiconductors such as GaAs or Si:H and 5 orders
lower than the mobility limited Langevin recombination model[l]. Some authors
claim, that charge carriers in MAPDbI; are screened by large polarons which pro-
hibit carrier recombination and are the reason for the long carrier lifetimes observed
in MAPDbI;[2]. Other arguments for the lifetime are based on the extraordinary
defect tolerance due to the unique band structure of this material; both the conduc-
tion band and the valence band are formed from antibonding mixed Pb-I orbitals
with strong ionic character, and within the band gap only shallow (benign) defects
can be formed[3]. Up to now, there are widespread inconsistencies in the esti-
mation of transport properties such as carrier mobility and diffusion constants in
hybrid perovskites. mobility values in MAPbI; films vary from 0.6 cm?(Vs)™! to
80 cm?(Vs)~! depending on the both sample preparation method and the measure-
ment technique[4, 5]. Such a wide range of measured mobilities shows how strongly
the sample morphology and implemented measurement technique can influence the
outcome of the mobility measurement. A good way to overcome this is to apply
contactless, optical techniques to measure carrier transport properties in state-of-
the-art perovskite materials in a pre - device structure. In this study, we employ
optical spectroscopy to measure carrier transport in MAPDI; films, using a transient
absorption method; this allows us to estimate intrinsic carrier diffusion constants by
using a selective charge extraction layer of PEDOT:PSS which enables the efficient

hole extraction.

3.1.1 Experimental setup

For a successful charge extraction experiment, an effective charge extraction layer is
needed. The sample structure is shown in the figure 3.1a. First, PEDOT:PSS (Cle-
vios 4083, Heraeus) was spin coated onto an ITO (indium tin oxide) covered quartz
glass slide. Next, a solution containing Pbl, (Sigma-Aldrich)and MAI (prepared
according to literature)[6] in a molar ratio of 1:1 was prepared and 18 mg/ml of the
additive NH4Cl were added[7]. Studied materials were grown by our collaborator

Dr. Selina Olthof (Department of chemistry, University of Cologne). For the 170 nm
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sample, a concentration of 310 mg/ml in DMF was used, while for the thinner one
it was reduced to 80 mg/ml. All films were spin coated inside a nitrogen filled
glovebox at 6000 rpm for 50 s and then heated at 110 °C for 30s. Small amounts of
toluene were dropped around the spin-coater to create a solvent atmosphere. Tin
oxide covered glass was used in order to reproduce the perovskite growing condition
close to the device level, because it serves as a transparent conductor layer in a
functioning device.

Time resolved absorption as well as static absorption experiments were performed
under ambient pressure at room temperature. Transient spectrometer was used as
described in the introduction section. Photoexcitation with the energy of 1.77eV
was used in order to create photo carriers above the band gap. A typical optical band
gap value of the MaPbl; is around 1.58-1.6 eV. For carrier density calculations, the
initial extitiondensity and the excitation profile troughout the sample was calculated
using a conventional Beer-Lamberts law. The total carrier population was calculated

by integrating.

3.2 Experimental results and discussion

Linear and transient absorption plots of both samples are shown in the figure 3.1.
From tauc type plots, the extrapolation of the transition edge yields an optical
band gap of 1.6eV and 1.62eV for the thicker and thinner MAPDI; film, respec-
tively; the extracted absorption coefficient of both MAPDI; layers at the 1.75eV
is 2.5 - 10* em™!, which is in good agreement with literature values for spin coated
MAPDI;.[8] Absorption spectra near the band gap of both 40 nm and 170 nm samples
showed a typical excitonic offset in the band gap region.

To determine the excitonic transition contribution, the absorption spectra were
modeled using a simplified Elliot formula [10], which can be used to model the
absorption spectrum of MAPDI3[11]. The absorption coefficient in a band to band
transition when the Coloumb interaction between electron and hole is neglected

/2. When excitonic effects are present, the

is proportional to (afree = hw — Ey)
Coulomb interaction between electron and hole must be taken into consideration.
To derive a proper absorption coefficient taking Coulomb interactions into account,
the exciton can be treated as a two-particle system (hole and electron) moving with
a center of mass (CM). The motion of the CM can be described as a free particle with
no Coulomb interaction. The relative motion inside this particle is like a hydrogen
atom where electron moves around a positively charged nucleus. The solution of

this type of motion yields discrete states, with quantum number of n = 1, 2... and
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Figure 3.1: a) Energy level diagram of the studied perovskite structure; b) Tauc
plots of linear absorption for perovskite films with different thickness. Extrapolated
lines indicate optical gap of investigate perovskite films transient absorption spectra
(green) at 30 ps after optical excitation with 1.77eV pulse with a bleach signal at
1.65eV of 170 nm thick film.
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Figure 3.2: Optical absorption spectra of perovskite films with different thickness
and modeled absorption spectrum of each sample. Blue lines represent the excitonic
transition, computed using the second term of the Elliot formula (equation 3.4),
black represent the full modeled absorption spectrum using Elliot formalism (exci-
tonic + continuum of states terms in the equation 3.4 ), dots represent the actual
measured absorption data. Model parameters are shown in the inset of each graph.
Reproduced from [9].

continuum of states when n — co. According to the Elliot’s theory ”excitons can be
considered to be ionized into free electrons and free holes but their wave functions

are still modified by their Coulomb interaction” [12]. The Coulomb interaction on
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the continuum of states in the absorption spectrum leads to a so called ” Coulomb
enhancement” [13]. The absorption of the continuum of states compared to the band

to band type of absorption is modified by the so called Sommerfeld-enhancement

factor S(hw):

Qeon = S(Aw)free (3.1)
where S(hw) is described as

mx - exp(mr)

S(hw) = (3.2)

sinh(mx)

In this equation the x term is expressed as

E,
pr— —_— 3-3
T\ hw—E, (3:3)

where Ej, represents the binding energy of the exciton. The full description of the

absorption spectrum using Elliot formalism is then given by:

™

e +Eb§:i—7;6<hw—Eg+%>> (3.4)

o(hw) = A-([Q(hw—Eg)'Dw(hw)]' [W

Here E, represents the band gap of the material, © a step function, and D,, the
joint density of states of two parabolic bands (hw — E,)'/2, § is the delta function.
The left part of the first term is a square root dependency mitigating the joint
density of state between two parabolic bands. The right part of this term reflects
the influence of the Coulomb interaction that enhances the entire continuum of
states especially near the gap. The second term of the Elliot equation describes the
excitonic transitions with intensity of each excitonic line n dropping as 1/n3 and the

energetic distance between different exciton lines n varying as Ej/n?.

To describe the spectrum of a real material inhomogeneous increase effects as
well as instrumental resolution must be considered. Since in our case the instru-
mental resolution is better than the inhomogeneous broadening, it can be neglected.
Incorporation of broadening effects into the model can be done by convolution with
a Gaussian distribution function. Figure 3.2 shows the results of fitting the elliot
model (black lines) to our data (yellow bullets) and the exciton peak (blue lines).
The model yield estimates for the exciton binding energy of E, = 19 + 3 meV and
18 & 3 meV for the two films. The observed slight differences in broadening effects
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(FWHM of 35 and 50 meV) can be attributed to the different disorder in MAPbDI;
films of different thicknesses.

Transient absorption experiments were carried out using above band gap excita-
tion at 1.77eV. The fluence dependent measurements have shown a strong fluence
dependency of the decay of the transient signal, indicating that carrier-carrier in-
teractions play an important role in the carrier recombination processes. This is
demonstrated in the figure 3.3, which shows the transient data of the 170 nm thick
sample for three different excitation densities at the probe energy of 1.65 eV. For car-
rier density calculations a care was taken to have the same induced carrier density in
both samples of different thickness. In addition, experiments have been performed
at the lowest possible fluence regime (2 - 10" ¢cm™3)to minimize the influence of
bi-particle recombination processes. It is worth noting that lower then 2-10'® cm =3
carrier densities could not be experimentally measured because it is close to the

signal to noise limitation of the transient absorption setup.
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Figure 3.3: Fluence dependent decay dynamics of 170nm thick M APbI; film
shown on a semilog scale.For optical excitation 1.77 eV photon energy was used.The
decay dynamics shows a strong dependence on the carrier density (varied here be-
tween 2.10'% cm™3 and 2.10'6 cm™2) demonstrating the importance of multiparticle
decay processes.

A typical TA spectrum is shown in the figure 3.1b; after the excitation, elec-
trons and holes occupy the bottom of the conduction and top of the valence band,
resulting in a transient population with a new quasi Fermi levels. This leads to a
diminished number of available states for an optical transition resulting in a strong
transient absorption peak in the region close to the band gap edge. The amplitude

of the state filling peak, assuming a rigid band picture and Pauli blocking of charges
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with equivalent spins, is directly proportional to the number of photo-generated
carriers. Quantitatively the state filling (Burstein Moss) shift of the optical gap
can be described as: AFgys = %(iﬁn)@/?’). This picture is valid only at delay
times > 5 ps, when most of photo-excited electrons and holes have equilibrated and
populate the conduction band minimum and valence band maximum. At earlier
times, in the presence of high hot carrier densities, also band-gap renormalization
plays a role in the transient response[l11]. By monitoring the amplitude of a state
filling peak in the transient absorption spectrum one can get insight into the excited

carrier dynamics in the material.
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Figure 3.4: a)Excited state dynamics of perovskite films with different thicknesses
at a probe photon energy of 1.65eV; b) model dynamics of the carrier population
in the sample volume using a 1D diffusion model (see text) with specific diffusion
constants. Simulation with different diffusion constants show a good agreement
between experiment theory.

The decay dynamics of both films are shown in the figure 3.4 a. Most notably, the
carrier dynamics show a strong MAPDI; layer thickness dependency. It was shown in
our fluence dependent studies that with a carrier density of (2-10' ¢cm™3 bi-particle
recombination processes don not play a major role in the recombination dynamics.
Thus we can conclude that carriers decay mainly on the MAPbI;/PEDOT:PSS in-
terface and the recombination process is diffusion limited. To prove this, a generic
1D diffusion model can be used to recreate the carrier decay dynamics at different
thickness MAPDbI;. This model would not only show that carrier decay is diffu-
sion limited but also provide information on intrinsic carrier diffusion and mobility
properties.

The carrier decay at different thicknesses was fitted using a single exponential
decay model with a non-decaying component C', A - e +C , and convolved with a

Gaussian instrument response function and a step function:
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Figure 3.5: Cross section of the numerically simulated carrier distribution in the

MAPDI; layer. The initial condition was a carrier distribution calculated from the
beer-Lambert law .
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In this expression g (80 fs) represents the experimental resolution which is used
to fit the initial growing component of the decay signal. For both samples the am-
plitude of A and C are very similar, which is expected for a hole only diffusion
driven process. Here we assume that the carrier decay mechanism is dominated by
a hole transfer from a MAPDI; layer to the PEDOT:PSS while electrons remain in
the MAPbDI; film and contribute to the non-decaying component C. Interestingly,
we find one order of magnitude difference in the carrier lifetimes in two films with
different thicknesses, 7 = 0.30 ns for 40 nm and 7 = 3.5 ns for 170 nm, even though
they are prepared from the same material using the same procedure, so the bulk re-
combination contribution should remain the same. Since the carrier density in both
cases was also kept identical, the recombination time differences must originate from
differences in carrier diffusion to the interface with PEDOT:PSS. We postulate that
this gives a strong dependency to different MAPbI; layer thickness: carrier have to
travel longer distance from MAPbDI; to reach the interface between PEDOT:PSS and
MAPDI;, hole transfer could occur. To confirm this theory, a numerical simulation
1D diffusion was used and the diffusion constant D was varied to replicate the carrier
recombination dynamics as measured by the transient absorption.

on(z,t) D82n(:r;, t)

ot 0x?

(3.6)

The Beer-Lambert law e L@ carrier distribution was chosen as the initial carrier
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distribution condition. The absorption coefficient o was extracted from the linear
absorption measurements data and L corresponds to the MAPDI; layer thickness.
The layer thickness was evaluated experimentally using different spin coating time
and measured non-directly using absorption spectra. In the 1D diffusion model, one
boundary (the excitation facing surface) is assumed fully reflecting: % = 0 and the
other side of film (covered with PEDOT:PSS) fully absorbing: n = 0.

Results of the numerical diffusion simulation for both samples are shown in the
figure 3.4b. In the inset of the figure 3.4b, a carrier distribution cross section in the
film at each time step is shown. The overall carrier population at each time step was
calculated by integrating all carriers in the volume. The extracted time dependent
carrier population was then plotted and fitted with a single exponential decay func-
tion e~ 7. The best match with experimental decay values was found using diffusion
constants of 0.025 cm?s™! and 0.030 cm?s™! for the 40nm and 170nm thick films

respectively, with estimated errors of £0.003 cm?s~1.

A good agreement between
experimental results and diffusion model confirms our theory that at sufficiently low
carrier densities the major contribution to carrier dynamics is the recombination at

the interface with hole extraction material PEDOT:PSS.

From diffusion modeling results we were able to extract the hole mobility u
through the Einstein relation: pu = D -e - kg - T, where e is the electron charge
1.6 - 10712 C and kp = 1.3810723 m?kg - s 2K~! the Boltzmann constant . Using

! was estimated which again is in

this equation, a hole mobility of 1 cm?(Vs)~
good agreement with mobility values, estimated from optical measurements such as

photoluminescence decay|[14].

3.3 Conclusions

In this study, we have shown a simple way to extract the intrinsic carrier diffusion
and carrier mobility parameters using transient absorption experiment, combined
with a generic 1D carrier diffusion model. By employing a hole extraction layer of
PEDOT:PSS we were able to gain insight into the hole transport through the excited
carrier relaxation time. It was found that a difference in MAPbDI; film thickness
does not affect the carrier transport properties significantly, meaning that the film
quality remains the same. We estimated the hole diffusion constant of 0.025 cm?s™!
for the 40 nm and 0.030 cm?s~! for the 170 nm thick MAPbI; film. Using calculated
diffusion constant values and the Einstein relation, resulted in an estimation for the

hole mobility of 1 cm?(Vs) ™.
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Collaborations

The work presented in this chapter has been performed in a collaboration with Dr.
Selina Olthof and Prof. Klaus Meerholz (sample growth and preparation proce-

dures).
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Chapter 4

Charge carrier recombination
dynamics in quadruple cations

perovskites

In this chapter, a detailed study of carrier dynamics in photo-excited mixed halide,
quadruple cation hybrid perovskites: GAg 14Cs0.043MAg 13FA( 73Pb (I 815Bro.185)3 will
be presented. We will discuss how different organic cations and halides affect both
the crystal structure optoelectronic properties of the material. The crystal struc-
ture and chemical composition of the material was characterized using standard
XRD and NMR methods. In our study optical spectroscopy methods were used to
analyze equilibrium properties of the material such as the optical gap. The time
resolved absorption was used to study dynamic processes in the material both in
the femtosecond and in the microsecond domain. Using transient data and apply-
ing a parabolic band approximation, the reduced effective mass of m* = 0.14 from
the Burstein moss shift was deduced. By performing a fluence dependent study we
were able to deduce intrinsic recombination properties of carriers with bi-molecular
recombination rate of 1.2 - 1072 cm™3 [1]. In the femtosecond domain it was shown
that the lifetime of hot carriers is less then 500 fs. This finding was also confirmed

by time resolved electron photoemission measurements (tr-PES).

Parts of this chapter was published in: E. Jung, K. Budzinauskas, S. Oez et al., Femto - to
microsecond dynamics of excited electrons in quadruple cation perovskite, ACS Energy Lett.,5,
785-792 (2020).
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4.1 Experimental results and discussion

4.1.1 Optical properties of mixed halide 4 cation perovskite

Our study was conducted on a GAgg14Csg.043MAg.13FAG73Pb(1g.815B10.185)3 hybrid
perovskite. It is a novel semiconducting material which allows both high stabil-
ity and high carrier lifetime. To further elucidate on physical properties of such
a material, optical spectroscopy methods were implemented. First, an optical ab-
sorption spectroscopy was performed to characterize the optical gap of the material
by analyzing the absorption edge of the material. For this experiment, the per-
ovskite material was spin coated on a quartz substrate according to the preparation

procedure ascribed in [2].
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Figure 4.1: Schematic representation of the unit cell of organic-inorganic ABXjs
perovskite. A = organic or inorganic cations (MA' = (CH;NH*") FAT = formami-
dinium HC(NH,)*", GA™ = guanidinium (C(NH,)*"),Cs™), B = Pb*t and X =T,
Br and ionic radius of different A site components.

The absorption spectrum of the 100 nm thick perovskite film of investigated per-
ovskite is shown in the figure 4.2. From the absorption spectrum an optical gap
of approximately 1.6eV was deduced using the extrapolation to the x-axis. For
the sake of clarity, the below gap absorption is not shown because of a strong
Fabry-Perot oscillatory behavior near the gap which is typical for thin film samples.
The gap energy is higher than a typical 1.47eV [3] of a FAPbI; perovskite. The
shift of the band gap is caused by halide and cation substitution. In the investi-
gated perovskite, two halides were used: iodine (81.5%) and bromine (18.5%) and
states of both elements strongly contribute to the optical transition at the band
gap energy. A 3D crystal of a hybrid perovskite adopts similar electronic structure
as the [Pb(I/Br)g]* cluster (figure 4.2b) and can be used to simplify the electronic
structure of the whole crystal. States from the bromine (Br) 4p as well as iodine (I)
5p orbitals with hybridization with lead (Pb) 6s are forming the electronic ground

state of the perovskite. By applying a conventional Beer-Lambert law on absorption
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spectrum of a sample with known thickness an absorption coefficient of 10° cm™!

was deduced similar to values found in the literature.[6] High absorption coefficient
of hybrid perovskite in the visible range and UV range is partially responsible for
its applicability as an absorber in the field of photovoltaic.

Ty 1 b) c) [Pb(I/Br)g*-
108+ Pb

%105 / Pb 6p

d”] 04' /

103+ '

1024 | . . , '

1.6 1.8 20 2.2 24
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Figure 4.2: a) room temperature absorption spectrum of the 100 nm thick layer of
GACsMAFA halide perovskite film, deposited of a quartz substrate b) orbitals, in-
volved in the bang gap transition in the studied perovskite c) a typical [Pb(I/Br)g*
cluster.

4.2 Micro to nanosecond dynamics of excited elec-

trons in quadruple cations perovskite

Metal-halide hybrid perovskites represent a family of crystalline compounds that
possess crystal structure similar to the parent mineral CaTiOs;. These materi-
als can be thus generally described by the ABXj; formula, where the A~ and B~
sites are occupied by monovalent, divalent or tetravalent cations and the X-site is
occupied by negatively charged anions. Since their first demonstration in photo-
voltaic devices ten years ago as solution processed polycrystalline thin films, they
have proven to be valuable in a wide range of optoelectronic applications such as
light emission, lasing, radiation detection and even as media for energy storage,
far beyond the classic solar light harvesting [4-9]. Nonetheless, most of these com-
pounds face inherent as well as externally induced stability issues, which impair
and retard their potential commercial applications despite several attempts made
to overcome this inherent problem. The most promising results for polycrystalline
thin films have been obtained by optimally intermixing different cations on the A-
site and halide anions on the X-site of the ABX3 hybrid perovskite structure. A
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careful compositional engineering can result in to a cubic phase that: i) is sta-
ble within the operation temperature range of a photovoltaic device, ii) maintains
a reasonably low band gap value and iii) displays low carrier recombination rates
[10-15]. Such an approach allowed the fabrication of small area solar cells hav-
ing high photoconversion efficiency and stable power output under 1000 hours of
1 sun (100 mW /cm?) continuous irradiation [16, 17]. Most notably, the addition
of guanidinium cations could modulate morphology and drastically alter charge re-
combination dynamics in hybrid perovskites by means of larger grain size, trap
passivation and reduced hysteresis effects [12, 13, 17, 18]. Being inspired by recent
reports, we have designed and realized a quadruple cation organic-inorganic mixed
lead halide perovskite active layer, as well as single crystals, by mixing formami-
dinium (FA), methylammonium (MA), guanidinium (GA), and cesium (Cs) cations
in the desired ratio (GAg014Cs.043MAg.13FA 73Pb(1g.815Br.185)3).8,9,11,16 The pho-
tovoltaic performances of GACsMAFA have been tested by fabricating a n-i-p type
perovskite solar cell architecture with spiro-OMeTAD as the hole transporting mate-
rial and compact-TiO,/mesoporous TiO, layer as the electron selective contact. By
optimization of the charge extraction at the electron-selective interface, we could
achieve a photoconversion efficiency above 20% and negligible hysteresis. Due to
the optimal mixing of different cations, the photovoltaic cells displayed a greatly

improved operational stability with respect to CH3NH3;PbI;.

It is still an ongoing debate whether the introduction of multiple cations to the
perovskite structure could alter the charge carrier dynamics and in particular the
effect of trap passivating properties of guanidinium cations are not understood [13,
17]. When compared to the previous reports, the main novelty of this work lies in
a thorough analysis of the carrier kinetics ranging from femtoseconds to microsec-
onds in multiple cation mixed halide GACsMAFA crystals and films. By applying
complementary pump-probe techniques, we show that an initial photo carrier in-
duced reduction of the optical gap (also known as the band gap renormalization),
takes place while carriers are in a highly non equilibrium state. We find no evidence
of hot carriers having sizable excess energy and living on picosecond timescale in
our quadruple cation samples. This controversial issue has recently been the fo-
cus of many experimental studies [19-21] on CH3NH3PblI; and has so far not been
addressed in lead halide perovskites with multiple cations. After an ultrafast ther-
malization, the carriers recombine via radiative pathways at high photoexcitation
density or by trap-assisted mechanisms in the low photoexcitation regime. The ra-
diative recombination rate is comparable to the one of standard semiconductors with

direct band gap and does not have significant effect in perovskite devices as long as
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Figure 4.3: (A) Schematic representation of the unit cell of organic-inorganic
ABXj perovskite. A = organic or inorganic cations (MA = (CH3NH;"), FA =
formamidinium (HC(NH,),;"), GA = guanidinium (C(NH,);"), Cs*), B = Pb**
and X = I, Br and ionic radius of different A~ site components. (B) Pro-
ton nuclear magnetic resonance (IH NMR) spectra of single crystals dissolved
in DMSO-d6 show chemical shifts of the hydrogen signal characteristic for each
of the organic cations. (C) Powder X-Ray Diffraction pattern (XRD) of the
GA0.014Cs0.043M A 13FA 73Pb (I 815Brg.185)3 ground single crystals. (D) XRD of the
GAy014Cs0.043MAg 13FA§ 73Pb(1 815Br 185)3 thin film. The extra Bragg peak visible
around 12.65 degrees is due to excess Pbl, (5%). Reproduced from [1].

the carrier mobility remains high [22]. In agreement with previous reports,[4-7, 10]
we found that inclusions of guanidinium cations in the perovskite mixture passivate
the grain boundaries of thin films and increase the non-radiative recombination time
up to the microsecond timescale. Finally, the evolution of band filling as a func-
tion of photoexcitation density has been employed to estimate the reduced effective
mass near to the band edges. The derived value is comparable [23, 24] to the one
reported for CH3NH3PbI; and suggests that excited electrons are large polarons with

moderate or weak interaction with the lattice polarization [25].
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Figure 4.4: Maximum Power Point (MPP) tracking during the first hour under
illumination AM1.5G 100 mW /cm?. Reproduced from [1].

The quadruple cation GAg 014Cs0.043MA g 13FA( 73Pb (I 515Bro.185)3 (GACsMAFA)
perovskite (figure 4.3) has been synthesized as single crystals and as thin films.
Each one of the cations covers a functional role in the active layer. The most
studied perovskite is based on methylammonium (MA) cation, which is an excel-
lent light harvester but suffers from its low thermal and chemical stability. As an
example, direct contact of MA based perovskite with basic metal oxides like ZnO
or CuyO can lead to deprotonation and subsequent formation of methylamine gas
along with other products [26]. Formamidinium (FA) displays a broader absorp-
tion of the solar spectrum [27, 28] due to its lower band gap and high probabil-
ity of forming hydrogen bonds [29]. In addition, the FA cation is less prone to
deprotonation, when compared to MA, mostly due to the resonance stabilization
effects. The optimal embedment of such cation stabilizes the pseudo-cubic or trigo-
nal structure with respect to the tetragonal one that is observed for MAPbI; under
standard conditions. Nonetheless, the FAPbI; perovskite is also prone to undergo
phase transition into the non-photoactive hexagonal §-phase [30]. This undesirable
phase leads to a large bandgap insulator with unsuitable absorption properties for
a photoactive layer. However, it is possible to hinder the formation of the d-phase
by incorporating small amounts of cesium cations as was recently demonstrated by
Saliba et al. [30] The latter increases the structural stiffness, suppresses formation
of undesired phases, improves thermal stability and distributes the halide mixture
evenly throughout the material. Finally, guanidinium (GA) cation suppresses the
formation of halide vacancies, and minimizes the non-radiative charge carrier re-
combination at grain boundaries [10]. GA cation is also very stable since the high
pK, (logarithmic acid dissociation constant) value of 13.6 makes any deprotonation

process practically impossible. In our study, samples were prepared with 18.5%
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of bromine and 81.5% of iodine. The chosen bromine and iodine ratio optimizes
the optical gap while preserving a cubic structure. The relative concentration of
the different cations plays a primary role on the crystal structure as well as on the
endurance of the solar cells. We have designed the quadruple cation perovskite in
order to achieve the highest possible structural stability. The effective Goldschmidt
tolerance factor t.g has been maintained very near to the recommended value for
the crystallization in a cubic phase.The t.4 factor indicates the stability and dis-
tortion of the ABO; structure and can be calculated by using the radius of the
A and B atom in the lattice: t.;; = % We obtained toz = 0.968 from an
optimal mix of cations in GAg 14Csg0u3MAg 13FAg 73Pb(Ig815Bro.185)3). After syn-
thesis, the stoichiometry of the compound was verified by performing "H Nuclear
Magnetic Resonance (NMR) spectroscopy on dissolved single crystals. The single
crystal was washed with isopropyl alcohol before dissolve in DMSO-d6 to ensure re-
moval of surface bound residues. The resonance peaks in the spectrum of figure 4.3b
unambiguously identified FA, MA, and GA through the chemical shift of protons
belonging to the respective —NH,, —CH, —NH;" and —CHj (not shown) groups of
the hosting cations. The protons of ~NH;" (MA) group were observed at 7.51 ppm,
while two peaks with identical integral were observed for the :NHQH “NH, groups
of the formamidinium cation at 8.99 and 8.67 ppm, respectively. The double peak
structure of the =NH," /—NH, resonance was only resolvable in a multiple scan NMR
spectrum, which enables a resolution of 0.02ppm (figure 4.3b). The -CH group of
the FA cation peaked at 7.87 ppm. For the guanidinium cation a single peak at 6.91
ppm was detected, as expected for three chemically equivalent —NHQI/ 3 groups. An
accurate quantification of the individual components by peak integration indicated

an excellent match with the intended composition.

The phase purity as well as the crystallinity of the compound has been investi-
gated by X-ray diffractometry. The diffraction pattern of single crystal powders in
figure 4.3c is compatible with a Pm-3m cubic structure with lattice parameter a =
6.2185 A (V =240.4677 A3), which were derived from single crystal X-ray diffraction
analysis performed using Mo-Ka irradiation. We could not detect any signature of
the undesirable §-phase compound. As shown in the figure 4.3d, the X-ray diffrac-
tion plot of thin films is nearly identical to the one of the crystalline powders with
only notable difference being an extra diffraction peak around 12.65 degrees that is
ascribed to excess Pbl, inclusions. Such minor Pbl, component has been generated
on purpose during the thin film synthesis, by adding an excess quantity of Pbl,. In
agreement with previous reports, [31] the enrichment with Pbl, hinders the accu-

mulation of organic species at the grain boundaries, favors an optimal embedding
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of the grains and improves the transport of charge carriers.
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Figure 4.5: (A) The black solid line indicates the Photothermal Deflection Spec-
troscopy (PDS) measurement of the absorption coefficient as a function of the in-
cident photon energy. The spectrum indicates a gap energy E, = 1.62 eV and an
Urbach energy AE, = 18 meV. The red area represents the photoluminescence in-
tensity measured at room temperature as a function of emitted photon energy. (B)
Time resolved photoluminescence, acquired at photon energy 1.62 eV and at room
temperature as a function of delay time from the photoexcitation. Reproduced from

1].

4.2.1 Optical characterization

The GACSFAMA absorber has been characterized by different optical techniques.
Photo-thermal Deflection Spectroscopy (PDS) has been performed to measure the
light absorption of the perovskite films. The PDS spectrum in the figure 4.5a shows a
sharp drop in absorption coefficient at the band gap value Eg = 1.62 eV (determined
from photothermal deflection data by extrapolating the absorption edge). This
finding is in agreement with recent reports on quadruple cations perovskites [11,
12]. Below 1.5 eV, the absorption coefficient is close to 10* cm™! while it reaches
10° em™! at 1.7eV. Below gap absorption coefficient is attributed to the photon
absorption by shallow tail states. The exponential rise of absorption coefficient near
the bandgap results in an Urbach energy A E, = 18.5 meV. For a typical MAPbI;
perovskite the Urbach energy usually is 13 meV to 15 meV, indicating increased
degree of disorder in GACsMAFA samples [32]. The steady-state photoluminescence
(PL) shown in the figure 4.5a peaks at the band gap (1.62 eV) and leads to a sharp

emission line. Figure 4.5b shows the temporal evolution of the photoluminescence
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intensity measured at the gap value after a photoexcitation pulse with a density
of 102 — 10'3 ecm~2. The curve can be well fitted by a step function multiplied
with a single exponential decay function with a decay time of 7p,= 3.2 us together.
The luminescence lifetime value is comparable to the relaxation time that has been
previously reported for halide perovskite thin films incorporating guanidinium.[15]
The increase of 7py in the presence of guanidinium confirms the efficient passivation
of non-radiative recombination centers at the grain boundaries of the quadruple
cation mixed halide perovskite. Overall, the suitable band gap, high absorption
coefficient, small Urbach tail, and long carrier lifetime are favorable parameters for

an efficient harvesting of the solar energy.

4.2.2 Transient absorption and photoemission

The initial dynamics of charge carriers after an ultrafast photoexcitation has been
characterized by two different pump-probe experiments. T'wo-photon photoemission
(2PPE) has been performed to observe the temporal evolution of the excited state in
terms of kinetic energy of electrons [33]. Single crystals of GACSFAMA were cleaved
and measured in ultrahigh vacuum. The entire experiment has been performed at
the temperature of 180 K, in order to avoid the alteration of surface composition by
possible sublimation of iodine or organic cations from the surface. The surface of the
freshly cleaved crystal was photoexcited with a pump fluence of 8 J/cm?, centered
at 3 eV and the population of photoelectrons was probed with a subsequent pulse,
centered at 4.5 eV. Figure 4.6a shows the pump-on minus pump off photoelectron
intensity as a function of kinetic energy and pump-probe delay. The kinetic energy
Ey has been referred to the vacuum level of the GACsFAMA surface but should be
increased by 0.4 eV if referred to the spectrometer vacuum level. Around zero delay,
primary electrons extend up to high kinetic energy and relax their excess energy
until reaching the Conduction Band Minimum (CBM) at E, = 0.8 eV.

The characteristic timescale of such electronic cooling is 0.25 ps and matches the
value measured in CH3NH3Pbl; [34]. Such fast relaxation of the excited electrons is
ascribed to highly dissipative collisions between electrons with large excess energy
and the —NH,, -CH, —NH;", —CHj groups of the organic cations [34]. This efficient
carrier cooling hinder any viable application of halide perovskites for the realization
of hot carrier solar cells. In this context, we stress that a careful analysis of 2PPE
spectra must be done to disentangle spurious components out of the measured signal.
Beside the primary photoelectrons at E, > 0.8 eV, an additional intensity is indeed
detected for 0 eV < E, < 0.8 eV. We ascribe this Secondary Electrons Replica

(SER) to photoelectrons experiencing inelastic scattering events while propagating
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from the sample out in the vacuum region. The SER can be viewed as an artifact of
the measurement and carries no information about the energy of excited electrons in
the solid. Next, we characterized the ultrafast electron relaxation by time-resolved
transient absorption at room temperature. Thin films of GACsFAMA have been
probed using a white light continuum and pumped by a femtosecond pulse centered
a 2.5 eV. Figure 4.6b shows that band filling effect reduces the absorption around
1.68 eV due to Pauli blocking [23].

In addition to this bleaching effect, a transient increase of optical absorption
occurs at 1.62 eV at early delay time. The dynamical screening of the electron-
electron interaction in the photoexcited state is the main reason of such Band Gap
Renormalization [35]. Remarkably, the good matching between the duration of BGR
in the figure 4.6b and the duration of electronic cooling in the figure 4.6a indicates
that BGR takes place while the electrons and holes are in a highly non thermal state.
This result is somehow expected. Being driven by changes of dielectric function,
the BGR is largest when the non-equilibrium electronic distribution opens a large
amount intraband scattering channels. This condition is no longer verified after

roughly 0.5 ps, once the carriers have been fully thermalized.

On the longer timescale the dynamics is ruled by a reduction of photinduced
band filling (PBF) due to carrier recombination. We show in the figure 4.6¢ the
decay of the PBF for different excitation density between F < 3.7-10'® cm™ and F
> 7.5-10'7 cm~3. The entire data set can be fit globally by standard rate equation
—dN/dt = aN + bN? with a Shockley-Read-Hall trap recombination rate of a =
3-10° 1/s and radiative recombination coefficient b = 1.2 - 107 cm?/s [36, 37].
This value of radiative recombination is slightly higher compared to the radiative
recombination rate reported in other halide perovskites,[38] however, as it was shown
by other authors, carrier recombination rate has less effect on photovoltaic properties
in materials with high carrier mobilities [22]. It is often being wrongly argued that
the high efficiency of lead-halide perovskite solar cells is due to the exceptionally
slow radiative recombination rates, five orders of magnitude lower than predicted by
a Langevin model [39]. The latter has been ascribed to a slightly indirect band gap
originating from dynamical effects [40]. Due to thermal fluctuations, the rotation of
organic cations may induce a momentum mismatch between the band edges [41, 42].
Despite such proposals, recent calculations suggest that the indirect nature of the
band gap suppresses the radiative recombination rate by less than a factor of two
[43]. This suppression would not affect the efficiency of a perovskite solar cell as long
as the carrier mobilities remain modest (> 4-107% cm?/Vs) [22]. In agreement with
this finding, we stress that the radiative recombination coefficient of GACsFAMA
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Figure 4.6: Two photon photoemission spectroscopy (2PPE) measured on a
GACsFAMA single crystal. The sample is excited with a pulse centered at 3 eV
and photoelectrons are emitted by probe pulse centered at 4.5 eV. Pump on minus
pump off signal of primary electrons in the Conduction Band Minimum and Sec-
ondary Electrons Replica (SER) are marked directly on the image. (B) Differential
absorption of a supercontinuum spectrum measured on a GACsFAMA thin film as
a function of pump-probe delay. The pump pulse is centered at 2.5 eV and induces
an excitation density of 8.7-10'® cm™3. (C) Differential absorption decay extracted
at 1.68 eV after a pump pulse centered at 2.5 eV and with different fluence values.
The traces have been acquired for an excitation density spanning from 3.7 - 106
to 7.5 - 10" cm™3. Red curves are the experimental data while blue curves are fits
obtained via a recombination model. (D) Renormalized traces of the time-resolved
transient absorption spectra acquired at pump probe delay of 0.1 ps, for increasing
photoexcitation density (E) The broadening of transient absorption peak (red dots)
is plot against the photoexcitation density p®/3). Reproduced from [1].

is as high as in Gallium Arsenide (GaAs), which is a traditional semiconductor
with direct band gap [44]. Moreover, the long carrier lifetime observed in 4.5b
and the high PCE in 4.5 imply that radiative recombination has no impact on the
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overall performance of the GACsFAMA solar cell. In the figure 4.6d, we show the
normalized transient absorption that has been measured just after photoexcitation
at different pump fluence. By increasing photoexcitation density, we observe a blue
shift and broadening of the PBF peak [23, 24]. This dynamical Burstein-Moss
effect is a consequence of the excited distribution of electron in the conduction
band and holes in the valence band. It can be described by an effective filling level

leading to Pauli blocking of the optical transitions in an energy interval AFEg); =
h2
2m7,

N is the photoexcitation density. Figure 4.6e shows the experimental broadening of

(372N)2/3 from the bandgap value. Here, my,, is the reduced effective mass and

PBF as a function of the excitation density to the power of 2/3. The curve is non-
linear in the low fluence regime, correlated with trap filling mechanism, and linear at
elevated fluence, where band-to-band recombination becomes dominant. The linear
dependence observed in a wide fluence range is consistent with the simple Burstein
Moss model. From the slope of the linear fit we extract a reduced effective mass
m:h = 0.14 mg (where my is the bare electron mass). This value is consistent with
the 0.1 my - 0.3 my [23, 24| reported in CH3NH3Pbl; or other perovskites. The
relatively small value of the reduced mass, long carrier lifetime and modest diffusion
rate are in good agreement with ab-initio calculations suggest a moderate dressing
of GACSFAMA carriers by the lattice polarization [25].

4.2.3 Conclusions

In conclusion, we reported a detailed chemical and time resolved spectroscopic anal-
ysis of a quadruple cation mixed halide GA ¢14Csg.043MAg 13FA 73Pb (1 815Br0 185)3
perovskite and comparatively analyze the micro- to femtosecond photodynamics in
polycrystalline and single crystal samples. Our solar cells based on this active layer
reach photovoltaic efficiencies above 20% and high operational stability. By making
use of complementary ultrafast techniques, we show that both hot carrier cooling
and bandgap renormalization occur on the sub-picosecond timescale. The radiative
recombination of GAg 014Cs0.043MAg 13FA( 73Pb (I 515Bro.185)3 is higher than the one
of CH3NH;PbI; but has no role on the photovoltaic performances of solar cells due
to good carrier transport properties [22]. Moreover guanidinium cations passivate
recombination centers at the grain boundaries and increases the lifetime of charge

carriers up to the microsecond timescale.
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Collaborations

The work presented in this chapter has been performed in a collaboration with
Dr. Eunwan Jun and Dr. Senol Oez(sample growing, solar cell characteriza-
tion, NMR), Luca Perfetti and Marie Cheresse (time resolved photoemission ex-
periments), Thomas Kirchartz (photothermal deflection and time resolved lumines-
cence). The text was written by me and Marie Cheresse with input from Luca

Perfetti and Senol Oez and Eunwan Jun.
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Chapter 5

Molecular H-aggregate formation

in merocyanine chromophores

In this chapter a study on solvatochromism and aggregation properties in merocya-
nine molecules will be presented. The main goal of this study was to understand
how different polymethine chains affect molecular properties liquid and solid phase.
Solvatochomic behaviuor of merocyanine dyes with different solvents was investi-
gated using an absorption spectroscopy. The vibronic structure of the molecule was
analyzed and modeled. The vibronic energy of 150 meV was assigned to the C-C
stretching mode in the polymethine chain. It was found that the solvatochromic
behaviuor in merocyanine molecules follows the classical Onsager formalism and the
0-0 transition position shift in different solvents follows the empirical Reichardt’s
ETj3 scale. By mixing water (bad solvent for merocyanine) with acetone we were
able to get H-aggregates of merocyanine molecules and measure their optical prop-
erties using absorption spectroscopy. A distinct blue shifted H-aggregate spectral
feature allowed to deduce the H-aggregate coupling energy of 250 meV. In films,
similar aggregation behavior was observed. It was found that with introduction
of PCgBM molecules in merocyanine:PCgBM blend created molecular hindrance

effect which hinders the H-aggregate formation.!

!Parts of this chapter were published in: K. Budzinauskas et al., Impact of the interfacial
molecular structure organization on the charge transfer state formation and exciton delocalization
in merocyanine:PCgBM Blends, J. Phys. Chem. C, 124, 21978-21984 (2020).
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In recent years, a great scientific effort for better understanding the relationship
between chemical structure and device properties was made. For instance, the effect
of different sidechains was found to be very important for molecular packing, orien-
tation and highly affecting the overall morphology of bulk hetero junction molecular
films [1-3]. One of the most efficient ways for altering molecular packing in BHJ
devices is by introducing different alkyl chain branching[4, 5]. Despite numerous
efforts, the underlying correlation between chemical structure and morphology of
organic films remains hard to address, since the growing process and subtle varia-
tions in deposition variables alter the microstructure, morphology and performance
of a functioning organic device. Moreover, the correlations between chemical struc-
ture and molecular packing are highly dependent on studied molecular compound
and usually apply only for a specific molecule or polymer. Despite that, this field
of molecular packing focused chemical engineering is very important for gaining
insights into the molecular packing induced property changes and can be broadly

adapted to design future devices with higher efficiencies.

In the field of organic photovoltaics, the usual fabrication methods involve the
solution-processing techniques which could lead to disordered complex structures
with varying morphology and domain size. The usual toolbox for tuning these prop-
erties via molecular orientation and intermolecular orientation for organic molecules
and polymers involve different organic groups attached to the backbone of the
molecule or a polymer. In fact, the variety of possible sidechains which could be
attached to the organic molecule is important for the scientific community in the
field of organic photovoltaics because it gives large degree of tunability in the means
of various physical properties. One of the ways for introducing different sidechains
is by applying different solvents in the preparation procedure, for example the fluo-
rination in PNDT-DTBT, PBnDT-DTBT and PBnDT-TAZ polymers in bulk het-
erojunction solar cells by applying chlorobenzene and dichlorobenzene solvents [6].
Molecular orientation study with energy dependent anisotropic scattering from po-
larized X-ray, revealed differences in fluorinated and non-fluorinated sidechains. It
was also reported that a strong correlation between molecular orientation and de-
vice properties such as V,. and F'F persist. It was found that at the donor/acceptor
interface polymers show either face-on or edge-on orientation with respect to the
PCgBM and that is one of the reasons for drastic changes in device performance.
A continuation of this work by Zhou et al. led to the similar results for PTBT-th
polymers, where face-on and edge-on orientation were achieved by solvent treatment
[7].
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5.1 Optical absorption properties of investigated

merocyanine films

Cyanine dyes are molecular systems with two nitrogen centers, one of which is
positively charged and connected with a polymethine chain with odd number of
carbon atoms. Merocyanine molecules are a class of molecules, structurally similar to
cyanine dyes. Brookers merocyanine is one of the best known merocyanine molecule.
Due to its solvatochromic sensitivity it is used to determine polarity of different

solvents and for selective staining of different cells[§]

MCT

Figure 5.1: Structure of the investigated merocyanine molecule MCT
and MH. and MH: 2-((Z)-4-tert-butyl-5-((E)-2-(3,3-dimethyl-1-nonylindolin-2-
ylidene)ethylidene)thiazol-2(5H)-ylidene)malononitrile.

Another important aspect of merocyanine molecules is their strong ground state
dipole moment which leads to a strong intermolecular interaction. Molecules with
a strong intermolecular interaction can self-assemble to H and J type aggregates
[9-12]. A complex interaction between individual merocyanine chromophores is of
particular importance for supramolecular chemistry, where different merocyanine
chromophores are used to make self-assembled molecular devices such as molecu-
lar tweezers [12]. In typical push:pull molecules the m system is end-capped with
electron donor and acceptor substituents implementing mesomeric effects. Optical
properties of these kind of molecules depend on the donor:acceptor strength, which
lead to intramolecular charge transfer (ICT) state. The formation of ICT depends
on the interaction between donor and acceptor, which can be controlled by the m
spacer.

In this study two different merocyanine type push:pull chromophores were used
having a linear structure. The difference between two molecules being the addi-

tional alkyl sidechains to a push:pull type molecular backbone. The structure of
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investigated MCT? and MH? molecules is shown in the figure 5.1

Polymethine spacer also can be used to control both the transition energy and
oscillator strength by means of controlling the interaction between donor and ac-
ceptor substituent.[13] Also it is worth mentioning that ICT is responsible for the
generation of molecular dipole in push-pull molecules. The same molecular push:pull
backbone, responsible for optical transitions in both molecules was used. Difference
in attached alkyl chains which are depicted in different colors in the figure 5.1. These
additional alkyl chains predetermine the different molecular packing properties of
the chromophores. These specially designed molecules will allow to investigate, how
different molecular packing can alter both optical and electronic properties of ICT

transitions in investigated molecular systems.

5.1.1 Merocyanine molecules and their vibronic properties

In this section we briefly discuss optical properties of merocyanine molecules. To
understand photophysics of dye molecules it is critical to understand their optical
properties. For this reason, MCT dye was dissolved in methanol at low molar
concentration to avoid molecule-molecule interactions. The absorption spectrum of
MCT type merocyanine dissolved in methanol CH30H with a molar concentration
of 1075 mol/l is shown in the figure 5.2. In the linear absorption spectrum, clear
vibrationtal repetitions arise.

The optical density spectra of investigated molecule shows a pronounced vibronic
repetition with a periodicity of 1290 ecm™ (150 meV). These molecular vibrations
arise from the C-C stretching mode of the polymethine chain in the electronic excited
state. This highlights that optical properties of merocyanine molecules arise from
donor acceptor moieties and are sensitive to the modulation of distance between
them. Vibronic transitions with similar frequencies were reported in other cyanine
dyes with a polymethine chain connecting donor and acceptor moieties in a push:pull
molecule[14, 15].

Another important aspect of merocyanine absorption spectrum to consider is
the spectral broadening of larger order vibronic transitions. A progressive linewidth
increase with energy is a known phenomenon in systems where a strong intermolec-
ular interaction is present. It was shown by Spano et al., that vibronic repetition of
tetraazaterrylene molecules shows a clusterization of closely packed vibronic tran-

sitions that emerge to a linewidth and causes a dispersion of vibronic energies[16].

22-((Z)-4-tert-butyl-5-((E)-2-(3,3-dimethyl-1-(2-ethylhexyl)indolin-2-

2
ylidene)ethylidene)thiazol-2(5H)-ylidene)malononitrile

32-((Z)-4-tert-butyl-5-((E)-2-(3,3-dimethyl-1-nonylindolin-2-ylidene) ethylidene) thiazol-2(5H)-
) malononitrile

o —~ O —

yliden
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This kind of behavior is expected in systems where main phonon, involved in vi-
bronic transitions can have broadening effects. In case of cyanine dyes, the main
vibronic feature is the vibration of the polymethine chain. Its vibration energy de-
pends on a relative tilting or rotation of donor, acceptor moieties of cyanine dye.
In case of distribution of several orientations, a similar behavior is expected. Sim-
ilar linewidths increase with energy was observed in the investigated merocyanine
molecules as well. The spectral fit of MCT molecules, dissolved in methanol re-
sulted in linewidth progression AI" of 20 meV so overall spectra follows the I' + AT
, where 7 is a vibronic repetition and the linewidth of the 0 — 0 vibronic transition
I' =45meV.
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Figure 5.2: Absorption spectra of MCT merocyanine molecule dissolved in
methanol. The spectrum was fitted with three Gaussian functions. The extracted
vibronic energy (difference between vibronic levels) of 150 meV was extracted from
the fit.

5.1.2 Photoluminescence properties of merocyanine dyes

Merocyanine dyes have a luminescence that is strongly dependent on the surrounding
properties. In fact merocyanine type dyes are widely used in biology to study mem-
brane potentials because it was shown that the fluorescence lifetime of well-studied
M540 type merocyanine is affected by the surrounding polarization field[17]. In
our study we have measured photoluminescence spectrum of merocyanine molecules

dissolved in methanol solution. For this experiment the molar concentration was
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kept at 107° mol/l to avoid molecular segregation and self-re-absorption of the flu-
orescence. For an excitation the lamp source with a monochromator fixed at 2.2eV
photon energy was used. For detection, a monochromator in combination with a
photo-multiplier tube was used. The Detected light was filtered with 2eV long
pass filter to ensure a complete elimination of the excitation beam scattering to the
detector. It was shown in the absorption spectrum of MCT and MH molecules dis-
solved in different solvents (figure 5.4) that MCT and MH merocyanine have similar
optical properties. In fact the optical transitions in these molecules arise from the
intramolecular charge transfer state which is hardly affected by the additional alkyl
chain. Therefore, photoluminescence properties of both molecules also should be
somewhat similar, because of similar electronic structure. The fluorescence spec-
trum of MCT molecule together with its optical density spectrum (in methanol
solution) is shown in the figure 5.3. From this data a stokes shift of 75 meV was
derived. To clarify if emission of the excited MCT molecule comes from the S level,
excitation spectrum with detection fixed at 1.94eV was measured. A good overlap
between absorption and excitation spectra indicate that fluorescence is originating

from the same merocyanine molecule.

15- . 0-0 e,

Fluorescence Excitation

0.5+ Absorption

1.8 20 2.2 24
Photon energy (eV)

Figure 5.3: Fluorescence, absorption and excitation spectra of MCT molecule, dis-
solved in methanol solution with 1075 mol/l molar concentration. For fluorescence
measurements, 2.2 eV excitation was used and for excitation measurements, the de-
tector was fixed at 1.94eV. A strong overlap between absorption and excitation
spectrum indicates that the S; emission was detected and no intermediate emissive
state is present.
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5.1.3 Solvatochromic behavior of merocyanine dyes

One of the important aspects of merocyanine type molecules, is their strong solva-
tochromic character. Optical properties of merocyanine type molecules, as well as
other D—m—A type chromophores depend on the properties of the surroundings.
The oscillator strength of these molecules show a strong dependence to the distance
between polymethine chain separated donor/acceptor moieties. This in turn is sen-
sitive to the surrounding properties such as dielectric constant, making merocyanine

molecules very sensitive to different solvents.

Solvatochromism - a brief description of Onsager reaction field model

The first pioneering work on solvatochromism from the electrostatic perspective
was done by Onsager [18]. The key idea is that electrons in solvent would rapidly
readjust to a new charge distribution after electronic excitation (about 107'5 ),
whereas nuclei need more time to equilibrate to the new electronic environment
(about 1072 to 1071 s) which follows the Franck-Condon principle. The nuclear
relaxation degree of freedom is reflected in the static dielectric function and far-
infrared spectrum whereas the electronic response - in the optical refractive index.
These contributions are very sensitive to the dielectric properties of the surrounding
medium.

In case of polar molecules, solvent - solute interactions would stabilize the polar
solute. According to the reaction field model, introduced by Onsager[18]|. The basic
assumption of this model is that the molecule is placed in a spherical cavity inside
the solvent. The spherical cavity can be described as a homogeneous, polarizable
medium with a constant dielectric constant. The ground state dipole moment of the
molecule induces a so-called reaction field (Eg), which directly affects orients the
solvent to stabilize the polar solute.

i - 2(D — 1) iy + ayiy (5.1)
2D +1 a3

Here D is the dielectric constant of the medium, a is the radius of the cavity and /i,

is the ground state dipole molecule of the molecule. Because of the solute - solvent
interaction, the ground state energy of the molecule in the solvent gets stabilized

by the energy U, = |piy[?SL(D). In this equation 8 = 2/a® and Lo(D) = 2%111.

After the electronic excitation, the initial reaction field has an equilibrium electronic

polarization for the excited state together with the orientational polarization of the
solvent, equilibrated to the ground state dipole. The initial stabilization of the exited

state is U, = —,Je(E_'g’,wc + Ee7elec) , which shows that it is directly proportional to
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the excited state dipole moment ji.. The shift of the absorption peak a molecule in
a solvent therefore is given by: (U, — Uy)/hc.

In this study merocyanine molecules were dissolved in solvents with different
polarities and optical properties were measured using the absorption spectroscopy.

Results of this study are shown in the figure 5.4.
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Figure 5.4: Optical density of MCT merocyanine (a) and MH (b), measured when
dissolved in solvents with different polarities. The increase of the 0-1 vibronic peak
in toluene can be seen and was assigned to a different molecular reorientation.

A strong correlation between solvatochromic shift of the 0-0 vibronic energy and
polarity index ETjq of different solvents is shown in the figure 5.5. The ETj is
an empirical parameter based on the solvatochromism of a pyridinium phenolate
betaine dye. The hypsochromic shift as a function of ET3, was observed for both
MCT and MH molecules, which is a typical behaviuor for merocyanine type of
chromophores. The shift solvatochromic shift in organic molecules is typically caused
by changed interaction between solvent and solute. The negative or hypsochromic
solvatochromic effect appears when increasing solvent polarity, the ground state of
the molecule gets more stabilized then the first excited state in the Franck-Condon
approximation.

The negative solvatochromism effect can be caused by a large ground state sta-
bilization energy induced by strong solvent and solute interactions. It was shown
that merocyanine molecules have a large ground state dipole moment ji; and the
the ground state dipole moment and ground state stabilization energy are directly

related U, = |py|*BL(D). This suggests that the negative solvatochromism is a di-
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Figure 5.5: The spectral position of the 0-0 vibronic transition follows the re-
ichardt’s E'T3y empirical parameter of different solvents.

rect result of ICT (intermolecular charge transfer state) related ground state dipole

moment in merocyanine molecules.

5.1.4 H-aggregation

Molecules with a strong dipole moment tend to couple together and form differ-
ent kinds of structures such as aggregates and supra-molecules[9, 19, 20]. It is
also known that H-aggregates formed from merocyanine molecules can be centro-
symmetric structures (with positive and negative ends pointing to opposite direc-
tions) [21] which could reduce the electrostatic dipole scattering in merocyanine
solids.

Molecular aggregates with a strong intermolecular interaction are known to
have a substantially different absorption and fluorescence spectra compared to the
monomer spectra, while the electronic structure of individual molecules in the aggre-
gate remains unchanged. The typical distance between molecules in the molecular
aggregate is large enough, so that tunneling effects can be neglected, meaning that
Coulomb interactions are the one playing a major role.

In fact, the nature of the interaction in aggregate is somewhat similar to vir-
tual photons mediated, non-radiative near field coupling in plasmonic structures.
The classification between the H and J aggregate was first introduced by Michael
Kasha[22]. In this aggregate model, a Davydov approach was used: a simple Frenkel

exciton model was applied to treat the geometry determined crystal problem to-
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Figure 5.6: Theoretical model of the H and J aggregate formation in a sim-
ple dimer: a) representation of coulomb interaction between two dipoles of single
molecules b) energy diagram of J and H aggregates. Here the intraction strength of
the aggregate is depicted as 23

gether with a purely Coulomb coupling between individual molecules[23]. Employ-
ing the exciton theory, it was shown that in certain aggregates, which know are
known as H-aggregates, the Coulomb coupling is positive, leading to a band of sin-
glet excitons in which the highest energy state consumes all the oscillator strength.
This also suggests that according to Kasha’s rule[24] the fluorescence comes only
from lowest lying states, resulting in the fluorescence yield suppression in H type
aggregates. On another hand, when the Coulomb interaction is negative, as in J
type aggregates, the oscillator strength is maximized on the lowest exciton and no
fluorescence suppression is expected.

To understand the exciton splitting in aggregates a simple two-point dipoles

model with a Coulomb coupling between them:

iz — 3 R) (i R)
dmeR3

Jot — (5.2)
In this formula the Jgd stand for the Coulomb coupling, ;17 and g3 are transition
dipoles of the optical transition in question namely the Sy — S transition. The R
is a displacement vectors which connects molecular mass center of two molecules
and ¢ is the dielectric constant. Depending on the relative angle # between two
transition dipole moments £7 and /5 (in the figure 5.6) two aggregation species can
be identified. One of the orientations which is known as the J-aggregate is when
dipoles hold a "head-to-tail” orientation. In this case the angle # is less then so
called "magic” angle of 54.7 degrees, when the Jgd is zero. In the "head-to-tail”
orientation case the Coulomb interaction is negative (Jgd < 0). When dipoles orient

to ”Side-by-Side” orientation, the Coulomb interaction becomes positive (Jgd > 0).
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H-aggregate

i

Figure 5.7: Structure of the investigated merocyanine molecule. The dipole mo-
ment of investigated molecules is driving the side to side, anti-symmetric dimer
formation also known as H-aggregate.

The sign of the Coulomb interaction plays an important role in the photo physical
properties of aggregated chromophores[22, 25, 26]. In case of two coupled monomers,
the Coulomb interaction leads to a formation of two delocalized excitonic states,
splitted by 2|J¢|. The excited state splits to the in and out of phase linear combi-
nations of two locally excited molecular states. The in-phase state is shifted by Jo
as compared to the monomer and the out of phase component is characterized by
the —Jo shift. In a situation of negative Coulomb interaction Jo < 0 (J-aggregate)
the oscillator strength is shifted to the low energy state and when the Jo > 0 the
absorption strength of the higher energy state is enhanced. This behavior of H and J
aggregates gives an opportunity to predict the molecular dimer packing by analyzing

the absorption spectrum of a system made of aligned monomers.

5.2 H-aggregation of merocyanines in different sol-

vents

As it was mentioned before, merocyanines are highly polar molecules and dipole-
dipole interactions can lead to complex molecular aggregate formation[27]. These
interactions are Van Der Waals - Keesom type interaction between two permanent
dipoles which are of electrostatic nature which are in fact sensitive to dielectric
properties of the surrounding medium. The angle averaged Keesom force interaction

is given by the equation:
—mim3

- 24m2e2e2kgTro

(5.3)
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where m; msy are a dipole moments of two molecules, ¢, permitivity of free space, €,
dielectric constant of the surrounding medium, r distance between two molecules. A
good way to control this can be achieved by using solvents with different dielectric
constants €,. In this study we have chosen water €, = 80 and acetone ¢, = 20, 7[28].
Our investigated chromophores were unsolvable in water but were easily dissolved
in the acetone solution. By adding a poor solvent to the solution, a situation can be
created where intermolecular interactions overcome solvent repulsion and molecular
aggregates can be formed. Results of solvent mixing are shown in the figure 5.8.
As it was expected, by adding a non-dissolving water solvent to acetone, a sudden
optical properties change was observed. The abrupt transition from monomer to
aggregate is observed at 1:4 acetone to water ratio. At this point a strong dipole-
dipole interaction overcomes electrostatic repulsion of a double solvent layer between

two chromophores.

The appearance of a hypsochromicly shifted band is directly related to the H-type
aggregate formation of two parallel aligned molecules[25]. The parallel alignment
of molecules is driven by the dipole: dipole interaction of polar molecules such as
merocyanines. Using the spectral position of the H-aggregate peak, the resonance
interaction strength 2/ of the aggregate can be estimated. The peak positions from
which the resonance energy was estimated, is shown with horizontal lines in the
figure 5.8. For both investigated chromophores the resonant interaction energy of
excited states of individual monomers is 160 meV. This interaction energy falls on
the higher side of the expected value. The typical coupling strength in cyanine based
H-aggregates can vary from 200meV to 500 meV depending on molecular packing
and dipole moment[9, 29, 30]. The large splitting energy can be caused by a large

ground state dipole moment of investigated chromophores.

Another important feature in the absorption spectrum of merocyanine with large
quantity of water is the appearance of the red-shifted spectral feature at 1.9eV.
This new state is followed by a H-aggregate formation and could be related to the
relative orientation of aggregates. Similar differences also were reported for other
merocyanines dyes in H-aggregate supramolecular and were assigned to different

orientations in the molecular crystal[31].

In the figure 5.8 is also reported the computed (vide infra the Computational
Methods section) electronic absorption spectrum of MH single crystal (vide infra for
the X-Ray Structure Analysis). The electronic absorption spectrum of MH single
crystal shows two main absorption bands, at 1.8eV and 2.45¢eV, featuring an energy
splitting of 0.65eV. The two bands are polarized along the b and ¢ axis of the

molecular crystal, showing a parallel alignment between the dipole moments. The
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Figure 5.8: a)Control of the H-aggregation can be achieved by addition of poor
solvent. The monomer spectrum is observed in the case of a ”"good” solvent - ace-
tone (CHj),CO. Addition of a "bad” solvent H,O leads to increased intermolecular
interaction leading to a sudden nucleation and aggregate formation.

spectral shape and the band splitting well match the experimental spectrum of MH
in acetone-water solvent mixture. The strong similarity between the two spectra,
as derived from the calculation on single crystal structure and the experimental
solvent-induced aggregates, might suggest the formation of crystalline domains in
solution. In particular, the presence of a low energy (1.8eV) and a high energy
(2.5eV) band in the UV-VIS absorption spectra of films and blends suggests the

presence of merocyanine aggregates.

5.3 H-aggregation in merocyanine films

For organic optoelectronics applications, the intermolecular interaction in solid molec-
ular films is of biggest interest. To investigate the solid phase of molecules, MCT
and MH molecules were spin coated on a quartz substrate leading to a molecular
solid film formation. The linear absorption spectrum of such films are shown in the
figure 5.9. The absorption spectrum of both films also showed the hypsochromically
shifted spectral component which was previously assigned as H-aggregate transi-
tion. The spectral position of the H-aggregate peak both in liquid and in solid
phases are at 2.5eV, meaning that intermolecular interactions and packing behavior
does not change going from one phase to another. It is also worth mentioning that

broadening effects in solid films are affecting the spectral shape the H-aggregate
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peak in solid state films. That is caused mainly by amorphous nature of the film.
Comparison between MCT and MH merocyanine films is shown in the figure 5.9.
Spectra of both films was adjusted by removing the pure H-aggregate component.
This component was deducted from the solvent absorption data in 1:4 acetone-water
solution. The weight of H-aggregate spectra was adjusted to 1/3 to avoid negative
components in the resulting spectra. Removal of this spectral component leaves
the spectral part lets to compare more intrinsic spectral properties of film spectra
such as ratios between 0 — 0 and 0 — 1 vibronic components and broadening effects.
Differences between modified MCT and MH spectra are shown below the figure 5.9
b. It indicates some small differences at the red and blue sides of the spectrum. The
difference in low energy spectra part could correspond to below the gap states such
as defect or CT states. Differences in the higher energy spectral part corresponds to
small deviations in aggregation or additional broadening effects. This discrepancy
in Aggregate formation is a direct result of different molecular packing, caused by

different alkyl chains in studied merocyanine molecules.
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Figure 5.9: Absorption spectra of MCT and MH films together with their H-
aggregate spectrum, measured in the acetone-water solution. The modified spectrum
was calculated by subtracting the pure H-aggregate spectrum from the film.
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5.3.1 Use of PC4BM molecules to tailor H-aggregation in

merocyanine films

The absorption spectra of PCgBM:merocyanine films with different molar ratio be-
tween two molecules is shown in the figure 5.10a and the strength of the H-aggregate
absorption component is plotted in the Figure 5.10b. A strong negative correlation
between PCg;BM content in the blend film and H-aggregate strength was observed:
blends with high PCgBM concentration have less aggregation and vice-versa. This
reduction in aggregation is evidence of a strong merocyanine: PCg;BM intermixing,
where largePCgBM molecules hinder the closely packed structure of H-aggregate
formation by molecular hindrance. The sketch of the proposed model is shown in
the figure 5.10c. This shows how much of impact the intermolecular interactions

could have to micro crystallinity and morphology of merocyanine molecules.
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Figure 5.10: a) Absorption spectrum of MH:PCgBM blend films with varying
PCgsBM:MH molar ratio; b) the intensity of the H aggregation peak (taken at
2.3eV) as a function of PCgBM content; c) the sketch of merocyanine molecular
packing at different PCg;BM concentrations.

The absorption spectrum shape of the film with PCgBM:merocyanine ratio of

10 : 1 closely resembles the shape of the monomer spectrum with a slight red shift
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in energy. We attribute this red- shift in the absorption energy to the change in the
dielectric environment of the merocyanine molecules. From Onsager theory [18] it
is known that local change in the dielectric constant changes the electrostatic inter-
action between the charge distribution p(r) of a molecule and the local electric field
E'¢ of surrounding molecules as it was shown in the equation 5.1. This shift affects
the energy of the ground and excited state of the molecules, leading to different
absorption energy. It was shown by Madigan et al. [32] that the theory of solva-
tion also could successfully be applied to amorphous organic films. The dielectric
constant of PCg;BM molecules is (¢, = 3.9) which is larger than a typical organic
cyanine type film (e, = 2), and similar red-shift in absorption energy was absorbed
also in other fullerene blends[33, 34].

5.4 Conclusions

Molecular packing behavior of two different merocyanine molecules was investigated.
A strong H-aggregate type spectral shift with a coupling energy of 250 meV in the
absorption spectrum was observed. By analyzing the H-aggregation behavior in films
and liquid, it was found that in bulk hetero junction types of films, aggregation gets
largely suppressed. This process was investigated in more details with changing
the concentration of PCg BM molecules in investigated films. The main mechanism
behind such strong aggregation suppression is the molecular hindrance effect, caused

by alkyl chains of merocyanine molecules.

5.4.1 Collaborations

The study, presented in this chapter was done with a collaboration with Dirk Hertel
(preparation of merocyanine samples) and Daniele Fazzi (theoretical DFT calcula-

tions of H-aggregate formation).
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Chapter 6

Charge transfer state formation in

merocyanine:PCg{BM

The scope of this chapter is photophysical properties of a charge transfer (CT) state
in merocyanine dimers. Here two different merocyanine dyes were studied, having
different packing behavior, resulting in different molecular geometries in a mixture
with a PCgBM. It was shown that different merocyanine molecules have different
packing behavior and interfacial CT state formation. To get more insight in to
the dynamical properties of the observed interfacial CT state, transient absorption
experiments on merocyanine:PCg;BM blends and pristine merocyanine films were
performed. In the transient spectrum, a CT peak was observed both in the pristine
and in blend films. This concludes that the observed CT state is an intermolec-
ular CT state between different merocyanine molecules. The intensity of the CT
peak for different merocyanines was different, confirming that merocyanines with
different packing behavior can impact the oscillator strength of the CT state in the

merocyanine dimer.!

IParts of this chapter were published in K. Budzinauskas et al., Impact of the interfacial molec-
ular structure organization on the charge transfer state formation and exciton delocalization in
merocyanine:PCg;BM Blends, J. Phys. Chem. C,124, 21978-21984 (2020).



Chapter 6 Charge transfer state in merocyanines

The organic solar cell devices usually consist of two components: electron donor
and electron acceptor molecules. Device performance measures such as an open-
circuit voltage (V,.) depend on the offset between the highest occupied molecular
orbitals of a donor and acceptor. Parameters of donor and acceptor energy levels
also impact the overall efficiency of a solar cell device. It is known that the align-
ment of molecular orbitals at donor:acceptor interface are strongly dependent on the
molecular orientation [1]. It is also known that molecular orientation not only alters
the energy level alignment but also charge decay mechanisms, such as the radiative
recombination rate of the exciton at the donor:acceptor interface [2]. These strong
geometrical dependencies arise from the nature of a 7 conjugated molecules, where
the orientation of 7 orbitals could vastly impact photophysical properties of organic
materials. Some authors have shown that when 7 orbitals of donor and acceptor
molecules are parallel, it can reduce non-radiative recombination losses and lower

the open circuit voltage V,.[2].

In this chapter we were focusing on geometry driven charge transfer state for-
mation and dynamics using different merocyanine dyes: MCT? and MH? (shown in
figure 6.1). The most noticeable difference between studied merocyanine dyes are
alkyl chains (shown in color in the figure 6.1). Generally it is accepted that different
sidechains should affect molecular packing properties due to molecular hindrance
effects involved, especially in films when intermolecular distances are small[3]. In
the previous chapter it was shown that packing behavior of MCT and MH molecules
indeed are different. The optical absorption spectra of both merocyanines in diluted
(concentration < 107° mol/l) methanol are identical, showing that molecular or-
bitals, corresponding to HOMO—LUMO level in optical transitions are not affected
by different alkyl chains.

Most notable differences of MCT:PCgBM and MH:PCgBM absorption spectra
occur in the H-aggregate related spectral region (2.2 — 2.5 eV)[4] as shown in the
figure 6.2. It can reasonably be assumed that this effect is indeed caused by different
alkyl chains of merocyanine dye, which are responsible for molecular packing. In
case of MH merocyanine the H-aggregate formation process is only slightly altered
by the incorporation of PCgBM molecules, whereas MCT shows drastic reduction
of H-aggregation in MCT:PCg,BM film. The more detailed study of H-aggregation

in PCg;BM and merocyanine blends was done in the chapter 5 of this thesis.

22-((Z)-4-tert-butyl-5-((E)-2-(3,3-dimethyl-1-(2-ethylhexyl)indolin-2-

2
ylidene)ethylidene)thiazol-2(5H)-ylidene)malononitrile

32-((Z)-4-tert-butyl-5-((E)-2-(3,3-dimethyl-1-nonylindolin-2-ylidene) ethylidene) thiazol-2(5H)-
) malononitrile
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Figure 6.1: a) Structure of studied molecules; b) absorption and photolumines-
cence spectra of MCT and MH merocyanines, dissolved in methanol solvent.
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Figure 6.2: Absorption spectrum of different merocyanine films deposited on a
quartz substrate together with absorption spectrum of pristine PCg;BM film. Dotted
line in the absorption spectrum were used to deduce the optical gap of merocyanine
films. In the high photon energy range (3eV and more), the S-S type of transition
in merocyanines can occur.

6.1 Photophysical properties of PCs;BM

In order to fully understand the photochemistry of merocyanine and PCg,BM ([6,6]-
Phenyl-Cg;-butyric acid methyl ester) blend, it is crucial to know the basic photo-
physical properties of individual components. First, PCg;BM is a compound, derived

from Cgy with an additional side chain and a carbon bond. The side chain increases
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Chapter 6 Charge transfer state in merocyanines

solubility of the molecule and allows the use of it for solution processed photovoltaics.
The ground state of Cg, fullerene has 'A4;, character and the excited state is "7
(second singlet transition Sy )[5]. There is also lower excited state of Ty, which
has a symmetry forbidden[5] transition (named as S;). There are also states which
appear due to the coupling of nearby molecules. Existence of charge transfer (CT)
exciton, where electron and hole are on adjacent Cg, molecules is known for a long
time. These excitons can be observed in the static absorption spectra at energies of
2.65eV and 2.7eV. The splitting of CT excitons can be explained by two different
configurations of adjacent Cg, molecules: a five ring:double bond or six ring: double

bond interaction[6, 7].
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E[eV] ' '
AR N —
o 4 CT,
E:, | CT,
B 04¢ —
[9) 1
E —5, [6.6] ring
M
L 02}
S
S‘D-S
00 L

2.IO 2.I5 370 3?5 4.0
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Figure 6.3: a) Absorption spectrum of a PCg;BM film with marked specific optical
transitions seen in the spectrum b) the illustration of a proposed charge transfer state
between two PCg;BM molecules.

The above mentioned electronic and optical properties are almost the same for
PCgBM. One of the most important difference is that it has perturbed conjugated
m-system compared to Cgy. The side double C bond connection to fullerene converts
sp? hybdrized carbons to sp® and causes the contraction of the m-electron system
from 61 to 59 7 electrons. The addition of a side chain breaks the I, symmetry
of a pure Cgy. Also due to the symmetry breaking, the triplet quantum yield is
lowered (in pure Cgg it is close to a unity in benzene solvent)[8] and the symmetry
forbidden Sy — S transition becomes more allowed|9].

In the static absorption spectrum there is also an additional peak at around
2.88¢V (figure 6.3)which is not present in the pristine Cgy. This peak is typical for
[6,6] - closed ring bridged methano-fullerenes [10] due to a local symmetry breaking.

101



Chapter 6 Charge transfer state in merocyanines

The CT; (2.69 eV) and CTy(2.45eV) state energies coincide with charge transfer
excitons found in pure Cg, molecules. That indicate that there are charge transfer
exciton between PCg BM molecules and those transition can be accessed in the
absorption spectrum in a visible spectral range. Similar spectral features were also
reported by other authors with ellipsometry measurements, carried out on PCgBM
films[11], meaning that the theory of photophysical properties of Cgy can also be
successfully applied to PCg;BM molecules.

PCsBM
3eV excitation

a
% 1.5 "
1.0f -
r
0.0

M6 17 18 19 20 21 22 23
Photon energy (eV)

Figure 6.4: Transient absorption spectra of PCgBM films at different delay times
excited with a 3eV laser pulse.

To shed more light on photophysical properties of PCg;BM molecules, transient
absorption experiments on PCgBM films, deposited on quartz, were performed.
The excitation energy of 3eV was implemented, generating carriers just above the
Sp — S excitation. This excitation energy was also used in bulk hetero-junction
analysis, discussed in further sections. The transient absorption spectra at different
delays (0.6 ps to 40 ps) is shown in the figure 6.4. After the photoexcitation,carriers
rapidly decay to the triplet state (below the S state) and a strong induced absorp-
tion at 1.65eV corresponding to the 77 — T, triplet-triplet transition is expected
[12]. This transition was also observed in our time resolved absorption spectra and
is in good agreement with literature.[11] At early delay times in the blue side of the
photoinduced spectra, a weak spectral feature at 2.3 — 2.4 eV was also observed.
This feature could be related to the population of the CT; state, also observed in
the absorption spectrum of PCg;BM at 2.4 — 2.5 eV in the figure 6.3. However, the
observed feature is on the limit of the measurable spectral range and near the dis-
persion correction delay limit of the system. We would argue that more experiments

would be necessary to confirm or deny this claim.
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6.2 Charge transfer state formation in merocya-

nine films

To further investigate the interplay between molecular ordering of merocyanine
molecules and their influence on photo-physical properties, time resolved studies,
using transient absorption experiment was implemented. Transient absorption (TA)
experiments were performed using Yb:KGW based laser system Pharos (Light Con-
version) with 150 kHz repetition rate and 40 fs pulse duration with internal NOPA
800 nm and 1450 nm outputs. The 3eV(400nm) excitation pulse was generated via
second harmonic generation by focusing 800 nm pulse to the beta barium borate
(BBO) crystal. White light continuum probe was generated by focusing 1450 nm
beam into the 4 mm thick Sapphire crystal. The overall experiment resolution is
80fs and it deviates from the original 40fs laser output mainly because of addi-

tional dispersion, caused by glass optics.

The excitation photon energy trough out all time resolved studies was set to
3eV, and its relative energetic position relative to the absorption spectrum of both
PCgBM and merocyanine molecules is shown in the figure 6.2. The optical density
of pure PCg;BM molecules at 3eV is 0.18 and both studied merocyanine molecules at
this photon energy absorb very weak, with optical density of pristine MCT and MH
films at 0.05. Considering that the sample thickness of both films are similar, with a
molar ratio between merocyanine and PCgBM at 1:1.2, for one excited merocyanine
molecule there are 4.32 excited PCgBM, giving a spectral selectivity of 4:1. This
implies a selective excitation of PCg;BM molecules and with a visible probe pulse,
selective probing on merocyanine molecules. This kind of energetical alignment of
photon energies allows to directly investigate the charge carrier and energy transfer
from PCg;BM to merocyanine trough an intermediate charge transfer state or with

a direct energy transport (for example Forster energy transfer).

Results of the transient absorption(TA) measurement on merocyanine films and
merocyanine:PCg BM blends are shown in the figure 6.5b and 6.5¢. The negative
spectral components in the TA spectra of different samples at 1.92eV, 2.05eV are
the ground state bleach (GSB) of 0 — 0 and 0 — 1 vibronic replicas of merocyanine
molecules. The additional negative transient component at 1.8eV was observed in
both pristine and blend cases of both investigated merocyanines. This observation
is contradictory to the expected charge transfer state formation between donor and
acceptor molecules, since it is observed in pure merocyanine films. In the figure 6.5
a) the absorption spectrum of MCT merocyanine and MCT:PCBM blend is shown

and with a weak spectral shoulders, appearing below the 0 — 0 transition, meaning
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Figure 6.5: a) Absorption and b) transient absorption spectra of MCT and
MCT:PCgBM ¢) Absorption spectrum and d) time resolved absorption of MH and
MH:PCgBM MH:PCg,BM films. The 3eV laser pulse was used for the excitation
and white light continuum for probing the absorption change. Strong stimulated
emission associated to the CT state was observed at 1.85eV

that it is a possible below gap transition. By investigating the transient absorption
spectra of the same merocyanine at 25 ps after the excitation in figure 6.5 a), similar
spectral peaks with matching energetic positions occurred. As further explained in
the modelling section, the 1.85eV transition was assigned to a state featuring an
inter-molecular CT character amongst merocyanines. In a less polar merocyanine

similar CT excitons were previously suggested, however never modelled before [13].
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Figure 6.6: Intermolecular charge transfer state between two nearest merocyanine
molecules with electrons on the propyl group and holes on the nitrile group. Mero-
cyanine molecules tend to form H-aggregates, this packing model would imply that
CT state also forms in merocyanine dimers with on top configuration.
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In the transient spectrum of MCT:PCgBM film, the amplitude of this component
is comparably larger than the 0 — 0 ground state bleach component at 1.92eV.For
this to occur, a strong stimulated emission from the CT state due to a large pop-
ulation of excited carriers in this state must be present. For comparing relative
amplitude of the CT state (1.85eV) transition versus the ground state bleach signal
(1.92eV), the ratio between peak amplitudes of these transition was deduced from
the transient spectrum. In MCT:PCgBM film this ratio is 0.79 and in MH:PCgBM
film the ratio is 2.3, when in pristine films of investigated merocyanines ratios are
almost identical: 0.46 and 0.45. This finding indicates either different oscillator
strength of the CT transition or different population of the CT state in investi-
gated Merocyanine:PCgBM blends. Here we assume the oscillator strength to be
the dominant factor. This assumption is based on differences in absorption spectra
between MCT and MH blends in the figure 6.5a). This finding can be ascribed to
the underlying CT state near the 0 — 0 transition with oscillator strength higher in
MCT:PC¢BM film because in the MH:PCgBM no additional shoulder below the
0 — 0 transition could be observed. These differences could occur due to a different
molecular geometry in investigated films. This highlights the strong differences in
photophysics of two merocyanine films when PCgBM molecules are present. We
stress that molecular packing in MCT and MH blends in fact is different, resulting
in reduced H-aggregate formation in MCT:PCgBM blend and smaller H-aggregate
spectral weight in the 2.35eV — 2.65eV spectral region in the absorption spectrum.

In transient absorption experiment the excitation energy of 3 eV was used and
as mentioned before - it allows the 4 : 1 selective excitation of PCgBM molecules.
The monitoring of merocyanine states with a visible probe beam should enable
the observation of energy and charge transfer processes. In the time domain, a
fingerprint of such a process would be a growing component in the ground state
bleach or stimulated emission signal. In fact the growing component at the ground
state bleach of merocyanine was observed in our transient absorption measurements
with higher PCgBM concentration but that could also be caused by other effect
then energy or charge transfer from PCqBM. After the photoexcitation of PCgBM
with 3 eV pulses, the a strong photo induced signal occurs in the 2eV —1.4eV range
(figure 6.4) and it overlaps with the ground state bleach signal of the merocyanine.
The sum of two exponentially decaying signals with opposite amplitudes and similar

decay times would yield a decay curve with what appears to be a growing part.

To reproduce this component a simple sum of the photoinduced signal of pure
PCgBM and ground state bleach signal of pure merocyanine was done. In this cal-

culation, fitted decays of pure PCg;BM and merocyanine (MCT) were used. Results
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of this are shown in the figure 6.7. The computed curve fits the growing signal and
deviates from the signal only in early delay times, where carrier thermalization and
exciton-exciton recombination could play a role. To elaborate further on whether
there is a charge or energy transfer between PCgqBM and merocyanine, more ex-
periments in different spectral range are necessary. For example visible excitation
and ultraviolet probe, where electron transfer process from merocyanine to PCg;BM

would be possible and detectable.
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Figure 6.7: Growing component in the ground state bleach signal of MCT:PCgBM
film with extra PCqBM (1:12 merocyanine:PCq;BM ratio) was observed. The grow-
ing component can be computed by adding the pure transient signal of excited
PCgBM and pure merocyanine film.

The spectral position of the CT state in mixed films (1.85eV) is blue shifted
as compared to the pristine films (1.85eV). The blue shift in the CT state energy
can be ascribed to the change in the CT state coupling energy, which is related
to the effective dielectric constant of the material.[14] In this study we postulate
that PCgBM molecules are responsible for this effect caused by their relatively
high dielectric constant (¢, = 3.9) compared to a typical merocyanine molecule
(e, = 2.8).[15-17]

To investigate the CT state recombination in more detail, a temperature depen-
dent transient absorption study was performed. Temperature dependent temporal
evolution of the CT state peak (probed at 1.85eV) inMCT:PCgBM films are shown
in the figure 6.8. The decay data was fitted using a single exponential decay func-
tion, convolved with a Gaussian and a step function. At low temperature, a slowing
down of the decay rate was observed indicating the activated decay mechanism.
From the slope of Arrhenius graph (figure 6.8) the 40meV activation barrier for
the CT state recombination/dissociation was deduced. Intermolecular CT excitons
on merocyanine dimers could dissociate to free charges or recombine back to the

ground state. For the second process to occur the activation barrier is expected
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Figure 6.8: Temperature dependent decay dynamics of the CT state in
MCT:PCgBM blends. Arhenius graph used to deduce the energy barrier of the
charge transfer state recombination/dissociation process.

to be larger because CT should overcome the energy difference between the charge
transfer exciton and 0 — 0 transition (0.5eV). So a transition from the CT state to
a triplet state or to another intermediate state is possible, but to shed more light on

the exact temporal evolution of the CT exciton, additional experiments are needed.

6.2.1 Computational studies of merocyanine packing using
DFT

To elaborate more on how molecular geometry at donor:acceptor surface could influ-
ence photophysical properties, theoretical studies were implemented. In the figure
6.9 are reported the TDDFT vertical transition energies (unscaled values) for the
MCT cases, namely: the merocyanine dimer (2xMCT) and the clusters with both
on-top (2xMCT:PCg,BMt) and on-side (2xMCT:PCg;BMs) configurations. The me-
rocyanine dimers are minimal structural models representing the pure merocyanine
films, while the clusters with PCg;BM the BHJ interfaces. Both MCT and MH
dimers show a bright excited state, here referred as S*, at similar energies and oscil-
lator strengths (2.82eV, f = 1.54 for MCT and 2.79eV, f = 1.95 for MH, see figure
6.9. S* can be assigned to the 0 — 0 band absorption observed in the experiments
(see Figure 6.5). In the presence of PCgBM, S* slightly shifts for both molecules,
as a consequence of the inter-molecular interactions. Both MCT and MH, in dimers
or in clusters with PCgBM, show a weak dipole allowed low energy state S;. S is
more intense for MCT than MH clusters.

The analysis of the electron-hole densities shows that S; can be described as
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a weak inter-molecular CT state (see partial charge values in the figure 6.9). The
presence of PCgBM does not significantly alter neither its character, nor the energy
and oscillator strength, being for all cases higher for MCT than MH.
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Figure 6.9: a) Computed TD — wB97X — D3/6 — 31G* excited state vertical
energies (unscaled values) for MCT molecular clusters, namely: dimers (2xMCT,
red), dimer with PCg;BM on top (2xMCT:PCgBMt , green), dimer with PCgBM
on side (2xMCT:PCg;BMs, purple). Absorption spectra plotted as convolution of
Lorentzian functions. The label (*) represents the optically allowed excited state
(in the text S*), here assigned to the 0 — 0 transition. Dotted lines highlight the
absorption bands that can be assigned to the stimulated emission transition observed
in the experiment at 1.85eV: electron-hole density plots for CT; and 5 states for the
three molecular clusters respectively. Computed partial charges for the merocyanine
molecules in CT; and S; states. Reproduced from[4].

Remarkably, an excited state showing a strong inter-molecular CT character be-
tween merocyanines, is predicted below S*. This state is named CT; (figure 6.9)
and it is present for both on top and on side PCgBM clusters. It derives from
the CT; transition already present in the pure merocyanine dimer. CT,; shows a

clear electron-hole density separation, localized on the merocyanine domain. Fur-
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thermore, its energy, oscillator strength and partial charges are highly affected by
the relative position of the PCgBM. For the on-top PCgBM configuration, higher
stabilization energy and oscillator strength for CT; are computed than the on-side
(figure 6.9). For the case of MH clusters, the computed TDDFT energy for the CT
state is higher than S*, and any clear CT state could be located below the optical
allowed transition. This aspect might be due to various reasons: i) different local
packing and dimer geometries, as induced by different alkyl side chains, ii) a small
cluster size considered in the simulations, which is not sufficient for a full descrip-
tion of the electronic structure of MH:PCgBM cases. For such reasons a further

computational investigation will be needed to systematically address this point.

Comparing the TDDFT calculations with the experimental data, for the case
of MCT we can associate the CT; to the stimulated emission band observed at
1.85¢€V (figure 6.5). This state is predicted both in pure MCT and in MCT:PCg,BM
clusters, as also experimentally observed (pure films vs. BHJ, figure 6.5). Because
of the aforementioned TDDF'T limits in computing the energies of the merocyanine
excited states, we cannot completely exclude that the stimulated emission signals
might also be assigned to the S; state, which shows a weak CT character as well
(figure 6.9). We point out that our models are kept minimal in order to explore many
structural configurations and to catch the crucial photophysical aspects, however
we do not exclude the appearance of further low-lying CT states surrounding the
optical gap (S*) states, the more we increase the cluster size. Similar effects have

been reported in literature for oligothiophene: PCgBM clusters|15].

6.2.2 Merocyanine:PCgBM device characterization

Due to a high dipole moment of merocyanine dyes, photogenerated exciton is placed
on the nitrile and propyl-amine groups, electron on nitrile and hole on the propyl-
amine groups[18]. Two main models which used to describe CT exciton dissociation
at the D/A interface are Onsager Braun and Barker models [19, 20]. Both of these
models require to have temperature dependent field assisted CT dissociation rate
which was not yet observed. This comes to no surprise because of the nature of
CT state dissociation: CT state dissociation is an energy releasing process. The
CT exciton dissociation and device performance in the framework field dependent
tunneling was numerically modeled by Petersen et al[21, 22]. In functioning devices
the probability of exciton dissociation at the D/A interface could be modeled as

the competition between exciton dissociation and recombination processes. First,
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model for bound carrier dissociation probability was proposed by Braun et al[19]:

EBP (F, 1
PBP(Fel) = k?BP de( l) (61)

BP(Fu) + kBP(Fy) 1+ kBP(F.) /KB (Fy)

rec diss

where k2P (F,;) and kB (F,;) are dissociation and recombination rates respectively

rec
[19]. It shows that with with high exciton recombination rate, the overall exci-
ton dissociation probability drops. Recently, a more sophisticated model with a
tunneling term was introduced by Petersen et al. and it reproduces experimen-
tally observed temperature invariant of CT exciton dissociation rate and a strong
dependency on donor:acceptor distance because of tunneling effects[21]. The field

dependent tunneling distance is:

—OéFel
2q

Ttunnel (Fel) = Ttunnel,0 — (6.2)
where « denotes the effective value of the excited state polarizability in the direc-
tion of the applied field. It shows how the initial distance between excitons on
donor:acceptor interface can determine the exciton dissociation efficiency in terms
of tunneling. Also the influence on the local polarizability as shown in equation
6.2 is of crucial importance in explaining the tunneling process at donor/acceptor
interface. All this theory strongly indicates that tuning molecular orientation and
donor:acceptor interface could change the tunneling term and probability of exci-
ton dissociation P,y via changes in local polarizability o or relative distance 7ymner0
between donor and acceptor molecules.

Based on this theory, the change in micro structure and aggregation, which was
observed in the absorption spectra of MCT and MH merocyanine films, should affect
device performance of merocyanine based donor:acceptor solar cells. To shed more
light on how aggregation could affect exciton splitting and dissociation behavior in
electric fiels, devices with merocyanine and PCgBM as well as devices with only

merocyanine molecules were fabricated.

Device architecture and measurements methods

All solar cells were fabricated on indium-tin oxide (ITO, 125nm) coated glass. The
substrates were exposed to ozone for 3 min and transferred to the evaporation cham-
ber to evaporate 10nm MoOs. After transfer to a glove box active layers of 7nm
were spin-coated from chloroform solutions of 13 to 15 mg/ml mixed in a ratio of
2 : 3 (MCT to PCgBM). Neat film were prepared without PCqBM in the same

way. The device fabrication was completed by thermal evaporation of 5nm Ca and
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Figure 6.10: a) Device structure of the merocyanine:PCqBM; b) JV curves of
devices with two different merocyanine molecules.

p[em?Vis?] p[cm?Vis?]
Material Vg [ V] Jsc [ cm?/Vs] FF PCE [ %]

SCLC OFET
. -5
MH:PC.,BM  0.89 677 068  4.09 15-10
. -7
MCT:PC.,BM 0.87 461 042 166 14-10
MH 2-107° 9-107°
MCT 7-1077 2-107%

Table 6.1: Voltamepric characteristics of merocyanine : PCgBM devices; mobil-
ities (in a vertical direction) of pristine films (with OFET architecture) and blend
merocyanine films.

120 nm Ag for solar cells or 10 nm MoO3 and 120 nm Ag for unipolar diodes (SCLC).
OFET substrates were obtained from Fraunhofer IPMS Dresden (300 nm SiO,, C
= 15 nF/cm?) and coated with the same solution used for unipolar diodes. The
solar cell characteristics were measured using a Keithley 2425 source-measurement
unit with a filtered Xe lamp, providing the AM 1.5 G solar spectrum. The inten-
sity of the lamp was adjusted to 100 mWem 2. OFETSs were characterized using a
semiconductor parameter analyzer (Keithley 4200). Mobilities were obtained from

saturation regime curves using standard OFET models.

Short circuit current and the free energy of a charge transfer state

Merocyanine based solar cell devices were made with an architecture as shown in
the figure 6.10a, voltamperic characteristics of such devices are shown in the figure
6.10 b. To summarize, a strong differences in short circuit current J . were observed
(6.77cm?/Vs in MH devices versus 4.61 cm?/Vs in MCT devices), leading to dras-
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tically different fill factor (FF) and therefor, large differences in power conversion
efficiency (PCE). The efficiency (PCE) of MH:PC4BM devices is 4.06% and for
MCT:PCg,BM its 1.66%. Such strong differences in device characteristics cannot
be explained by a simple difference in the amount of absorbed photons, since the
integrated area of MCT:PCgBM and MH:PCgBM are 0.142 and 0.119, giving a
difference of 19% difference. Second important physical property which could ex-
plain the loss in Ji, and rationalize such drastic differences in efficiency is different
energy of the charge transfer exciton between donor and acceptor. We have used the
empirical approximation, described by Veldman et al. [23] to attain the CT state

energy at room temperature using V..
Ecr = qVoe +0.47 eV (6.3)

The free energy of the photo induced electron transfer is defined as AGeor = Eor —
E,, where E, is the band gap of the material. It was shown by Nuzzo. that decrease
in the free energy leads to reduced short circuit current (Jg.), so by comparing AGer
one can get more insights to the cause of decreasing J,. [24].

We have used a similar approach to explain the decline in J,. in PCgBM films
based on differences in the free energy AGer . The open circuit voltage (V,.) was de-
duced from J/V curves and is 0.89 V and 0.87V for MH:PCg BM and MCT:PCy; BM
respectively. Using this information the deduced charge transfer state energy Eor
is 1.36eV and 1.34eV for MH and MCT devices respectively. To calculate the free
energy term, the optical gap of both analyzed blends has to be deduced. This can
be done from the absorption spectra of both films (figure 6.2). The optical gap E,
of both films are 1.925eV and 1.91eV and it was deduced by the linear extrapola-
tion from absorption edge. Using this, the free energy for photo-induced electron
transfer AGor for MH and MCT devices is —0.565eV and —0.57eV. It is clear
that the 46% drop in J for MCT:PCg,BM devices cannot be explained only by
AGer. The drop in short circuit current also could be a result of mascrocopical
parameters such as different charge carrier mobility or diffusion. It was demostrated
that differences in electron and hole mobilities could lead to a space-charge-limited
photo-current caused by imbalance between hole and electron transport[25]. The
maximum electrostatically allowed photo current that could be extracted from a

device in the space-charge-limited-current regime is
eoerin 14
Jon = q (— ) RYAV12 (6.4)

where R denotes the generation rate of electron hole pairs, V is the applied voltage
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and is limited by the slowest charge carrier mobility. Koster et al. has modeled the
current-voltage characteristics of a functioning device using this formula and found
that a large drop in the current is caused by the occurrence of a space charge effect
which is occurring only when hole and electron mobilities are largely mismatched[26].
In our study, charge carrier mobilities of all devices were measured in two different
ways: with space charge limited current (SCLC) and in field effect transistor config-
uration. For the SCLC measurement merocyanine layers were sandwitched between
two MoOQOj layers, resulting in a hole selectivity. Therefore, using this method a hole
mobility in pure merocyanine as well as in merocyanine:PCg;BM films was extracted.
In case of OFET structure, the extracted mobility is not carrier selective. The mea-
sured carrier mobility of MCT films using SCLC method is 7- 1077 em?V~1s™!, for
the same materials, the mobility measured with OFET is 2-10~* cm?V~!s~!. The
3 orders of magnitude difference in mobilities means a largely unbalanced carrier
mobilities and would result in space charge limited current regime in a solar cell and

the reduced short circuit current Jg.

6.3 Conclusions

The intermolecular charge transfer state between two adjacent merocyanine molecules
was analyzed using both time resolved spectroscopy and theoretical studies. Exper-
imentally it was shown that different alkene chains of merocyanine molecules can
drastically alter the packing behavior of molecules. The charge transfer state was
measured using transient absorption spectroscopy and showed a strong stimulated
emission signal, associated with it. Theoretical calculations have shown that the
relative orientation between PCgBM and merocyanine molecules can change the

CT state oscillator strength by means of different delocalization.

6.3.1 Collaborations

The study, presented in this chapter was done with a collaboration with Daniele
Fazzi (theoretical calculations of molecular packing and energy levels) and Dirk

Hertel (sample preparation and device measurements).
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Summary

The scope of this work covers ultrafast phenomena and excitation dynamics in both
organic and hybrid perovskite semiconductors that are used for solar cell applica-
tions. For this purpose different types of time resolved spectroscopy techniques were
used such as transient absorption and two photon photoemission.

In MAPDI; we have used hole extraction layer PEDOT:PSS and transient ab-

sorption technique to measure hole mobility in a contactless manner.
It was shown that molecular packing plays a crucial role in organic photovoltaic
cells. First of all, the strong nature of polar molecules such as merocyanine can lead
to aggregate formation. In our studies, it was shown that investigated merocyanine
molecules form H-aggregates. Using experimental and computational methods the
250 meV coupling energy in H-aggregate was deduced. Using two different merocya-
nine molecules with different packing behavior we were able to show the correlation
between packing behavior and the charge transfer exciton formation.

In this study the donor: acceptor type blend with merocyanine and PCgBM was
used. We have shown that the relative position between merocyanine and PCg BM
(on edge and top of a merocyanine dimer) can change the delocalization of the
intermolecular charge transfer exciton on merocyanine dimer. Our experimental
findings also were confirmed by computational analysis (DFT).

In a new type of hybrid perovskite: 4 cation, mixed halide GACsFAMA per-
ovskite, it was found that organic counterparts of the material can influence the
lifetime of the photoexcited carriers. Using transient absorption, two photon pho-
toemission, and time resolved fluorescence it was found that in hybrid perovskites
the long carrier lifetime can be achieved by altering the organic backbone of the

material.
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