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Abstract

Layered hybrid organic-inorganic perovskite (LHOIP) materials are an emerging class of semi-
conductors endorsed as a more stable alternative compared to the more widely investigated
3D hybrid organic-inorganic halide perovskites (HOIP). Consisting of alternating slabs of inor-
ganic layers separated by layers of organic spacer cations, their optoelectronic properties are
determined by quantum and dielectric confinement effects resulting in materials with high
exciton binding energies and charge carrier anisotropy. Considering aliphatic spacer cations,
such as n-butylammonium (BA) or phenylethylammonium (PEA), the spacer cations act mainly
structurally, and the optoelectronic properties are determined by the distortions of the inorganic
octahedral Pb-I-network. Recent reports have discovered that the incorporation of organic
semiconducting spacer cations into the layered perovskite structure is an interesting approach
to tuning the optoelectronic properties. While aliphatic spacer cations create a quantum well
structure due to a mismatch between their HOMO and LUMO energy levels and the valence
band (VB) and conduction band (CB) of the inorganic layer, respectively, semiconducting or-
ganic chromophores can contribute to the electronic structure, thus potentially breaking the
quantum confinement. For example, by incorporating electron-accepting spacer cations, type II
organic-inorganic nano-heterostructures can be formed, where the excited electrons are trans-
ferred from the inorganic layer to the organic spacer chromophore. The possibility to modify the
localization of the electrons and holes opens the door for a wide range of applications, such as in
LED and solar cell devices. However, incorporating organic spacer cations remains challenging
due to their large size. In this work, novel spacer cations for the formation of layered perovskite
materials are investigated.

Focusing on novel spacer cations based on naphthalene diimide (NDI) chromophore and
NDI derivatives, critical aspects for the layered perovskite formation are analyzed. We further
investigate the electron transfer mechanism from the inorganic layer to the NDI spacer cation by
time-resolved photoluminescence and transient absorption (TA) spectroscopy showing electron
transfer on a sub-picosecond timescale. The formation of long-lived charge-separated states and
their potential implication in the exciton dissociation were studied by time-resolved microwave
conductivity (TRMC) measurements. Modifying NDI spacer cations and synthesizing a core
substituted derivative, a visible-light absorbing spacer cation was incorporated into a layered
perovskite structure. Selectively exciting the spacer cation and tuning the CB and VB of the
inorganic layer by forming a mixed halide octahedral perovskite network, we were able to further
study electronic interactions between the organic and inorganic layers in the semiconducting
material.

Keywords: Hybrid Organic-Inorganic Halide Perovskite, HOIPS, Layered Perovskites, Organic

Semiconductor Incorporated Perovskites, OSiP, Nanoscale Heterostructures, Semiconductor
Design, Photovoltaics
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Zusammenfassung

Geschichtete (layered) organisch-anorganische Perowskite sind eine aufstrebende Klasse von
Halbleitern, die eine stabilere Alternative zu den klassischen drei-dimensionalen organisch-
anorganisch ABX3 Perowskiten darstellen. Solche Halbleiter bestehen aus Schichten anorgani-
scher Perowskitstrukturen, die durch organische Barrierekationen (spacer cations) auseinander-
gehalten werden. Die optoelektronischen Eigenschaften werden dabei durch Quanteneffekte
und dielektrische Effekte bestimmt, was zu einer hohen Exzitonen-Bindungsenergie und aniso-
tropen Mobilitédt der Ladungstréager fiihrt. In Leuchtdioden und Solarzellen sind geschichtete
Perowskite deshalb nur in gemischten Systemen mit 3D Perowskiten und quasi-2D Perowskiten
verwendbar. Bei Barrierekationen wie n-Butylammonium (BA) oder Phenylethylammonium
(PEA) wirkt das Barrierekation hauptsichlich strukturell, wobei die optoelektronischen Eigen-
schaften durch strukturelle Modifikationen der anorganischen Pb-X-Schicht bestimmt werden.

Kiirzlich publizierte Berichte {iber geschichtete Perowskite, wo organische halbleitende Mole-
kiilkationen als Barrierekationen eingesetzt werden, beleuchten einen interessanten Ansatz um
die optoelektronischen Eigenschaften des Halbleiters durch elektronische Eigenschaften der
Barrierekationen zu steuern. Im Gegensatz zu aliphatischen Barrierekationen, bei denen sich die
HOMO- und LUMO-Energieniveaus des Barrierekations von dem Valenzband und Leitungsband
der anorganischen Schicht stark unterscheiden und eine Quantentopfstruktur (quantum well)
bilden, kdnnen organische Halbleiter zur elektronischen Struktur des geschichteten Perowski-
ten beitragen und damit moglicherweise die Quanteneffekte reduzieren. Die Einbindung von
Chromophoren welche Elektronen akzeptieren kdnnen, fithrt zur Bildung einer kiinstlichen
Nanoheterostruktur vom Typ II. Solche Heterostrukturen ermdoglichen es den angeregten Elek-
tronen von der anorganischen Schicht auf das organisch halbleitende Barrierechromophor zu
transferieren. Die Méglichkeit, Elektronen und Locher in der organischen wie anorganischen
Schicht zu lokalisieren stellt eine interessante Strategie dar die starken Coulomb-Interaktionen
zwischen Elektron und Léchern zu reduzieren. Solche Materialien kénnen in Leuchtdioden
und Solarzellen eingesetzt werden. Die Einbindung solcher Barrierekationen basierend auf
organischen Halbleitern bleibt jedoch aufgrund der verschiedenen molekularen Interaktionen
und der Grosse solcher Molekiile limitiert.

In dieser Arbeit werden neuartige Barrierekationen synthetisiert und untersucht. Basie-
rend auf Naphthalindiimidchromophore und deren Derivaten werden Schliisselaspekte der
Perowskitbildung erldautert. Dabei wird gezeigt, dass die Linge der Kohlenstoffkette, welche
das Kation am Perowskiten verbindet einen entscheidenden Einfluss auf die Formbarkeit und
das Kristallwachstum bestimmt. Basierend auf der Typ II Heterostruktur wird die Dynamik
des Elektrontransfers von der anorganischen Schicht zum halbleitenden Barrierekation mittels
zeitaufgeloster Photolumineszenz- und Transientenabsorptionsspektroskopie (TA) untersucht.
Die Bildung von langlebigen freien Ladungstrdger und deren Auswirkung auf die Exzitonendis-
soziation wurden durch zeitaufgeloste Mikrowellenabsorptionsmessungen untersucht.



Zusammenfassung

Schlagworter: Perowskite, Layered Perowskite, Organische Halbleiter in Layered Perowskite,
Heterostrukturen, Halbleitersynthese, Solarzellen
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Chapter 1

Introduction

1.1 Abstract

This Chapter discusses the properties of semiconductors and their application in optoelec-
tronic and electronic devices. Considering the existing limitation related to processability,
bio-compatibility, tunability, and materials flexibility, it is shown that the development of new
semiconducting materials is necessary to expand semiconductors to new fields of application
such as spintronics, photodetection, photovoltaics, and bio-electronics. Based on two emerging
classes of semiconductors, organic semiconductors and hybrid organic-inorganic perovskite
semiconductors (HOIPS), key aspects of their electronic properties are presented, highlighting
the advantages and limitations of these materials. The second part of this chapter focuses
on a subclass of HOIPS, namely layered hybrid organic-inorganic perovskite semiconductors
(LHOIPS), which have the potential to overcome the limited structural stability found in HOIPS
materials. By introducing the concept of quantum and dielectric confinement, a brief introduc-
tion to quasi-layered perovskite and their electronic structure in poly-dispersed thin films is
given. Additionally, taking a step back, a brief literature overview on the possibility of tuning the
optoelectronic properties of LHOIPs by the design of the spacer cation is given. More specifically,
the prospects of tuning the electronic structure by the incorporation of spacer cations based on
organic semiconducting building blocks are presented. Organic semiconductors incorporated
into perovskite materials provide an interesting subclass of LHOIPs for the application in opto-

electronic devices.

The herein presented review is aimed for future publication.
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1.2 The Silicon Age

Since the development of the transistor in 1947, semiconducting materials have been an es-
sential part of crucial components in many modern electronic devices. They are important
building blocks in computers, cars, microwaves, and mobile phones. (1 The development of the
internet and the widespread use of personal computers in the last 30 years would not have been
possible without the properties of semiconductors. ?! Indeed, the impact of the internet on
culture, society and politics, and novel technological advances lead some commentators to refer
to the current information-driven era as the silicon age. 3! In general, the electronic properties
of semiconducting materials that are crucial for their application in electronic devices lay some-
where between insulators and conductors. These properties are determined by the material’s
electronic structure. Unlike conductors such as metals, where the valence electrons behave like
an electron cloud in the lattice with a continuum of possible energy states, semiconducting
materials possess a distinct valence band (VB) and conduction band (CB) separated by a band
gap of non-allowed energy states, as illustrated in Figure 1.1a. Compared to insulators, the band
gap in the semiconductor is small (less than 3 eV), and the conduction band is partially filled by
thermally excited electrons allowing charge transport through the material. (4!

Although this partially filled conduction band makes semiconductors inferior to metals re-
garding their electronic conductivity, charge carrier transport in a semiconductor can be altered
by deliberately inducing impurities into the material structure. As new states are formed close to
the valence band or conduction band, the band structure shifts, and charge carrier conductance
is altered. Incorporating electron-accepting (atoms with a lower number of valence electrons
than the atoms of the host material) or electron-donating (atoms with a higher number of

valence electrons than the atoms of the host material) dopants allow the formation of p-type

a b

I

Electron Energy

Metal Semiconductor Insulator Depletion Region

Figure 1.1 — a) Simplified electronic structure of metals, semiconductors, and insulators. b)
Schematic illustration of a p-n junction as found in commercial Si-based solar cells under light
illumination.
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and n-type extrinsic semiconductors, respectively. While in p-type semiconductors holes are
the majority charge carriers and electrons are the minority charge carriers, electrons are the
majority carrier in n-type semiconductors. %' A key aspect of semiconductors is the dependency
of their electronic properties on environmental factors. The transfer of electrons from the VB to
the CB by photoexcitation, thermal excitation, or by applying voltage increases the population of
electrons in the conduction band, altering the resistivity of the materials. These electronic tran-
sitions from the VB to the CB or relaxation from the CB to the VB are the fundamental processes
in many optoelectronic devices such as light-emitting diodes (LEDs) and photo resistors. [7)

In the wake of the current energy crisis and global climate change caused by the emission
of CO; resulting from the burning of fossil fuels, the application of semiconductors as light-
harvesting material for light-to-electricity conversion in solar cell devices gained particular
interest in research. Considering the average terrestrial solar irradiance of around 1’000 Wm 2,
the sunlight reaching the earth’s surface provides an effectively unlimited clean energy source. &l
Harvesting green solar energy by light-to-electricity conversion is an essential pillar of the future
energy strategy outlined in the current European Union’s green deal energy strategy. [ Light-
to-electricity conversion in solar cell devices is based on the photovoltaic effect in narrow-gap
semiconducting materials. When the semiconductor absorbs incident photons with higher
energy than the band gap, an electron from the VB is promoted to the CB, leaving behind an
absence of an electron (hole) in the VB. Electrons that are well in the conduction band lose
their energy by generating phonons until these electrons have energetically reached the lower
edge of the conduction band. The created electron-hole pairs have a relatively long lifetime of
up to 1073 seconds. This allows the conversion from electron energy to electrical energy via
the separation and subsequent injection of both electrons and holes into an electrical grid. %!
However, the absorption of a photon alone does not necessarily lead to the formation of a free
charge carrier (separated electron and holes), as, depending on the material, an exciton (an
electron and hole pair in a bound state) formed by the absorption of a photon has to overcome
the coulomb forces between the electron and hole, commonly denoted as the exciton binding
energy. ' A low exciton binding energy close to k;T (0.026 eV at room temperature, where k, is
the Boltzmann constant), as found in high-dielectric materials, allows efficient dissociation and
charge carrier generation at room temperature, and free charge carriers can be separated and
collected at carrier-selective electrodes. In the most common type of commercially available
solar cells, devices that are based on semiconducting silicon (Si) as a light-harvesting material,
these selective electrodes are formed by n-type and p-type crystalline or amorphous silicon with
an overall thickness of several micrometers. Electrons are injected into the n-type silicon layer,
whereas the holes are injected into the p-type semiconductor, as shown in Figure 1.1b. The elec-
tric field in the depletion region constitutes only around 1% of the total semiconductor '?! and

is arguably less crucial for the free charge carrier generation in high-dielectric materials with low
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exciton binding energies where free charge carriers thermally dissociate at room temperature.
On the other hand, in low-dielectric materials, the exciton binding energy is too high to facilitate
thermal charge dissociation. In these materials, electron-hole pairs would recombine within
the bulk of the material. Charge carrier dissociation in low-dielectric materials such as organic
semiconductors (see section 1.4.1), in contrast, happens mainly at the donor-acceptor interface,
making optimal contacts between p- and n-type semiconductors crucial for efficient device

operation.

1.3 The Need for New Semiconducting Materials

Considering the wide application of semiconducting materials, it may appear surprising that, as
of today, the industry is relatively conservative regarding the choice of semiconducting materials,
relying mainly on inorganic germanium, gallium arsenide, silicon, or metal oxide semiconduc-
tors. Referring to the previous section, silicon (Si)-based materials, for example, highly dominate
the solar cell devices market, where amorphous or crystalline silicon solar cells make up to 90%
of the market share. '3/ Nevertheless, these materials often require energy-intensive fabrication
steps. Silicon wafers must have a high purity (>99.9999%), resulting in an energy-intensive
production. ['* The high temperature in the fabrication process makes cheap solution-based
roll-to-roll fabrication methods hard to implement for these materials and widely limits the
application of different temperature-sensitive substrates. (1%

Ultimately, silicon and other semiconductors will reach their physical limits for further en-
hancing the performance of electronic devices, which require even further miniaturization.
For instance, the indirect band gap of semiconducting silicon reduces the material’s light ab-
sorptance. This becomes particularly problematic in solar cell devices that require a relatively
thick wafer of several micrometers to effectively absorb enough photons to generate electricity
efficiently. '/ Because of this, the devices become heavy and brittle, limiting the application
in lightweight devices. Even though silicon-based materials have a band gap of around 1.1 eV,
which is close to the optimal band gap to obtain a theoretical solar-to-electricity conversion
efficiency given by the Shockley-Queisser limit of around 33% in single junction solar cells, the
band gap of Si is relatively fixed and difficult to alter. Materials with tunable band gaps offer the
possibility to design colorful photoabsorbers for implementation in more integrated systems.
Photoabsorbers with a large band gap could also be used as a top layer in tandem-solar cells,
allowing them to overcome the Shockley-Queisser limit in single-junction devices and enhanc-
ing the solar-to-electricity efficiency. Moreover, the price of electricity produced by solar energy
strongly depends on the device’s efficiency due to fixed module integration costs. Implementing

more efficient solar cell devices is a promising strategy to make solar energy cheaper. (1718
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Despite the emphasis here on semiconductors for application in energy devices such as solar
cells — undoubtedly an important driving force for the development of new materials — new
emerging fields such as spintronics or organic bio-electronics require materials that possess
properties, such as structural flexibility or bio-compatibility, which are not fulfilled by existing
inorganic semiconducting materials or are challenging to produce by existing fabrication pro-
cesses. While today the semiconducting industry heavily relies on a top-down design approach
(e.g., photolithography or e-beam lithography), further development of new semiconducting
materials has to focus more on bottom-up approaches. Engineering the semiconducting ma-
terial to this specific requirement in combination with cheap and large-scale solvent-based
fabrication processes provides an exciting opportunity to further advance the large field of

semiconducting materials.

1.4 EmergingNovel Semiconducting Materials for Optoelectronic Ap-

plications

The research for new semiconducting materials for various applications has yielded a wide range
of novel materials with promising properties. While some materials have obtained tremendous
interest, such as 2D materials like graphene — for which Andre Geim and Konstantin Novoselov

were honored with the Nobel prize in 2010 1920

— a complete discussion of all these materials
would vastly exceed the scope of this thesis. In the following, the discussion will be limited
to two emerging classes of semiconductors widely studied in chemistry. Firstly, semiconduc-
tors consisting mainly of carbon-based organic materials will be discussed. These materials
have a high degree of variability and tunability by molecular engineering, which makes them
promising for a wide field of applications and have already seen commercialization for specific
applications. The second class of materials that will be discussed in the following is hybrid
organic-inorganic perovskite (HOIP) semiconductors. This discussion focuses on the electronic
and optical properties rather than the synthetic aspects, which will only be addressed when the

understanding requires so.

1.4.1 Organic Semiconducting Materials

Organic semiconductors combine the optoelectronic properties of inorganic semiconductors
with organic materials’ tunability and chemical flexibility. ' The semiconducting properties
arise from the atomic and molecular orbitals of the carbon atoms. Considering atomic carbon,

the valence electrons are located in the 2s (2 electrons) and the 2p (2 electrons) orbitals. However,
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Figure 1.2 — a) 7- and o-bonding arising from the p and sp? hybridized atomic orbitals in
ethylene. b) Increasing the number of double bonds in molecules, and increased molecular
packing of the organics in solid states lead to a quasi-continuous energy-states.

when carbon is bonded to hydrogen or other carbon atoms, the 2s and 2p orbitals undergo
hybridization, forming four sp® hybridized atomic orbitals. The four equivalent hybrid atom
orbitals give rise to tetrahedral molecular structures found in, for example, methane molecules.
In carbon double-bonds, the valence orbitals in the carbon are sp?-hybridized, leading to one
available p-orbital with distinct energy levels from the sp? orbitals. ['"*!! While the sp? orbitals
of the carbon form a o-bond with each other, the p-orbitals form n-bonds. Energetically, the -
bonds are less favored compared to o-bonds, leading to the localization of the valence electrons
in the highest occupied molecular orbital (HOMO) made from r-orbitals, while the 7*-anti-
bonding orbitals build the lowest unoccupied molecular orbital (LUMO), as shown in Figure 1.2a.
By increasing the conjugation in the n-system, the difference between the HOMO and LUMO
energy levels decreases, leading to organic molecules with visible light absorption properties as
found in many organic chromophores. While in single molecules the HOMO and LUMO are still
discrete energy levels, when packing organic molecules in solid matter, the orbitals of different
molecules start to interact, and with increasing density, the discrete states start to become a
quasi-continuous band of energy levels as displayed in Figure 1.2b.

Despite the similarities in the electronic structure, there are clear differences between organic
and inorganic semiconductors. While in inorganic semiconductors individual atoms are held
together by ionic or covalent forces, strong van-der-Waals, and -7 interactions are formed
between organic molecules or polymers in organic semiconductors, which play a crucial role
in the charge carrier transport through the material. Charge carrier transport in organic semi-
conductors differs from the band-like transport in Si-based semiconductors and is described
as an array of hopping-like processes (polaron-transport), as displayed in Figure 1.3a. ?>23!

Such charge carrier properties suggest that the material’s disorder can substantially impact the

6
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Energy

Distance Donor Acceptor

Figure 1.3 — a) Charge carrier hopping in organic semiconductors. The blue curve indicates
the density of states distribution. b) Schematic illustration of the architecture of a bulk het-
erojunction (BHJ). ¢) The pillar shaped system represents the ideal case for efficient charge
dissociation.

charge carrier mobility where highly ordered systems achieve more band-like transport and
show enhanced charge carrier mobility. Achieving organic semiconductors with high ordering
and high charge carrier mobility can be challenging and is strongly impacted by the deposition
methods, making charge carrier transport a limitation in their application in optoelectronic
devices.

Organic semiconductors have attracted attention for their application in light-emitting
diodes, which have been commercialized in recent years. The thin film fabrication process on
polymeric substrate allows cheap production of bendable LED displays. A key characteristic
of organic semiconducting materials is their relatively low dielectric constant, which results
in strong exciton binding energies. By synthesizing visible-light absorbing organic molecules
or polymers, organic semiconductors can also be implemented in solar cell devices allowing
the fabrication of lightweight devices. However, the low dielectric constant is disadvantageous
for solar cell applications where efficient electron-hole separation is needed. As low dielectric
materials screen the electron-hole interactions less efficiently, the formation of strongly bound
electron-hole pairs (Frenkel excitons) with low diffusion lengths, which are hard to separate
into free charge carriers, is favored. *4?% To mitigate the high exciton binding energies, the
electron-hole pair can be separated at the interface of two organic semiconductors by forming
a type II heterojunction. This can be achieved by depositing an electron-donor on top of an
electron-acceptor organic semiconductor. In the case of a single junction architecture, which
resembles the device architecture of p-n junctions in silicon solar cell devices, charge separation
is still limited by the short exciton diffusion length of the excitons through the bulk material. Effi-
cient charge separation can only occur for distances between donor and acceptor domain sizes
close to the exciton diffusion length of 10-50 nm. 627! To reduce the size of the bulk material

and increase the charge separation efficiency, a bulk heterojunction (BHJ) of a blended mixture

7
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of donor and acceptor polymer forming an interconnected continuous network is targeted to
achieve high-performing organic solar cells. 8! An important factor in achieving such high
efficiencies is the optimal blending reducing the domain size to only a few nanometers while still
forming a continuous network for good charge carrier transport. In the ideal case, a pillar-like
structure, as illustrated in Figure 1.3c, allows optimized charge separation and charge transport.
However, bulk heterojunction systems containing all polymer are anisotropic, and controlling

the orientation and crystallinity of donor and acceptor is challenging to achieve.

1.4.2 Hybrid Organic-Inorganic Perovskite Structure and Properties

While organic semiconductors were successfully implemented in LED devices, the development
of efficient organic-based solar cell devices was eclipsed by the rise of hybrid organic-inorganic
perovskite-based semiconductors (HOIPs). The perovskite structure consists of a class of ma-
terials with the general formula ABX3 where the A-site is a monovalent cation, B is a divalent
metal cation, and X is a halide. The formability of a perovskite structure is described by the
Goldschmidt tolerance factor (¢) defined as:

ra+rx

o (1.1
V2(rg+ry)

where 14, rg, and ry are the ionic radius of the A-site, B-site, and halide, respectively. (29,301 Ag
illustrated in Figure 1.4a, a cubic perovskite structure is formed when the tolerance factor is
between 0.8 and 1.1. In the most widely employed HOIP materials for the application in solar
cell devices, Cs* methylammonium (MA™*) or formamidinium (FA*) (chemical structures are
shown in Figure 1.4b) are used as an A-site, while Pb?* or Sn?* are used as B-site, forming a

hybrid organic-inorganic perovskite (HOIP) structure. As the precursors of HOIPs are soluble

b

o = A-site |

Methylammonium @ =N

O = B-site (MA) ¢ =C
b\g Py =H
° = X-site

Formamidinium
(FA)

y |

Figure 1.4 —a) Structure of hybrid organic-inorganic halide perovskite, and b) chemical structure
of methylammonium (MA*) and formamidinium (FA™).
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in Dimethylsulfoxide (DMSO) or N’N-Dimethylformamide (DMF), thin films can be easily
formed by solvent-based fabrication methods, such as spin-coating or doctor blade coating,
at relatively low temperatures. 32l Additionally, compositional engineering can easily tune
the optoelectronic properties of the material. 3335 As the band structure is determined by the
p-orbitals of the halide (VB) and the overlap of 6p orbitals of lead and p orbitals of the halide (CB),
replacing iodide with bromide shifts the CB and VB energies and increases the band gap. ¢!

Although the A-site cation does not contribute electronically to the perovskites, tilting of the Pb-
X octahedra induced by the A-site can further tune the electronic structure of the material. 373!

The high visible-light absorption, the low exciton binding energy of a few meV, and the high
charge carrier diffusion length 139 of methylammonium and formamidinium-based lead-halide
perovskites (MAPbI3 or FAPbI3), for example, make these materials suitable for the applications
in solar cell devices, reaching power conversion efficiencies of more than 25.7%, which is
comparable to the efficiencies obtained in silicon-based solar cells. [40,41] pyrthermore, the high
tunability and processability, along with the straightforward synthesis of lead-halide perovskite-
based nanoparticles of various band gaps, make these materials attractive for a wide range
of applications, such as photodetectors and LEDs. ?! However, the large-scale applications
and commercialization of perovskite semiconductors remain hampered by the low stability of
the materials under operational conditions. HOIPs can undergo thermal, light, and moisture-
induced decomposition under working conditions forming Pbl,. 344! Although moisture and
thermal stability can be improved by compositional engineering and device encapsulation, 4!

material decomposition remains a substantial drawback for all HOIP semiconductors.

1.4.3 Layered Perovskite Semiconductors

Due to the low intrinsic stability of hybrid organic-inorganic lead-halide-based perovskites,
focus of researchers has shifted in the last few years towards the synthesis and characterization
of so-called layered (LHOIP) and quasi-layered perovskite materials as a stable alternative to
HOIPs. Layered perovskite materials are formed by replacing the A-site cation partially or com-
pletely with a bulky organic aliphatic spacer cation. As the spacer cations are too large to fit
into the octahedral cage, a new phase is formed where the octahedral framework is separated
along a particular crystalline direction forming layers of alternating organic-inorganic slabs, as
illustrated in Figure 1.5a. 4649 In the simplest case, the spacer cation is an aliphatic ammonium
anion or a cyclic (aromatic or aliphatic) molecule with an alkyl linker chain bearing ammonium
group that connects the spacer to the inorganic slab. °” The spacer head that connects the
inorganic layer with the organic molecule consists commonly of a primary ammonium group.
Some reports have explored substitutions at the amino position to form secondary or tertiary

amines. [°1°2 However, these modifications make the spacer cation less prone to form a layered
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perovskite structure as the amino group becomes too large to fit into the inorganic pocket desta-
bilizing the layered structure. Due to the hydrophobic character of typical spacer cations such as
n-butylammonium (BA) and phenylethylammonium (PEA) and the increased formation energy
compared to the "conventional" three-dimensional (3D) ABX3 perovskites, these materials have
higher moisture resistivity and thermal stability. (485354

As shown in Figure 1.5a, the incorporation of monocations results in a structure where a
bi-layer of organic spacer cations separates the inorganic slabs. In contrast, the inorganic slabs
are held apart by a monolayer of organic spacers when a dication is incorporated. The layered
phases that are formed based on the valency of the spacer cations are commonly referred to as
Ruddlesden-Popper (RP) type perovskite for monocations with the general structure AyPbXy,
and Dion-Jacobson (D]) type perovskites for dications, with the general structure APbX,. The
nomenclature of LHOIPs is rooted in the nomenclature of oxide perovskites and is based on the
distinct structural feature with respect to the displacement of adjacent perovskite slabs. In the
RP phase, adjacent octahedral layers are shifted by the length of half a unit-cell length (denoted
as %, % shift), while no or only a %, 0 shift can be observed for DJ phases, as illustrated in Figure
1.5b. 95! Because of the structural flexibility of the spacer dication often based on aliphatic alkyl
chains, proper D] phases in the structural sense where no shift of the adjacent slabs can be
found, remain relatively rarely observed, and perovskite phases that can be assigned to the RP

phase constitute the majority of investigated LHOIPs. In this work, independently of the relative

n=1

b Ruddlesden-Popper (RP) Type Dion-Jacobson (DJ) Type

3 m >o

b
Figure 1.5 —a) Structure of layered perovskite materials incorporating monocations and dications

into the octahedral framework and b) view along c-axis for %, %, and %, 0, and 0, 0 shifts.
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1.5. Properties of Layered Perovskite Materials and Quasi-Layered Perovskite Materials
Incorporating Aliphatic Spacer Cations

displacement of the octahedral layers, LHOIP based on monovalent spacers are referred to as RP
phase, while materials incorporating dications are denoted as D] phase.

Similarly to ABX3 perovskites, LHOIP materials show high tunability by compositional engi-
neering. By mixing small organic cations (A’) and spacer cations (A) quasi-layered perovskites
with the general formula Ay (A));,—1PbyI3,+1 (RP phase) and A(A),,—1B,,X3,+1 can be formed
where B is a divalent metal cation (e.g., Pb%*) and X is a halide anion. With increasing n, the
size of the inorganic slab becomes wider, as shown in Figure 1.5a, tuning the optoelectronic
properties of the material. Additionally, as the band edges are composed of contributions from
the halide and lead atomic orbitals, layered perovskite materials can be tuned by the halide
composition.

The high tunability and hydrophobic character of the spacer cation render layered and quasi-
layered perovskites interesting materials for applications in optoelectronic devices such as solar
cell devices, 5721 (LEDs), (63 photodetectors, (64 and field effect transistors (FET). (65767 For
example, Grancini et al. reported one-year stable perovskite solar cells by engineering a 3D/2D
interface where the 2D layer acts as a moisture barrier. [®8! However, especially for the applica-
tion as light harvesting materials, layered and quasi-layered perovskite semiconductors are still
lagging behind the performance of less stable 3D perovskite materials due to their anisotropic
character and less suitable optoelectronic properties. In the following, the intrinsic and extrinsic
optoelectronic properties of layered perovskite materials will be addressed. This will be fol-
lowed by a discussion of electronic interactions in quasi-layered perovskite phases. Finally, the

possibilities of tuning the perovskite materials by spacer cation design will be outlined.

1.5 Properties of Layered Perovskite Materials and Quasi-Layered Per-

ovskite Materials Incorporating Aliphatic Spacer Cations

Let us consider a simple layered perovskite structure with 7 = 1 of the general structure A,PbX,
or APbX, where A is an aliphatic spacer cation. If we compare the HOMO and LUMO levels of
the organic spacer with the CB and VB of the inorganic perovskite slabs, we obtain an electronic
structure where the electronic level of the organic cation’s LUMO is far higher than the CB
minimum of the perovskite layer. Additionally, the HOMO of the organic layer is energetically far
below the VB maximum of the layered perovskite structure. The electronic mismatch between
organic and inorganic layers causes the formation of a quantum well structure where the isolat-
ing organic spacer cation acts as the walls of the well, as illustrated in Figure 1.6a. %! The distinct
pseudo-two-dimensional (2D) structure of layered perovskite materials has implications for the
optoelectronic properties and, subsequently, on the application in optoelectronic devices. As il-

lustrated in Figure 1.6b, charge carrier mobility through the organic layer is hampered compared
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Figure 1.6 — a) Quantum well structure formed by incorporating aliphatic spacer cations, and b)
resulting orientation in thin film with respective in-plane and out-of-plane direction.

to the charge carrier mobility along the inorganic layer due to the anisotropy of the 2D system.
Differences of several orders of magnitude were found with mobilities along the inorganic slabs
comparable with the mobility of 3D HOIPs. "% Notably, out-of-plane conductivity is enhanced
by decreasing the barrier size by incorporating a shorter spacer cation reducing the distance
between adjacent inorganic slabs. /72! The anisotropic charge carrier properties constitute
a crucial limitation for applying LHOIPs in optoelectronic devices. This limitation is further
amplified by the preferentially oriented structure observed in most commonly investigated ma-
terials, where the inorganic layers lay parallel to the substrate when deposited by spin-coating
or doctor-blading methods. Besides that, the optoelectronic features are affected by strong
quantum confinement effects due to the electronic mismatch between the electronic structure
of the spacer cation and the inorganic perovskite layer, as illustrated in Figure 1.6. [3!

Shinada et al. have previously estimated the impact of the quantum confinement on the
exciton binding energy by considering a two-dimensional hydrogen model for semiconductors
and comparing it with the hydrogen model of the three-dimensional situation. ["*! By solving the
Eigenwert equation with the adapted two-dimensional Hamiltonian, the energy levels can be
calculated based on the equations displayed in Table 1.1. where R is the Rydberg constant and N
=0, 1, 2, ... . Comparing the case for 2D and 3D semiconductors, the main difference is in the de-
nominator of the Eigenvalue, where in the 2D case, the denominator is (N+3)? instead of N?, and
N starts from 0. Assuming E = 0 to be the energy of a free electron state, an increase of the exciton
binding energy by a factor of 4 is expected when moving from a 3D to a 2D semiconductor. [/>76!
Experimental results, however, reveal an exciton binding energy of more than 310 meV [737778] in
(BA),Pbly, which is more than 20 times higher than determined in the 3D non-layered structure.
While the assumption of a 2D hydrogen model might be an oversimplification of the real world
as, for example, tunneling processes are not taken into account, it is widely accepted that the

observed mismatch between the calculated theoretical and measured exciton binding energy
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Table 1.1 — Eigenwert determined for the 3D and 2D hydrogen model where N =0, 1, 2, ... and R
is the Rydberg constant.

3D 2D

3D _ _ R 2D _ ___R
Ey = Ey (N+3)?

is a result of additional dielectric confinement effects as the relative permittivity of the spacer
cation is lower than the relative permittivity of the inorganic slabs. [””) The mismatch results in
a poor dielectric screening of the electron-hole pair, reducing the Bohr radius and increasing
the exciton binding energy even further. While quantum and dielectric confinement effects
cause a large increase of the exciton binding energy, 8% the formation of a layered perovskite is
manifested by a characteristic excitonic absorption band at around 500 - 525 nm (2.4 eV) 81 and
strong photoluminescence emission at around 525 nm, as observed in phenylethylammonium

based (PEA),Pbl, layered perovskite materials displayed in Figure 1.7a and b.
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Figure 1.7 — a) UV-vis absorption and PL-emission spectra of (PEA),Pbl,; show characteristic
excitonic absorption band at around 500 nm as a result of the strong quantum and dielectric
confinement effects. Scheme b) illustrates the effect of the exciton binding energy on the
absorption spectra and observed excitonic band.

1.5.1 Charge Carrier Properties in Quasi-Layered Poly-Dispersed Thin Films

In contrast to the more conventional ABXs HOIPs, pure LHOIP semiconductors of the general
formula A,PbX, and APbX, (n= 1), where A is the spacer cation, and X is a halide anion, are rarely

reported for optoelectronic application in general and solar cell devices in particular. The large
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band gap for visible-light harvesting and high exciton binding energy compared to conventional
HOIP materials make charge separation in solar cell devices challenging. Moreover, in most
cases of thin film samples, the inorganic slabs lay parallel to the substrate, preventing efficient
charge transfer through the film and thus limiting the application in devices where the material
is sandwiched between two electrodes. [#2! The most straightforward approach to tuning the
electronic structure and charge carrier properties is the formation of quasi-layered materials
by mixing small A'-site cations and spacer cations in the specific stoichiometric ratios leading
to quasi-layered phases of the general formula ApA’;,_ 1 Pb,X3,4+1 and AA’;,_1 Pb,;X35,4+1, where
A cation is small enough to fit into the octahedral cage. These materials are characterized by
the quantum well width denoted by the number (n) of lead-halide octahedra in the inorganic
layers. As illustrated in Figure 1.8a, with increasing well size, quantum and dielectric confine-
ments are reduced while stability is diminished but still superior to the stability of 3D HOIPs.
Quasi-layered perovskite materials have shown significant advances in stability, making these
materials interesting for applications in solar cell devices. Moreover, they are currently under

investigation for the application in light-emitting diodes (LEDs). (8%
a b

Stability
R 3D-like perovskite

Visible light absorption
Free charge-carrier generation

P T | e
Figure 1.8 — a) Effect of the quantum well width on the stability and band gap. b) Crystal growth

mechanism upon additive engineering to avoid nucleation inside the solvent to obtain oriented
layered perovskite thin films reproduced from ref. 84 (copyright ©2020, the author(s)).

Besides the reduced dielectric and quantum confinement effects, poly-dispersed multi-well
systems are more randomly oriented, and crystal orientation can easier tuned by solvent en-
gineering such that the inorganic layers lay perpendicular to the substrate, acting as charge
carrier channels between the electrodes. 848 However, in contrast to 3D perovskite materials,
in quasi-layered perovskite thin films, multiple quantum well phases with different n are usually
formed where the overall optoelectronic properties are affected by the distribution of the poly-

dispersed quantum well affected by the processing conditions. 08687 During the crystallization
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process, the formation kinetics and order, governed by the formation energy, are different for
the various n phases, where low n phases tend to have a lower formation energy than high n
phases. 8891 As such, during the formation of a thin film intended to form (BA), (MA)3PbyI;3 (n
= 4), the rapid formation of MAPbI;3 results in the depletion of the MA™ in the coated residual
film and enforcing the formation of low n-value phases. (6392 As a result, lower n phases, which
can obstruct the charge carrier transport through the film, are found to be formed closer to the
substrate, while 3D MAPbI; forms at the solvent-air interface. [*3! Moreover, given the relative
energy level of the different quantum-well phases, electrons and holes can funnel from low
n-value phases towards phases with wider quantum well width upon excitation, as illustrated
in Figure 1.8a. Charge carrier funneling is a major issue in LEDs and PV devices, hampering
the performance of such materials. **! The formation of a homogeneous energy landscape was
suggested to be most favorable for the application in solar cell devices. 9!

Therefore, understanding the detailed crystal growth mechanism is crucial to obtain preferen-
tial orientation where the inorganic layers lay perpendicular to the substrate and allow efficient
charge carrier transport through the film. The retardation of the crystal phase formation was
suggested to be crucial to tune the thin film phase distribution. %! As such, additive engineering
with NH4SCN or NH,Cl was reported to allow the control of the crystallization mechanism
by preventing the nucleation on the bulk of the film and favoring oriented crystal growth ini-
tiated at the solvent-air interface to the substrate, as illustrated in Figure 1.8b. 979! He et al.
reported direct modifications of the spacer cations to retard the formation of lower n phases
replacing BA with meta-(aminomethyl) piperidinium cations to obtain a more homogeneous
energy landscape. ! Moreover, recent reports indicate the formation of pure n =5 quasi-layered
perovskite when n-butylammonium iodide was replaced with n-butylammonium acetate. 9!
However, these strategies are only effective across a narrow range of spacer cations and targeted
quantum well sizes.

More recently, research focused on tuning the optical properties in quasi-layered perovskite
materials by designing novel spacer cations to modify charge transport, stability, and phase
distribution. 54951001 However, the formation of poly-dispersed thin films still challenges the
understanding of the structure-properties relationship. Although quasi-layered perovskite single
crystals with the general formula (A) ,A’;,—1Pb, 13,41 with n=1, 2, 3 were reported based on BA
and PEA spacer cations, [!1-193] the formation of quasi-layered single crystals and study of these
materials remains scarce. In this context, the investigation of pure phase n = 1 layered perovskite
materials remains a more accessible approach to understanding the effect of the spacer cation
on the optoelectronic properties. Understanding the effect of the spacer cations on the opto-
electronic properties of n = 1 LHOIPs remains of fundamental interest for the understanding

and tailoring of LHOIP materials. [104105]
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1.6 Tuning Optoelectronic Properties by Structure Modifications

While for the application in optoelectronic devices quasi-layered thin films are widely investi-
gated, recent research has focused on tuning the optoelectronic structure of the materials by
functionalizing the spacer cation. 19! If we again consider a layered perovskite semiconductor
with an aliphatic or small aromatic spacer cation forming a quantum well structure, the opto-
electronic properties are only determined by the electronic structure of the inorganic slab and
influenced by dielectric and quantum confinement effects. As such, similarly to 3D HOIPs, the
band edges of the inorganic layer can be modified by changing the halide resulting in an increase
of the band gap energy when replacing iodide with bromide. [1°! Because the spacer does not
interact electronically with the inorganic perovskite layer, modifying the aliphatic spacer affects
only the optoelectronic structure via structural modification of the octahedral framework. The
structure-properties relationship has been studied in various layered perovskite systems, 107111
Taking a step back, considering layered perovskite materials as a crystal structure of alter-
nating layers where the spacer cation slices the inorganic layers, based on the crystallographic
slicing direction of the 3D structure illustrated in Figure 1.9a-c (<100>, <110> or <111>), different

layered crystal structures with distinct optoelectronic properties can be distinguished. 4!

6 (out-of-plane)

P-

o . 0 (in-plane)

Figure 1.9 — Structure of a) <100>, b) <110>, and ¢) <111> perovskites. d) Corrugated structure of
<110> perovskites. e) Distortions of the inorganic framework in <100>-layered perovskites leads
to modification of the optoelectronic properties of the material.

While RP and DJ phases are specific subclasses of the most common <100> layered perovskite
structure, <110> layered perovskite structures such as (EDBE) [PbBr,_,Cl,] based on the 2,2’-
(ethylenedioxy)bis(ethylammonium) cation (EDBE) are mainly formed in the presence of strong
hydrogen bonds between adjacent spacer cations. 17199 The strong hydrogen bonds result in

a crystal structure where the octahedral framework is corrugated, as illustrated in Figure 1.9d.
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Spacer Cations

Although the structural distortion leads to absorption properties similar to the <100> sliced
layered perovskites, self-trapping leads to broad photoluminescence emission. 197! While the
<111> and the <110> layered structures are less common than the <100> structures and are
therefore considered a more exceptional case of structure modulation of layered perovskite
semiconductors, octahedral distortion of the Pb-I-Pb framework, as illustrated in Figurel.9e,
also affects the optoelectronic properties in <100> perovskites. A systematic investigation of the
octahedral distortion and its effect on excitonic absorption band position was reported by Ishi-
hara et al.. However, no clear relationship has been found between octahedral distortions and
excitonic absorption band position. 1% A more comprehensive study on phenyl-based spacer
cations of various amine-bearing linker chain lengths was presented by Kamminga et al., where
systematically increasing the phenyl alkylammonium chains length induces a blueshift in the
photoluminescence. The induced structural distortion by incorporating a larger spacer cation
caused the reorganization of the structure to include face-sharing as well as corner-sharing
Pblg-octahedral, altering the band structure of the material. ''!) Moreover, Li et al. showed
differences in in-plane charge carrier mobilities determined by optical-pump terahertz-probe

spectroscopy arise from local chain distortion. 112!

1.7 Tuning the Dielectric Screening in Layered Perovskite Materials

with Functionalized Spacer Cations

Besides the strong quantum confinement effect, the optoelectronic properties of LHOIP materi-
als are largely determined by dielectric confinement effects, as outlined in section 1.4. Tuning
the dielectric constant of the layered perovskite material alters the optoelectronic properties of
the material affecting the exciton binding energies. Indeed, considering that the exciton binding
energy depends on the Coulombic interaction between electrons and holes, the Coulombic

capture radius r is given by: (113!

2
2 e

re= W (1.2)
where e is the elemental charge, k;, T is the Boltzmann constant at temperature T. Equation 1.2
highlights the importance of the permittivity of the material on the physical separation required
to overcome this radius. The properties of the spacer cation can be used to tune the dielectric
confinement. Reducing the inter-lattice distance RP phase by incorporating short alkyl chain
spacers or even more so in D] phase perovskites, for example, enhances the dielectric screen-

ing of adjacent inorganic slabs, mitigating the quantum confinement effects and reducing the
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out-of-plane resistivity. /172! Moreover, reducing the material’s overall relative permittivity by
incorporating polarizable spacer cations such as ethanol ammonium-based spacers improving
the dielectric screening of photoexcited electron-hole pair in the inorganic layer, reducing the

exciton binding energy, as illustrated in Figure 1.10a and b, as it has been reported. 114
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Figure 1.10 - a) Effect of the dielectric constant of the spacer cation on the exciton binding energy
of the layered perovskite. Figure is reproduced from ref. 85 (copyright ©2018, the author(s)).
b) The increase in relative permittivity of the spacer cation results in reduced exciton binding
energies. ¢) Previously investigated high-dipole spacer cations by Queloz et al. from ref. 115.

More recently, several reports have investigated the effect of the dipole moment of the spacer
cation on the charge carrier mobility and charge separation efficiency. Experimental studies
based on p-F-PEA (chemical structure illustrated in Figure 1.10c) in quasi-layered (<n> = 4)
perovskite materials suggest improved charge separation mainly due to enhanced transport
through the inorganic layer. 98115-117l However, due to charge carrier funneling and various
phase distributions in different thin film, it remains unknown whether improved photovoltaic
performances are due to differences in phase distribution or intrinsically improved charge
carrier transport. More interestingly, Xu et al. reported improved charge separation properties
ata 3D/2D interface, with the 2D layer being a 2,2,2-trifluoroethylamine (FEA) based layered
perovskite (FEA),Pbl,. Moreover, the spacer cation is a potential potent passivation agent. [118!
It remains unknown if a high-dipole spacer cation can assist charge separation in (A),Pbly
perovskite. However, Queloz et al., for example, reported long-lived charge carriers due to a pho-
toinduced Stark effect when F-PA spacer cations were intercalated in the perovskite framework.
It remains unclear if such a photoinduced Stark effect is due to the dipole moment of the spacer

cation, 119
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1.8 Tuning the Properties by Incorporation of Semiconducting Spacer

Cations

While incorporating polarizable spacer cations can reduce the exciton binding energy, the lay-
ered perovskite structure still forms a quantum well structure where the HOMO and LUMO
levels of the spacer cations strongly mismatch the CB and VB of the inorganic perovskite layer,
respectively. However, incorporating spacer cations containing a chromophore core with HOMO-
LUMO energy levels similar to the CB and VB of the inorganic slabs, orbital interactions occur
between the spacer cation and the inorganic layer. A set of novel semiconducting materi-
als can be obtained where the quantum confinement of the layered perovskite materials is
mitigated. [120:121] The distinct electronic properties derived from the synergy of the organic and
inorganic components make them a new class of semiconductor, '?!! often denoted as Organic
Semiconductor-Incorporated (OSiP). [122]

Depending on the relative position of the spacer chromophore cation's HOMO and LUMO
energy levels, two types of such heterostructures can be distinguished and are displayed in
Figure 1.11. 123124 The quantum well formed by aliphatic spacer cations is denoted as type I
heterostructure, where the excitons are located in the inorganic layer. An inverted type I het-
erostructure can be formed when the HOMO and LUMO energy levels are located between the
CB and VB of the inorganic layer. In the case of an electron-accepting or electron-donating spacer
cation, the CB and VB of the inorganic are offset relative to the organic chromophore’s HOMO and

LUMO energy levels, forming a structure that can be denoted as a type II heterostructure. (12!
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Figure 1.11 - Energy band alignment in layered perovskite materials forming quantum wells
(type I heterostructures). By incorporating electron accepting donor or acceptor chromophores
type Il nano-heterostructure can be formed as proposed by Gao et al. in ref. 123.
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Figure 1.12 — Energy transfer from the inorganic layer to the naphthalene chromophore via a
triplet injection as reported by Ema et al. in ref. 127.

Depending on the relative position of the energy levels, several interesting electronic effects
are implied. In the case where the HOMO and LUMO of the spacer cations closely match the VB
and CB of the perovskite layer, respectively, the out-of-plane conductivity can be strongly en-
hanced, as demonstrated in layered perovskites incorporating naphthalene and perylene-based
spacer cations by Passarelli and co-workers. 46! Matching the energy level of the spacer cation is
an interesting approach in pure n = 1 layered perovskite films to enhance through-film charge
carrier transfer, however, improvements in charge carrier transfer is limited to pure layered
perovskite systems and can not expand to quasi-layered multiphase films, as the energy levels of
the CB and VB strongly change with the size of the quantum well. (!

Incorporating electron-accepting or electron-donating spacer cations with low-lying LUMOs
or high-lying HOMOs, respectively, forming type II heterostructures allows to control the lo-
calization of the electrons and holes upon photoexcitation and can be formed in pure n=1
thin films and poly-dispersed quasi-layered films. Studies on electron and charge transfers
were already conducted in the early stage of LHOIP research. Initial studies by Era et al. and
Ema et al. suggest efficient energy transfer between the inorganic layer to the triplet states of a
naphthalene-based spacer resulting in strong photoluminescence under cryogenic conditions,
as illustrated in Figure 1.12. 1261271 Since then, energy transfer in tetrazine ['28! and naphthalene-
based systems have been intensively studied. %7132l Moreover, long-lived phosphorescence
at room temperature has been recently reported by Hu et al. by reducing non-radiative relax-
ation of triplet excitons incorporating a mixture of phenylethylammonium and dithiophene
ammonium-based spacers making these materials an interesting class of material for the appli-
cation in light-emitting devices. 133134 Further, energy transfer from the inorganic perovskite
layer to the organic spacer was studied in quasi-layered thin films recently. [!3%! While such
triplet injection and long-lived photoluminescence from the organic cation is of potential inter-
est for the application in light-emitting diodes (LEDs), the organic-inorganic donor-acceptor

interface might provide a powerful tool to mitigate high exciton binding energies and enhance
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charge separation in layered perovskites via the formation of long-lived charge-transfer excitons.
Indeed, the formation of long-lived charge-separated states has previously been obtained in the
group of Dou using thiophene-based spacer cations in lead-iodide LHOIPs. [!36/ Additionally,
reports on carbazole 37138 and thiophene-based !!3%139! cations incorporated into layered
perovskites suggest such a hole and electron transfer, respectively.

Given the alternating structure of donor and acceptor domains, the resulting LHOIP structure
with incorporated organic semiconducting building blocks can be understood electronically
as a nano-heterojunction similarly employed in bulk-heterojunction organic solar cells where
nanoscale domains of organic electron donating and accepting domains assist the charge sep-
aration, overcoming the strong coulomb interactions between the poorly screened electrons
and holes in low dielectric organic materials. The here outlined concept, however, has some
critical advantages over pure organic heterostructure systems as the strong ionic interactions
and the self-assembling process during the thin film preparation enable to obtain ordered and
oriented materials, where the perovskite layers may act as a templating scaffold. Additionally,
the inorganic perovskitoid layer provides materials that can be easily modified by compositional
engineering, tuning the electronic structure and band-alignment with respective to the HOMO-
LUMO energy levels of the organic chromophore layer.

While combining semiconducting organic building blocks with the structure of layered per-
ovskites and spacer cation engineering opens the door to a whole batch of novel, stable, and
tunable semiconducting materials for various applications, 22140 only few semiconducting
spacer cations, mainly based on oligothiophenes, 3% were reported mainly due to the size
constraint and various inter-molecular interactions which can hamper the incorporation of a
wide range of spacer cations into a layered perovskite crystalline phase. 1417144 Researchers
mainly turned to perovskite nanoparticles coated with organic semiconducting ligands to study
electronic interactions between perovskite and organic chromophores. 1457147 While electron
and hole transfer has been demonstrated in CsPbBr; nanoplatelet systems coated with perylene
diimide-based ligands, such systems are not truly LHOIP materials and further lack the possibil-
ity of investigation by electrode-based characterization methods. (148!

A novel approach combining dielectric screening and incorporation of semiconducting
spacer cations is the formation of organic charge-transfer complexes in the organic layer by
co-incorporating donor and acceptor organic molecules. 49 As the charges are displaced in the
organic layer, the electron-hole pair formed in the inorganic layer is better screened, reducing
the exciton binding energy. Additionally, such an approach is also suitable to make the organic
layer more visible-light absorbing, enhancing the material’s absorptivity where the organic

charge-transfer complex can potentially inject charges into the inorganic layer. 15
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1.9 Research Motivation

Given the promising properties of layered perovskite materials in terms of tunability, stability,
and potential application in optoelectronic devices, LHOIPs are an exciting class of semicon-
ductors. However, the high exciton binding energy due to quantum and dielectric confinement
imposes challenges to applying these materials in optoelectronic devices such as solar cells.
While these challenges have been addressed so far mainly by forming quasi-layered perovskite
materials, LHOIPs have shown to be highly versatile by functionalizing the spacer cations where
dielectric and structural effects can tune the optoelectronic properties of these materials. Com-
bining the rich toolbox of organic chemistry with the facile synthesis of LHOIPs opens the
door for a whole batch of new semiconductors. Understanding and rationalizing the effects
of the spacer cation on the crystal structure and optoelectronic properties remains crucial for
designing new semiconducting LHOIPs.

An interesting subclass of LHOIPs can be formed by incorporating organic semiconduct-
ing spacer cations into a layered perovskite structure. Aligning the HOMO and LUMO levels
of the organic spacer with the VB and CB of the perovskite layer allows for the mitigation of
the effects of the quantum well structure. For example, incorporating electron-accepting or
electron-donating organic semiconductors results in the formation of type II heterostructure
systems. In such type II heterostructure systems, excitons created upon photoexcitation are not
only confined in the inorganic layer but the electrons and holes and be localized in different
layers. Forming charge-transfer excitons provide an interesting strategy to enhance charge
separation in LHOIPS. Moreover, energy transfer from the inorganic layer to the organic spacer
chromophore opens the door to novel strategies for designing novel materials for LEDs.

Although OSiPs show interesting electronic properties, the incorporation of novel bulky
semiconducting spacer cations remains rarely reported, and design rules concerning the in-
comparability of such spacers are scarce. Additionally, when it comes to the photo-physical
properties, crucial questions still need to be answered. To date, the nature of potential charge
carrier transport in the organic layer — hoping-like transport as in organic semiconductors
are band-like transport — remains unknown. Moreover, the light absorption of a spacer cation
chromophore assisting the light-harvesting process and generation of free charge carriers in
layered perovskites has yet to be reported.

In the following work, we study the synthesis and incorporation of novel semiconducting
spacer cations into LHOIPs. Studying various structural parameters of the spacer cations and
their effect on the optoelectronic structure, we aim to provide further synthetic guidelines for

designing novel spacer cations.
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1.10 Thesis Outline

While Chapter 1 gives a broad overview of the state-of-the-art materials and properties of layered
perovskite semiconductors, Chapter 2 briefly describes the characterization methods used in
this work.

In Chapter 3, the incorporation of monovalent naphthalene diimide-based spacer cations
into RP phase structures is explored, and the optoelectronic properties are investigated. Particu-
lar attention is given to the effect of the amine-bearing alkyl chain length on the incorporation
and crystal growth of the RP phase, and a general synthetic guideline for the incorporation into
a layered perovskite material is proposed.

Following these guidelines, we expand the effect on the alkyl chain to DJ-type perovskite
materials and first incorporate divalent NDI-based spacer cations in Chapter 4. We shortly
underline the advantages of employing a spacer dication over the formation of RP phase per-
ovskites. By increasing the n-number, we investigate the effect of the increased quantum well
width size on the electron transfer dynamics and the generation of charge transfer excitons.

Chapter 5 discusses a strategy to enhance the visible light absorbance of the spacer cation
and potential challenges concerning the ability to incorporate large aromatic spacers. Moreover,
possible electronic interactions between the organic and inorganic layers are investigated in
mixed-halide LHOIPs, demonstrating that a visible light-absorbing spacer cation may contribute
to the light-harvesting in layered perovskite materials.

Finally, in Chapter 6, current and future work and research questions that remain to be

addressed will be presented.
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Chapter 2

Characterization Techniques

2.1 Abstract

The interaction of electromagnetic radiation with matter is the fundamental principle of modern
characterization techniques. In this chapter, we first introduce the concept of photons, pho-
ton energy, and electromagnetic spectra. By briefly elucidating different interactions between
photons with matter, starting from high-energy photons and moving toward low-energy electro-
magnetic waves, we elucidate how these interactions are used to investigate semiconducting
materials’ structural and electronic properties.

We discuss the structural characterization of solid materials by X-ray diffraction methods and
briefly introduce how to obtain orientation parameters from grazing-incidence wide-angle X-ray
scattering (GIWAXS) experiments. Moving to visible light, we discuss the possibility of investi-
gating the evolution of electrons and holes over time via transient absorption (TA) spectroscopy
and photoluminescence (PL) emission spectroscopy. While TA and PL spectroscopy can not
distinguish between bound and free electron holes by reducing the photon energy of the probe
into the microwave frequency, the evolution of photogenerated free charge carriers and their
dynamic can be studied by time-resolved microwave conductivity (TRMC) measurements. The
last section discusses the fundamentals of electrode-based characterization methods, namely
space-charge-limited current measurements.

The chapter aims to give a broad understanding of the employed methods and a brief guide-

line for interpreting the results shown in this work.
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2.2 Interaction of Matter with Electromagnetic Irradiation for Struc-

tural, Optical and Electronic Characterization of Materials

In the previous chapter, the interaction of semiconductors and matter in general with elec-
tromagnetic (EM) radiation (photons) has been briefly discussed in the context of the visible
light-harvesting process in solar cell devices and photo-detectors. While visible light with wave-
lengths in the range between 400 and 800 nm makes up a large portion of the solar spectrum and
is essential for the light-harvesting in solar cell devices, EM waves with higher or lower photon
energies play a crucial role in spectroscopic techniques for the characterization of solid-state
matter. Moreover, photons do not have any mass and can, therefore, only be measured by the
interaction with matter, where the nature of the interaction with matter depends on the photon
energy. A photon is characterized by its energy (E) which is related to the wavelength (1) or the
frequency (v) of the EM wave by the Planck relation:

C
E=hv=Hh— 2.1
v 1 (2.1

where 7 is the reduced Planck constant, and c is the speed of light in a vacuum. Based on the
energy of the photons in the electromagnetic spectrum, the electromagnetic spectrum can be

divided into different bands depending on the frequencies or energy of the EM, as displayed in

Figure 2.1.
Increasing energy
-€
X-ray uv Visible IR Microwave and Radio
Wavelength (m) 107° 10°® 10°  10° 1072 10°
Frequency (Hz) 10" 10" 10" 10" 10°

Figure 2.1 — The electromagnetic spectrum from high energy photons to low energy energy
photons.

The division of the electromagnetic spectra is specifically useful in the context of the various
interactions of EM waves with matter. The interaction mechanism between matter and EM
waves depends on the interaction between the oscillating electric fields of the EM waves with the

magnetic and charged particles like electrons in atoms, crystals, or molecules and is dependent
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on the frequency of the EM wave. [!5! In a simplified manner, two different interactions between

EM waves and matter can be distinguished:

¢ Absorption: The EM wave is absorbed by the material causing electronic or structural
changes in the material upon irradiation. The energy density of the irradiated EM wave
becomes diminished. Measuring the intensity of EM waves after interaction with matter

as a function of wavelength is referred to as spectroscopy.

* Scattering: The EM wave is completely or partially reflected or diffracted at the material
and the energy density of the irradiated EM wave is conserved. In that case, it is referred
to as elastic scattering, while scattering events where the energy density of the EM wave is

reduced by partial absorption of the material is referred to as inelastic scattering.

High energy photons like X-rays strongly interact with the electron cloud of atoms and molecules,
and it is, therefore, intriguing to use the absorption of X-rays to determine the bonding of
electrons to materials. On the other hand, low-energy photons cannot interact with the electron
in atoms, crystals, or molecules in the same way as X-rays. However, low-energy photons
(e.g., EM in the IR region) can induce rotation and vibrations in molecules allowing them to
probe vibrational and rotational states with electromagnetic waves in the range of infrared and

microwaves.

2.2.1 Structural Characterization of Crystalline Phase by X-ray Diffraction

X-rays are photons with wavelengths ranging from 0.1 Angstrom (&) to around 10 nanometers
(nm). Classical X-ray sources for structural determination like Cu-Ka; (A = 1.54 A) have wave-
lengths that are around the inter-atomic distances in solid crystalline materials in the range of
1.5 and 4 A. 1521541 Similarly to visible light that can interfere at a double slit causing positive
interference in a projected screen, X-rays interact at the geometric planes in a periodic crystal
structure. By incident an X-ray source at an angle 0, positive interference upon diffraction
causes at the angle of reflection as illustrated in Figure 2.2. Based on Figure 2.2, Bragg’s law
for diffraction angles (®), in dependency of the inter-plane distance (d), the wavelength of the

incident X-ray (1) can be deduced:

nAl=2dsin(®) 2.2)

where n=1, 2, 3 ... is the diffraction order. [}%°! As X-rays are scattered at the crystal’s elec-

tron cloud, the diffraction signal’s intensity strongly depends on the atomic form factor of
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X-ray

N

d Diffraction plane

o—

Figure 2.2 — Illustration of the X-ray diffraction principle with respective X-ray incident and
reflection angle ©.

the material. (' When probing every plane of a single crystal at different diffraction angles,
measuring the diffraction patterns and diffraction intensities provides enough information to
model and determine the crystal structure. Therefore, single-crystal XRD measurements are
widely used in structural analysis. Moreover, assuming perfect mixing and random orientation
of diffraction planes in a powder sample, X-ray diffraction can be extended for structural analysis
on samples in powder form.

For crystalline films, however, as only diffraction planes perpendicular to the g, scatter in
XRD experiments, not all diffraction patterns are observable due to the preferential orientation
of the crystallites on the substrate along a particular direction. Indeed, in layered perovskite
materials, the inorganic slabs are usually oriented parallel to the substrate leading to intense
scattering from the planes denoted as 00l The predominant presence of one specific scattering
plane imposes a limitation to obtaining the exact crystal structure as the relative X-ray diffraction
intensities, indispensable for structure determination, are compromised by the non-random
orientation of the crystallites. Nonetheless, the shape of the diffraction peak on thin films can
give information on the crystallinity of the polycrystalline thin film. Notably, the intensity of
the diffraction peak is not a suitable measure for the crystallinity of a material. Estimates of the

crystal domain size S along the g, axis can be derived by the Scherrer equation: [15¢!

0.9A

_ 2.3)
FW HM cos(0)

where FWHM corresponds to the full with at half maximum of a diffraction peak at diffraction
angle ©. The reduction of the domain size of the crystallites is expressed experimentally in a

broadening of the diffraction peaks.
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2.2.2 Grazing-Incidence Wide-Angle X-Ray Scattering (GIWAXS)

When using X-ray diffractometry in thin films on a reflection experiment (Bragg-Brentano
geometry), only diffraction planes along the g, direction can be detected. In thin films where
the polycrystals are highly oriented on the substrate, not all diffraction planes are probed,
and scattered X-rays in the off-plane direction (g, or g,) are not recorded. In order to assess
diffraction planes in g, direction, 2D-detectors can be employed in grazing-incidence wide-
angle X-ray scattering (GIWAXS) experiments, as illustrated in Figure 2.3a. The 2D detector does
not only measure along g, axis but also along g, resulting in 2D pictures, as displayed in Figure
2.3b-d.

X-ray source

z
collimator «—L
X y

a —/—

sample 2D detector

g, (A

a, (A") a9 (A"

Figure 2.3 — a) Experimental setup of grazing-incidence wide-angle X-ray scattering measure-
ments. Resulting GIWAXS image of b) perovskite layers oriented parallel to the substrate. ¢) With
increasing anisotropy the spots become circular. d) GIWAXS image of perovskite layer orientated
perpendicular to the substrate.

In contrast to the previously discussed Bragg-Brentano geometry, where the angle of the
incident X-ray is the same as the angle of the detector, GIWAXS uses a circular shape X-ray spot
on the sample at a low angle of incidence. Wide-angle scattering corresponds to scattering
the diffraction on the molecular scale. GIWAXS is widely used to probe stacking in polymer
blends. Using X-ray beams at a low angle of incidence has a few advantages. On the one hand,

grazing incident techniques reduces the background scattering from the substrate and amplifies
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the diffraction signal from thin films, making it interesting to characterize weakly scattering
polymer films. Moreover GIWAXS is more surface sensitive and can be used to probe only the
top layer of a crystalline thin film. Based on the incident beam wavelength, the critical angle
below which total reflection occurs is given by the difference in refraction index (n) between the

homogeneous material and the ambient air. Notably, equation 2.4 considers the refractive index

of the X-ray photon (instead of the refractive index of the visible light) (153!
ae=Ay )0 2.4)
b2

where 1, is the classical electron radius (2.814 - 1075A). At incident beam angle below the critical
angle (a; < a.), the incident X-ray beam does not penetrate the material, and a large quantity
of X-ray photons are reflected at the interface. The loss of the X-rays due to absorbance can
be considered negligible. Assuming the density of MAPbI3 to be around the critical angle for
Cu-Ka; (1.54 A) is around a = 0.3 °. By probing the sample with an angle of incidence slightly
above the critical angle a, only the top layer of the thin film can be analyzed, making GIWAXS a
potent tool to investigate spatial phase distribution and crystal film formation in quasi-layered
perovskite materials.

In layered perovskite films where the inorganic layer is perfectly oriented parallel to the
substrate cause diffraction spots along ¢, axis as displayed in Figure 2.3b. Perfectly un-oriented
thin films have a diffraction pattern of circular shape with center at g, = g, = 0 in the GIWAXS
image, while small deviations of perfectly orientation lead to smearing out of the spot into a
ring-shaped pattern (Figure 2.3c). In preferential oriented layered perovskite films, the 001
diffraction of the layered perovskite is only visible along the g, axis (Figure 2.3d).

At first glance, GIWAXS may render XRD data obsolete. However, GIWAXS only measures
diffractions of gy vs. g, the Ewald sphere is not probed as it is done in the Bragg-Brentano
geometry. This leads to distortions of the expected semi-circles at higher g,-values. This can be
counteracted by transforming the 2D diffraction picture into the g, vs. g, presentation where ¢,
=\/q>+ qJZ,. This physically more accurate picture, however, leads to a missing wedge at high ¢.

In this work, GIWAXS data are complemented by additional Bragg-Brentano XRD measurements.

Quantification of Thin Film Orientation by Herman’s Orientation Parameter

Many optical and electronic properties of layered perovskite semiconductors and organic poly-
mers on thin films are anisotropic, and the materials have a distinct preferential orientation.
Samples of spin-coated layered perovskites on substrates are preferentially oriented where the

layers tend to align along the g,-vector, and the off-plane normals exhibit a cylindric orientation
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along that axis. In such a configuration, a phase distribution function can be relatively easily
obtained by scanning ¢ at fixed Bragg angles (6). However, it is desirable to quantify orientation
by a single number. The simplest way is to represent the orientation by the average of cos?(¢)
where the value is 1, 1/3, or 0 when the crystallites are perfectly in-plane (parallel to g), ran-
domly or perpendicular to g, respectively oriented. More often, the second-order Legendre
function of cos¢ is used as proposed by Herman and Platzek, ['°” where the Herman orientation

factor is determined by:

_ 3<cos® () -1
B 2

H (2.5)

The values 1, 0, or -0.5 corresponds to re perfectly in-plane (parallel to q,), randomly or perpen-

dicular to g, respectively. 154

2.2.3 Visible light Absorption and Emission Spectroscopy

While X-rays can interact with the electron clouds in the atoms by scattering, the photon energy
of X-rays is above the ionization energy of most atoms and can also interact with a single electron
by knocking it completely out of the atom. While X-rays are far too energetic to cause electronic
transition between states, as briefly discussed in Chapter 1, photons in the range of ultraviolet
(UV) and visible light can be absorbed by molecules or semiconductors by dipole oscillation
of the same frequency resulting in vibronic transitions from a ground state into an electronic
excited state, as shown in Figure 2.4. The fate of the excited states after a vibronic transition

depends on the structure of the material. In general, these processes can be divided into radia-

non-radiative

Electronic relaxation Triplet state T1
excited state S1 %
ISC
\\//
Absorption
Fluorescence lPhosphorescence
\
\\ /,
\ d

i /
Electronic
ground state SO @%vibrational states

Figure 2.4 — Jablionski diagram of different electronic process upon absorption. ISC denotes the
intersystenm crossing process populating an excited triplet state causing long-lived phosphores-
cence due to spin-flip. Shorter-lived Fluorescence is due to S; to Sy transitions.
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tive and non-radiative processes. On a short time scale, non-radiative vibrational relaxation to a
vibrational state with lower energy happens. Alternatively, the S; state can undergo a transition
to a triplet state T via non-radiative intersystem crossing. The excess energy in the higher vibra-
tional states of the electronically excited states will be released to the neighboring molecules via
non-radiative vibrational relaxation. Relaxation from the S; or T, to the electronic ground state
Sp via radiative relaxation leads to photoluminescence by fluorescence or phosphorescence,
respectively. Time-dependent photoluminescence measurements allow us to obtain the lifetime
and electronic nature of the excited state. As the radiative relaxation via phosphorescence
involves a spin-flip, photoluminescence arising from phosphorescence is long-lived compared
to the emission by fluorescence.

While phosphorescence only considers radiative transitions, a more powerful tool to in-
vestigate different electronic transfer and charge transfer processes is transient absorption
spectroscopy based on a pulsed-probe setup. 1°® By exciting the sample with a femtosecond
pulsed laser, the ground state is excited, leading to the formation of an excited state (¢ = 0 in
Figure 2.5). The herein-described system is reported elsewhere and uses a pulsed 150 fs pump
laser. (1591601 A weak probe pulse with a delay time 7 with respect to the pump pulse is sent

through the sample, and at each delay time 7 an absorption spectrum is determined.

t<0 t=0
S2
S1 000000 .OO0.0 AODt= ODt' ODO
G 000000 000800 Q_’_O_QQD_ g
A
a3
o

G—S1 - G—S1 A
S1—S2

Wavelength (A) A

Figure 2.5 — Systematic presentation of transient absorption measurements including possible
photo-physical process resulting in observable TA features. Figure was adapted from ref. 161.

The TA spectrum is usually reported as a differential spectra (AA(t, 1) spectrum) between
the absorption spectrum of the excited sample at delay time 7 and the absorption spectrum of
the ground state, allowing to obtain information about various electronic processes. In general,

three different contributions to the resulting AA spectra can be obtained: 161

» The excitation of the ground state by the pump leads to a reduction of electrons in the
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ground state. When the probe measures the absorbance, fewer electrons can be excited,
leading to a negative signal in the AA spectrum known as the ground state bleach (GSB).
In layered perovskite materials, the GSB overlaps with the position of the excitonic ab-
sorption band. After the initial pump, the GSB starts to regenerate mainly due to exciton
recombination allowing the assessment of the GSB dynamics to obtain information about
electron transfer and recombination processes. While in layered perovskites (n = 1), the
GSB minimum is reached right after pump excitation (¢ = 0), in poly-dispersed quasi-
layered perovskite thin films, an increase in the GSB after pump excitation (¢ > 0) can be

observed which is attributed to electron funneling processes.

¢ While after the pump the ground state is regenerated by the recombination of the excitons,

further excitation of the excited state to a higher excited state leads to a positive TA feature.

¢ Charge-transfer states and the formation of new optical active species in heterostructure
systems can result in new positive features. Recent reports on CsPbBr; nanoparticles
coated with PDI-based results in weak positive features arising from the PDI~. 148! More-
over, the selective excitation of the PDI and subsequent injection of the holes into the

nanoparticle results in a GSB from the perovskite growing over a time of a few picoseconds.

2.2.4 Sheet Conductivity via Time-Resolved Microwave Conductivity Measurement

Charge carriers generated by photoexcitation can be probed in a contactless manner using
time-resolved microwave conductivity based on the absorbance of microwaves by free charge
carriers. The experimental setup of TRMC is illustrated in Figure 2.6. The charge carriers are
accelerated in-plane direction in an electric field by a standing microwave in a cavity resulting

in partial absorption of the microwave power.

Sample Cavity
. ozH |
Microwave -3-3
waveguide %%l ITO Window
AP/P <’/—
ey
Photoexcitation

Figure 2.6 — Time-resolved microwave conductivity setup and microwave cavity.
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The absorbed microwave power is proportional to the photoconductivity and AG expressed
by:

AG=ng, 2= LAF 2.6)
b K P '

where K is a sensitivity factor given by the experimental setup. The advantage of calculating
the sensitivity factor is its relatively fixed value independent of the sample properties. K can be
determined via a semi-analytical method elaborated in more detail elsewhere. [162163] Based on
absorbed photons, the yield of free charges and their mobility }_ pt = y, + p, can be calculated

from AGqx:

AGmax

_ 2.7)
¢ZH IOqIBFa

where [ is the unit of photons per unit area, g is the elementary charge, F, is the fraction of
light absorbed by the sample at the measurement wavelength. The coefficient § is based on
the ratio of the inner dimension of the microwave cavity. The contact-free method and the
probing of the photoconductivity in the in-plane direction make TRMC an interesting method to
investigate layered perovskite materials, which are usually hard to probe by more conventional
electrode-based measurements due to their anisotropic charge carrier properties.

In contrast to transient absorption measurements, where bound and free electrons and holes
are detected, and PL measurements, where the radiative recombination from an exciton is ob-
served, TRMC measurements are only sensitive to free charge carriers (electron and holes). The
quality-factor Q of the microwave cavity thereby limits the time resolution of the measurement
to around 10 ns. The study of shorter-lived charge carriers can be complemented by terahertz
spectroscopy. Combining OPOT and TRMC measurements, therefore, allows to investigate free

charge carrier mobilities over a range of several orders of magnitude. 162164

2.3 Electronic Characterization via Space-Charge-Limited Current

While the spectroscopic methods can give hints about charge carrier properties under light
illumination on a ultrafast timescale, the characterization of semiconducting materials with
electrode-based methods remains essential, especially in view of the potential application of
novel materials in electrode-based devices. If we consider a semiconductor with a given band

gap, free charge carriers due to thermal excitation are close to randomly distributed in a homo-

34



2.3. Electronic Characterization via Space-Charge-Limited Current

geneous bulk material. However, at the boundary of the semiconductor, such as at electrode
contacts, as the charge carrier density is not the same as in the contact and semiconductor

charge carriers diffuse out into the contact. 165!

 Diffusion: Diffusion current occurs when charge carriers concentrations are unevenly dis-
tributed through the semiconductor by uneven doping or charge injection. Charge carriers

diffuse from regions of high concentration to regions of low charge carrier concentration.

The inhomogeneity of charge distribution leads to the formation of an electric field which is
denoted as a space-charge region. At the interface, the diffusion of charge carriers to the contact

is counteracted by the drift current induced by the space-charge region’s electric field. !16°

¢ Drift: Drift current appears due to an applied electric field. While holes move in the
direction of the electric field, electrons move against the direction of an applied electric
field.

The diffusion of the charge carriers at the interface is one of the main differences when compared
with other electrode-free characterization methods such as TRMC.
The injecting single type charge carriers into the material, as well as drift and diffusion

currents has to be considered which can be described by the charge equation:
in=eupnF+ den (2.8)
Jn=¢€Un Hn dx .

where e is the fundamental charge, 7 is the electron density, ¢ is the mobility of the charge
carrier, and F(x) is the electric field in the semiconductor at position x. In the low voltage regime,
the current density measured for single charge carrier type (electrons or holes) follows Ohm'’s
law, and the number of thermally generated free charge carriers concentrations in the bulk is
larger than the injected charge density. However, at a sufficient large bias, the charge carrier
injection becomes dominant, and the charge carriers behave like electrons in a vacuum tube
and is only limited by the space-charge at the injecting electrode. This current is denoted as
space-charge-limited current. [!6¢! In the space-charge-limited region, the current density is

described by the drift current alone in good approximation:

Jjn=eun(x)F(x) (2.9
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Replacing this expression by the Poisson equation and subsequent simplification following

expression for the I-V characteristics at high voltage can be obtained.

9 V2
In= gHeco 3 (2.10)

where € is the vacuum permittivity, € is the relative permittivity of the material, V is the applied
voltage, and L is the distance between the two electrodes.

In an experimental setup, space-charge-limited current can be measured by sandwiching
the semiconducting material between two charge-selective electrodes to obtain electron or
hole-only devices as illustrated in Figure 2.7a. By increasing the applied voltage at a steady
scan rate, at low bias current, an ohmic behavior is indicated by a liner region where I «x V,
resulting in a linear regime with slope = 1 in a log-log plot. At high voltage, the current density is
dominated by the Mott-Gurney law and I < V? resulting in a linear regime with slope =2 in a

log-log presentation, as illustrated in Figure 2.7b.

a o CB of Semiconductor b 1 ohmic
3 ] )
) 1 region
£ e o ° o — |
2 s _ 8- <
GJ — ~ ]
)
_g Trap states =
s sl
3 5
0 VB 0O 7
5 Space charge
% limited region
o Distance
Voltage (V)

Figure 2.7 — a) Illustration of charge carrier transport through the semiconductor sandwiched
between two electron-selective contacts. b) Current-Voltage log-log curve showing the ohmic
region, trap filling region (TFR) and region dominated by space-charge-limited current.

In the presence of any traps which are kgT eV below the Fermi-level, injected charge carriers
can be trapped, reducing the measured current during space-charge limited current measure-
ments. The filling of the trap states can result in an trap-filling region (TRP) between the ohmic
and SCLC regime with I o< V" where m >3.
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Chapter 3

Tuning Naphthalene Diimide Spacer
Cations for the Incorporation into a

Layered RP Phase Perovskite Structure

3.1 Abstract

The large size of chromophore-based spacer cations imposes a challenge to their incorporation
into a layered perovskite structure. Further insight into the layered perovskite phase-formation
mechanism is required to determine crucial parameters for successful LHOIP formation. Herein
we report the preparation and incorporation of asymmetric naphthalene diimide (NDI) spacer
chromophore cations with different amine-bearing alkyl linker chain lengths into LHOIP thin
film. Performing kinetic studies based on in-situ UV-Vis spectroscopy measurements during
the LHOIP crystallization formation, we show that shorter linker chain lengths require higher
annealing temperatures to form the LHOIP structure suggesting higher formation energy re-
quired for the incorporation of short alkyl chain bearing NDI cations. Further, it is shown
that the increased formation energy hampers the formation of quasi-layered perovskite films
with homogeneous phase distribution. Avrami-analysis of the layered perovskite formation
shows a larger Avrami-coefficient (n = 3.64) for short linker chain-bearing cations compared to
longer alkyl chain-bearing cations (n = 2.43), suggesting an evolution from three-dimensional to
quasi-two-dimensional crystal growth mechanism with increasing linker chain length. Addition-
ally, transient absorption and broadband fluorescent up-conversion spectroscopy indicate fast
photoinduced charge transfer from the inorganic layer to the electron-accepting NDI-spacer
cation. The presence of a type II heterostructure system has implications for the formation of
free charge carriers and their mobilities. As electrons and holes are localized in different layers,
the lifetime of the free charge carriers is enhanced by more than one order of magnitude, as
indicated by time-resolved microwave conductivity measurements.

This chapter is based on published work: S. Nussbaum, E. Socie, L. Yao, J. Yum, J. Moser, and K.
Sivula Chem. Mater. 2022, 34, 3798-3805.

The herein presented transient absorption and broadband fluorescent emission spectra were

recorded and fit by E. Socie. The synthesis of the spacer cations was assisted by L. Yao.
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3.2 Introduction

LHOIPs are in the spotlight of researchers due to their widely tunable optoelectronic prop-
erties, facile solution processability, and increased stability over more conventional HOIPs.
These features make LHOIP an attractive class of materials for low-cost and high-performance
applications. [4968:167.168] 1n most cases, relatively simple spacer cations are employed, such
as n-butylammonium (BA) or phenylethylammonium (PEA) with large HOMO-LUMO gaps
that mismatch the inorganic perovskite’s CB and VB energy levels. As these organic spacers
are electrically isolating, LHOIPs have some decisive disadvantages over pure ABX3 materials,
such as anisotropic charge carrier properties and extremely high exciton binding energies of
several hundred meV. "8 More recently, researchers have focused on the incorporation of spacer
cations based on semiconducting organic building blocks. As the HOMO-LUMO energy levels
of the chromophore spacer cations matche with the CB and VB of the inorganic layered per-
ovskite, the semiconducting properties of the spacer cations can alter the electronic structure
of the layered perovskite materials. This approach provides a possibility to overcome some of
the disadvantages described above. Passarelli and co-workers, for example, showed enhanced
out-of-plane conductivity when the HOMO and LUMO levels of the spacer cation chromophore
are matched electronically with the CB and VB energy levels of the inorganic layer. ¢! By using
electron-accepting spacer cations, type II heterostructures can be formed where the HOMO and
LUMO energy levels of the chromophore are below the CB and VB of the perovskite, respectively,
as displayed in Figure 3.1a. Such type II heterostructures were found to induce electron transfer
to the spacer cation allowing to obtain long-lived charge-separated states. 136169 Despite the
recent report about carbazole, %' naphthalene, ['3!! and oligothiophenes [13%170 based spacer
cations incorporated into a layered perovskite structure, organic semiconducting spacer cations

remain far less reported than systems based on simple aliphatic spacers.
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Figure 3.1 — a) Band alignment of the type II heterostructure structure indicated based on
computational studies from ref. 171. b) Schematic description of the layered perovskite structure
and chemical structure of the investigated NDI-based spacer cations.
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3.2. Introduction

A potentially interesting class of chromophore spacer cations is constituted by the rylene
dyes, such as naphthalene diimide, illustrated in Figure 3.1b. Recent computational studies
based on NDI-based chromophore dications suggest type II heterostructure features, where
the electron-accepting chromophore contributes to the band structure of the perovskite layer
resulting in the localization of the electrons in the organic layer while the holes remain in the
inorganic slabs upon photoexcitation. [!”! Such a structure has been hypothesized to reduce the
exciton binding energy by forming long-lived charge-separated states, as suggested by Gélvez-
Rueda et al. based on their studies on perylene diimide coated CsPbBr3 nanoparticles. (148l
However, the incorporation of rylene dye building block into a layered lead halide perovskite
structure remains challenging potentially due to the various inter-molecular effects like van-der-
Waals and 7 — m-interactions that can interfere during the layered perovskite self-assembling
synthesis and the size constraints of the cavity in the octahedral framework. Indeed, symmet-
ric naphthalene diimide spacer dications with an amine-bearing ethyl linker (NDIC2) were
investigated for the incorporation in a layered lead halide perovskite framework, but no layered
perovskite structure but rather a 1D perovskitoid structure was obtained. [17>173 While transient
absorption and time-resolved microwave conductivity measurements suggest the formation of
charge-separated states with enhanced free charge carrier lifetimes in such nanowires, 148174
forming an ordered layered structure is a prerequisite for the application in optoelectronic
devices, such as solar cells to enable efficient charge transport through the layered perovskite
film. Previous research conducted in our group showed that chromophore-cations with long
amine-bearing linker chains were easier incorporated into a layered perovskite structure. (175!

While the effect amine-bearing linker chain on the optoelectronic and structural properties
has been studied in LHOIPs incorporating purely aliphatic and phenyl-based spacer cations [17°!
the effect of the amine-bearing linker length remains to be systematically studied in OSiP ma-
terials. Understanding the kinetics governing the formation of layered perovskite materials
incorporating large organic semiconducting chromophore spacer cations and investigating the
effect of the linker chain length and its increase of molecular size on the crystal structure forma-
tion is a requirement to understand the determining parameters for the successful synthesis of
these materials.

We hypothesized that by increasing the amine-bearing linker chain, the crystal growth mech-
anism would be potentially altered where with increasing spacer size, the formation of a 1D
perovskitoid rather than a 2D layered perovskite phase is formed. In this work, we synthesized
3 NDI-based monovalent spacer cations, which differ only in the length of the amine-bearing
alkyl chain, and investigated the formation of the layered RP phase. A schematic illustration of
the desired RP structure and the chemical structure of the investigated cations are displayed in

Figure 3.1b.
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3.3 Experimental

Characterization and detailed synthetic procedures can be found in Appendix A.

Sample Preparation

Thin films of (NDI),Pbl, were formed using a 0.4 M NDI + 0.2 M Pbl, in DMF solution. All
films were spin-coated at 2500 rpm for 30 seconds and subsequently annealed at 180 °C for 30
minutes in an argon-filled glovebox.

Quasi-layered perovskite thin films were prepared by spin-coating a precursor solution of NDI,
methylammonium iodide (MAI), and Pbl, with molar ratios 2:4:5 (0.8 M Pbl) in DMF on a glass

substrate. The films were subsequently annealed at 180 °C for 10 minutes.

UV-vis Absorption and Photoluminescence Measurements

UV-Visible light absorption measurements were carried out with a UV-3600 Shimadzu spec-
trometer. For the Avrami-analysis, a home-built transparent heating window was used. The
measurement was carried out under ambient conditions. The as-spin-coated samples were

stored in an argon-filled glovebox until shortly before the measurement.

X-ray Diffraction and Grazing-Incidence Wide-Angle X-ray Scattering Measurements

Thin film X-ray diffraction (XRD) measurements were taken in Bragg-Brentano geometry us-
ing non-monochromatic Cu-Ka, radiation on a Bruker D8 Vario instrument equipped with a
LynxEYE XE detector. Grazing-incidence wide-angle X-ray scattering experiments were carried
out at the European Synchrotron Radiation Facility (in Grenoble, France) at beamline BMO1.
The samples were measured under ambient conditions with a 0.6506 A(19.06 keV) X-ray source
and a beam size of 0.5x0.5 mm? onto the sample coming in at an incidence angle of a = 0.25°.

GIWAXS images were processed using the Python packages pygix and pyFAI. !}77178]

Broadband Fluorescent Up-conversion Spectroscopy

Time-resolved PL measurements were carried out using a broadband up-conversion setup
(FLUPS, LIOP-TEC). An extensive description of the setup can be found elsewhere. [179180] Basi-
cally, after excitation by a pump pulse (1,mp = 400 nm) generated by a CPA Ti:sapphire laser
(Libra-HE USP, Coherent), the fluorescence of the sample is collected and mixed with a gate
pulse (A,0pe = 1300 nm, type II sum frequency generation) in a 100 um-thick BBO crystal
(EKSMA Optics). The upconverted signal is dispersed in wavelength using UV gratings and
recorded by a CCD camera (Newton 920, Andor). The time correction for the impulse response
function (IRF) was calculated to be 240 fs using the cross-correlation between the un-absorbed

pump and the probe.
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Transient Absorption Spectroscopy

Ultrafast transient absorption (TA) measurements were conducted using a fs chirped-pulse
amplified (CPA) Ti:sapphire laser (Clark-MXR, CPA-2001). A part of the laser output (778 nm,
1 kHz repetition rate) was frequency-doubled in a 0.5 mm-thick BBO crystal and chopped to
generate the pump pulse (1,4, = 389 nm, 500 Hz). The remaining part of the laser output
was focused onto a CaF, crystal to produce a white-light continuum probe spanning from
400 to 780 nm. The white light is attenuated, and its beam cross-section is reduced to ensure
homogeneity within the probe area. The probe beam was split before the sample; the signal
and the reference were sent into two spectrographs (Spectra Pro 2150i, Princeton Instruments)
and detected shot-to-shot using CCD cameras (Hamamatsu S07030-0906). The dynamics were
obtained using a digitally controlled delay stage (PI) in the pump path. The time resolution of
the experiment was calculated to be 300 fs using the cross-correlation of the pump and probe
beam on a reference glass sample. Detailed information of the data-treatment on the FLUPS

and TA results can be found in Appendix A.

Microwave Conductivity Measurements

TRMC measurements were performed by mounting the samples in a microwave cavity cell
and placed in a setup similar to the one described elsewhere. 1621811821 A yoltage-controlled
oscillator (SiversIMA VO3262X) generated the microwaves (X-band region, 8.4-8.7 GHz). During
the measurements, a change in the microwave power (%) reflected by the cavity upon sample
excitation by 3 ns (full-width at half-maximum) pulses of a wavelength tunable optical paramet-
ric oscillator (OPO) coupled to a diode-pumped Q-switched Nd:YAG laser at a wavelength of 420
nm (50 Hz repetition rate) was monitored and correlated to the photoinduced change in the
conductance of the sample, AG, given by eqn 2.6 and where K is the sensitivity factor derived
from the frequency response of the resonant cavity using an analytical impedance model that
considered both the cavity geometry and the substrate and thin film properties. The peak sum

mobilities were obtained using eqn. 2.7.
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3.4 Results and Discussion

NDI-based cations were synthesized in a straightforward one-pot reaction. Detailed synthetic
procedures can be found in Figure A.1. The cations are labeled NDI-E, NDI-B, and NDI-H based
on their corresponding amine-bearing alkyl linker lengths (ethyl, butyl, and hexyl), as displayed
in Figure 3.1b. Asymmetric monocations were selected over symmetric dications due to the
enhanced structural flexibility of the RP phase compared to the D] phase perovskites, potentially
easing the formation of a layered perovskite structure. ") We start the discussion with the NDI-E
spacer cation. Precursor solutions were prepared by dissolving NDI-E cation and Pbl; in a 2:1
molar ratio in N,N-dimethylformamide (DMF). The precursor solution was then spin-coated on
a glass substrate, schematically illustrated in Figure 3.2a. The visible light absorption spectrum
of the as-spin-coated thin film displayed in Figure 3.2b shows strong absorbance of the NDI
chromophore at 400 nm and weak contribution of Pbl, in the range between 440 and 500 nm.
While the presented optical features in the as-spin-coated films do not imply the formation of a
layered perovskite thin film, subsequent thermal annealing at 180 °C results in a phase with an

absorption band at around 500 nm, as displayed in Figure 3.2c.
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Figure 3.2 — a) Synthetic procedure for the thin film fabrication. The spin-coating of the precursor
solution containing NDI-E and Pbl, (2:1 molar ratio) results in a film with the absorption
spectrum displayed in b). The visible-light absorbance of the thin films after annealing ¢) and
XRD d) show characteristic features for RP LHOIP.
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The same procedure as described above with NDI-B and NDI-H cations results in the for-
mation of smooth thin films with similarly shaped excitonic absorption bands at around 500
nm, comparable with the excitonic absorption band observed in (PEA),Pbl, and (BA),Pbl,. 183
In addition, photoluminescence (PL) emission with a small Stokes shift can be observed for all
investigated films. The optical features observed in the NDI-based films are attributed to the
formation of a quantum-confined structure, suggesting the formation of a layered perovskite
phase. The formation of crystalline layered perovskite films is further indicated by the X-ray
diffraction (XRD) patterns of the different films, displayed in Figure 3.2d. The XRD shows the
characteristic equally-spaced diffraction peaks originating from the diffraction at the [00]]-plane.
While intense and narrow diffraction peaks for (NDI-E),Pbl, suggest large and ordered domains,
the domain size becomes smaller with increasing linker chain length, as indicated by the re-
duced intensity and broadening of the diffraction peaks highlighted in the inset of Figure 3.2d.
Interplanar spacings (dgg;) in the range between 2.3 to 3.0 nm were found where dyy; becomes
larger with increasing linker length following the trend of previously reported spacer cation
systems, [126]

We found that the annealing temperature was a crucial parameter for observing such an
excitonic absorption band (vide infra). For all NDI-based layered perovskite films, an anneal-
ing temperature of at least 140 ° C was required to form a crystalline phase. In comparison,
n-butylammonium (BA) and phenylethylammonium (PEA) based LHOIPs are typically reported
to form at annealing temperatures of only 100 °C. As-spin-coated films without any subsequent
thermal annealing give amorphous films without any excitonic absorption band at around 500
nm (Figure A.2).

Notably, the absorption and emission band maxima (1425 and APL ) were blue-shifted
compared to similarly-prepared (PEA),Pbly films (516 nm and 524 nm for A%25 and APL |
respectively). (1831 The observed blue shift of the excitonic absorption band is reasonably due, in
part, to the increased interplanar distance of the NDI-based layered perovskite compared to
the smaller interplanar spacing of (PEA),Pbl,, which reduces the interaction between adjacent
perovskite layers. However, the excitonic absorption band does not correlate with the interplanar
spacing as the observed absorption band maxima position Afnbjx for (NDI-H),Pbl, (492 nm) is
between the observed Afnb;x of the (NDI-E),Pbl, (485 nm) and (NDI-B),Pbl, (498 nm) thin films.
As distortions of the PbI§~ octahedra can also alter the absorption band position, **1%%! differ-
ent Pb-I-Pb bond angles in the investigated thin films could reasonably explain the observed
differences in the absorption band positions. Unfortunately, obtaining single crystals to verify
this was not possible despite significant efforts.

Surprisingly, the PL of (NDI-E),Pbl, is strongly quenched compared to NDI-B and NDI-H-
based films despite exhibiting the highest crystallinity among the investigated films. Given the
electron-accepting properties of the NDI-chromophore core, which exhibits low-lying HOMO

45



Chapter 3. Tuning Naphthalene Diimide Spacer Cations for the Incorporation into a
Layered RP Phase Perovskite Structure

. :
-5 0 5 110 15 -5 0 5 10 15
Gy (N7 Gy (Nnm Gy (Nm

Figure 3.3 — Grazing-incidence wide-angle X-ray scattering for the (NDI-E),Pbl, a), (NDI-b),Pbl,
b), and (NDI-H),Pbl, c) thin film.

and LUMO energy levels as determined by cyclic voltammetry (Figure A.3 and Table A.1) and the
optical band gap, the NDI-spacer cations form a type II band structure with the inorganic where
the LUMO energy level of the NDI-chromophore core is located between the VB and CB of the
inorganic PbI3~ octahedral layers. 123 The substantial quenching of PL-intensity is consistent
with previously-reported systems exhibiting a type II band alignment. 123! The proximity of the
NDI-E cation and the high crystallinity found in (NDI-E),Pbl, perovskites may enhance charge
transfer from the inorganic layer to the organic layer, as previously suggested and will be further
discussed below. [171]

Additional insights into the thin film formation of the NDI-based LHOIPs were obtained by
GIWAXS, as displayed in Figure 3.3a-c. Highly in-plane oriented films where the inorganic slabs
lay parallel to the substrate were obtained with all NDI-based cations, as indicated by the signals
along the g;-axis. Due to the high crystallinity in the (NDI-E),Pbly, additional diffraction in the
off-axis direction attributed to the [11/]-planes can be observed. Herman'’s orientation parame-
ters were found to be 0.73, 0.62, and 0.41 for (NDI-E),Pbly, (NDI-B),Pbly, and (NDI-H),Pbly,
respectively, suggesting a decline in crystal orientation with increasing linker chain length, as
further shown in the azimuthal angle scans in Figure A.4. Herman’s orientation parameters
of 1 indicate near-perfect in-plane orientation, while a value of 0 indicates random oriented
distribution. Our findings are consistent with previous work, where organic cations with shorter

amine-bearing alkyl chains were found to form more favorably highly oriented perovskites. (112!

Crystal Growth Mechanism

As the crystallinity and domain orientation are often attributed to the crystallization kinetics
during the crystal phase formation, [184185 based on our observed trends in crystallinity and
orientation, we hypothesized that the alkyl chain length affects the LHOIP phase formation

rate during the thermal annealing process. Relatively rapid crystal phase formation, for ex-
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ample, may result in increased randomness of crystallite orientation compared to kinetically
slower crystallization. Additionally, as we previously suggested that the different linker lengths
could induce changes in the Pb-I-Pb angles, it is reasonable to assume that deviations of the
octahedral framework would impact the crystalline phase formation kinetics. '8! While the
phase formation mechanisms are relatively well studied for lead-based perovskite films and
some quasi-layered perovskite films, 187189 3 proper understanding of the linker length on
the crystallization of pure layered perovskite remains scarce. Previous phase formation studies
were conducted using mainly X-ray diffraction methods which are potentially less suitable
for comparing thin films with varying degrees of crystallinity and orientation. '87189 For our
system, tracking in-situ the evolution of the excitonic absorption band using UV-vis absorption
spectroscopy, as illustrated in Figure 3.4a, was found to be a convenient way to investigate the
formation of the crystalline perovskite quantum well structure during the thermal annealing
process. 199 For this, the as-spin-coated films were placed on a heated transparent FTO-coated
glass window. Detailed descriptions of the setup and measurement can be found in Figure
A.5. To find the crucial annealing temperature at which the layered perovskite quantum well
starts to form, the absorbance at 485 nm ((NDI-E)»Pbl,), 498 nm ((NDI-B),Pbls) and 492 nm
((NDI-H),Pbly), respectively, were measured while gradually increasing the temperature at a

rate of 0.25 Ks!. The conversion coefficient, «, was determined by the following relationship:

A(T) = Ajni
a= ( ) init (3. 1)
A fin
where A(T) is the (quasi-steady-state) absorbance at a given temperature T, A;,;; and Ay;,, are
the absorbance at the beginning and end of the measurement, assuming full phase conversion

at the end of the annealing process.
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Figure 3.4 — a) Representative illustration of the in-situ absorption spectroscopy measurements
to track the evolution of the thin film formation. b) Resulting curve when the temperature is
gradually increased at a rate of 0.25 Ks™!.
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It is noted that the conversion coefficients were most likely independent of the wavelength
around the excitonic absorption band (see Figure A.6), and no clear diffraction peaks were
observed from the as-spin-coated films, as displayed in Figure A.2. The resulting phase forma-
tion curves are displayed in Figure 3.4b. For all investigated films, an increase in the annealing
temperature triggers the formation of the perovskite phase, as indicated by the increasing con-
version coefficient a. At temperatures greater than 160 °C, the plateau of the curves indicates
maximum perovskite phase formation at that temperature. Considering the on-set temperature
at which the excitonic absorbance band becomes optically detectable, a clear trend towards
lower temperatures with increasing linker chain length can be observed.

Generally, the crystal growth mechanism consists of an initial nucleation step followed by
interfacial crystal growth, the formation rate between 110 and 120 °C as found in (NDI-B),Pbl,
and more so in (NDI-H),Pbl, can be potentially attributed to the formation of nuclei. After
nuclei formation, the crystallites slowly start to grow, while at the same time, more and more
nuclei are formed with increasing temperature. As the crystallites grow larger, neighboring
crystallites start to impede each other resulting in low crystalline thin films. The observed slow
phase formation at low temperatures for (NDI-H),Pbl, and (NDI-B),Pbl, stands in contrast to
the phase formation observed for (NDI-E),Pbl, films where the LHOIP phase starts to be formed
rapidly after the temperature of 140 °C. We suggest that the reduced structural flexibility of the
short alkyl chain-bearing NDI-E-cation hampers the formation of nuclei, as indicated by the
higher annealing temperature required for the perovskite formation. As fewer growing sites do
impede each other less, resulting in films of higher crystallinity compared to (NDI-B),Pbl, and
(NDI-H),Pbl, films. Besides that, enhanced conformational flexibility may induce more defects
and, reducing the crystallinity. The loss of kinetic control due to the easier perovskite formation
when NDI-H is incorporated is indeed consistent with the reduced crystal orientation.

While the perovskite formation under non-isothermal conditions (as shown in Figure 3.4)
gives good insights into the LHOIP formation temperature, no information about the crystal
growth mode can be obtained. However, given the anisotropic character of the layered HOIPs,
preferential crystal growth along a particular crystallographic direction is expected. 1°!! In order
to investigate the crystallization mode, Avrami analyses using in-situ absorption measurements
during isothermal crystallization were performed. The temperature for the experiment was
chosen based on the temperature where a = 0.5 according to Figure 3.4b. For (NDI-E),Pbl, and
(NDI-B),Pbly, sigmoid-shaped transition curves (a vs. time) were obtained, as illustrated in Fig-
ure 3.5a. Considering the amorphous phase before thin film annealing and the crystalline phase
after annealing, such a phase transformation between an amorphous phase and a crystalline

phase can be described by the Kohn-Mehl-Avrami model. [19%!
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Fitting the obtained conversion coefficients to the Avrami equation:
a(t)=1-e"kM (3.2)

where a/(t) is the conversion coefficient as a function of time ¢, k a kinetic rate constant, and n

the Avrami-coefficient, gives a more detailed insight into the crystallization mechanism.
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Figure 3.5 — a) Fit Avrami model to crystal phase formation under isothermal conditions. b)
Proposed crystal growth mechanism based on the obtained Avrami-coefficients 7.

Fitting the data in Figure 3.5a to the Avrami equation gives an Avrami-coefficient of n =
3.69 for NDI-E. As n =4 is associated with three-dimensional crystal growth, a more isotropic
crystal growth (proceeding along both the out-of-plane and the in-plane directions) is expected.
This finding is in line with the observed high crystallinity for (NDI-E),Pbl, films. For the
(NDI-B),Pbl, formation, an Avrami-coefficient of n = 2.43 at 128 °C was found, indicating
a more two-dimensional crystal growth mode. Altogether, the crystal growth mechanism must
be understood as a competing mechanism between in-plane and out-of-plane growth, as
illustrated in Figure 3.5b. As XRD measured the crystallinity along the g, vector, the loss of
crystallinity observed in (NDI-B),Pbls compared to (NDI-E),Pbl, films, and the reduced Avrami-
coefficient n suggests a more predominant in-plane crystal growth mechanism in the case of
(NDI-B),Pbly. The obtained results for NDI-E and NDI-B cations stand in strong contrast to
layered perovskite formation when NDI-H was used as a spacer cation. In this case, isothermal
kinetic measurements did not show a sigmoid-shaped transition curve following the Kohn-Mehl-
Avrami model but rather a kinetically-limited behavior where the crystallization rate is affected
by the conversion coefficient &, as shown in Figure A.7. Interestingly, this kinetically-limited
growth behavior of (NDI-H),Pbl, can potentially be overcome by increasing the annealing
temperature as higher crystallinity was found when annealed at 225 °C for 5 minutes, as shown

in Figure A.8.

49



Chapter 3. Tuning Naphthalene Diimide Spacer Cations for the Incorporation into a
Layered RP Phase Perovskite Structure

Investigation of Electron Transfer to the NDI by Transient Absorption Time-Resolved PL Spec-

troscopy

The formation of a defined layered structure with all herein investigated spacer cations gives the
opportunity to study further electronic interactions between the inorganic slabs and the spacer
cations. To investigate the potential ultrafast charge transfer process between the inorganic
layer and the organic spacer cation causing quenching of the PL-intensityillustrated in Figure
3.6a, broadband fluorescent up-conversion spectroscopy (FLUPS) 179193 was performed. Here,
the sample emission is mixed with an ultrashort laser pulse in a nonlinear optical crystal to
generate a signal at the sum frequency of the two incoming beams. The time resolution of the
setup is only limited by the laser pulse duration (150 fs), which is ideal for studying initial and
fast PL dynamics. The obtained PL dynamics for all investigated LHOIP films are displayed in
Figure 3.6b. The temporal- and spectral-dependent PL-intensity of the films excited at 400 nm
can be found in Figure A.9. The PL-decay was fit to a single exponential convoluted with the
instrument response function (IRF) for NDI-E and NDI-B and PL lifetimes of 0.27 ps and 0.51 ps,

respectively, were found.
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Figure 3.6 — a) Illustration of the electronic structure and electron transfer in the type II het-
erostructure. b) PL decay dynamics determined by FLUPS.

For the NDI-H film, a fit with a two-exponential decay (short lifetime of 0.62 ps and a longer
time constant of 3.6 ps) matched better the experimental data. The fast decay times observed in
the NDI-based layered perovskite films strongly contrast previously reported decay constants for
(PEA),Pbl, of several hundreds of picoseconds attributed to trapping processes. [19419%! Given
the fast decay observed when employing electron-accepting perylene diimide (PDI) cations
in proximity to HOIPs as previously reported, 48! we attribute the observation of short decay
times herein to the charge transfer from the inorganic perovskite layer to the spacer cation.
Indeed, the charge transfer becomes slower with increasing linker length and thus distance from
the perovskite layer to the NDI core. Hence, the PL dynamics are determined by the depopu-

lation of the confined excited state due to potential electron transfer from the inorganic layer
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to the NDI-spacer cations resulting in a faster PL-decay than for similar systems incorporating
aliphatic BA-based spacer cations. !7% It is possible that the PL decay times may be affected by
different defect densities in the thin films, which could form non-radiative trap-states. However,
the defect density is expected to be inversely correlated with material crystallinity, which is
inconsistent with the observations herein. As the FLUPS signal is proportional to the product of
the electrons and holes, our conclusions regarding the charge transfer dynamics were further

supported by TA spectroscopy.
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Figure 3.7 - Transient absorption spectra of a) NDI-E, b) NDI-B, and c¢) NDI-H. d) Corresponding
GSB dynamics with tri-exponential fit.

TA spectra were obtained using a 400 nm pump laser and are shown in Figure 3.7a-c. For
all investigated films, a ground state bleach (GSB) at around 490 to 500 nm can be observed
attributed to the excitation of the perovskite layer ground state to the lower excited state. The
absorption bleach decays without any observable shift of the bleach maxima, indicating the
formation of a single exciton. [14® The decay dynamics of the GSB are shown in Figure 3.7d,
and Table 3.1 displays the calculated lifetimes using a global analysis of the TA data with three
exponential decay components. The decay-associated spectra (DAS) are displayed in Figure
A.10. The first dominant decay component (7;) can be attributed to the radiative recombina-
tion due to the similarity to the decay times obtained in the FLUPS measurement. Although
previously reported electron transfer between Pb(Brg 71 3)4 to the naphthyl spacer cation via
a Dexter electron transfer attributed a similarly short decay constant to an exciton-exciton

annihilation process, 19! the second decay process (7,) cannot be unequivocally assigned for
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the herein investigated systems. Notably, DAS resulting from the global lifetime analysis of the
GSB (Figure 3.7a-c) show maximum amplitudes matching the bleaching peak for all the three
decay components for (NDI-E),Pbl, and (NDI-B),Pbl,. These findings are contrasted by the
mismatched maximum amplitudes for (NDI-H),Pbl,, where only the long decay component fits
the bleaching peak maxima. The mismatch between the PL-decay in the (NDI-H),Pbl, film is
due to a more complex electron transfer kinetics consistent with the bi-exponential decay in
the FLUPS. Considering the decay of the absorption bleach caused by the regeneration of the
ground state, the prolonged decay time is strongly indicative of reduced exciton binding energy
for (NDI-E),Pbl, compared to the (NDI-B),Pbl, film. 114

Table 3.1 — Decay time constants of the absorption bleach for the investigated thin films derived
from tri-exponential displayed in Figure 3.7d.

| (NDI-E);Pbl; (NDI-B),Pbl; (NDI-H),Pbl,

71 (ps) | 0.27 0.51 0.81
T2 (ps) | 18.1 5.9 4.8
73 (ps) | 498 94 119

Overall the FLUPS and TA results are consistent with the photoinduced electron transfer from
the inorganic to the organic layer in the NDI-Based LHOIPs and show that increasing the alkyl
linker has an effect on the charge transfer where electron transfer from the inorganic layer to the
NDI is slower when the distance between the perovskite layer and the chromophore is larger.
The localization of the electrons and holes in separate layers will potentially have a strong effect
on the charge separation process upon photoexcitation.

While transient absorption and PL spectroscopy methods are not able to distinguish between
bound excitons and free electrons and holes, conclusions on the effect of the type II heterostruc-
ture on the formation of free charge carriers remain elusive. In contrast to transient absorption
spectroscopy, where the wavelength of the pump and probe sources are in the 400 — 1000
nm range, flash-photolysis time-resolved microwave conductivity measurement (fp-TRMC)
measures the absorbance of a microwave probe after photoexcitation with a visible light pump.
As the microwave probe is only sensitive to free charge carriers, fp-TRMC gives insight into
the mobility and lifetime of free charge carriers. A detailed description of the method can be
found in Chapter 2. As the sum of the fraction of free charge carriers (¢) and their charge carrier
mobility is proportional to the absorbed microwave intensity A—;, the charge carrier mobility
can be obtained based on equation 2.7.

Photoconductivities of the different NDI-based perovskite thin films and their respective
TRMC transients are displayed in Figure 3.8a and Figure 3.8b. The TRMC transient of the free
charge carriers was fit to a bi-exponential decay function where a short decay between 50-60

ns, and a long decay of 680 — 1400 ns was observed. Decay time constants are displayed in
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Table A.2, and the transients over the whole measured range are displayed in Figure A.11. The
mobility decay stands in contrast to the measured mobilities of phenylethylammonium PEA-
based (PEA),Pbl,, where only a mono-exponential decay was observed with a decay time of
35 ns. While the initial fast decay of free charge carriers in the range of around 30-60 ns can
be attributed to the recombination in the inorganic layer, the prolonged charge carrier lifetime

might be attributed to the type II heterostructure.
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Figure 3.8 —a) TRMC transient for (NDI),Pbl, and (PEA),Pbl, based perovskite thin films, and
b) extracted peak mobility at different excitation intensities assuming ¢ = 1.

Assuming that every absorbed photon creates a free charge carrier (¢ = 1), the peak mobility
was found to be in the range between 0.001 and 0.002 cm?-V~!-s~! at 2.10'3 absorbed photons
per cm? with only small differences between the different NDI-based spacer cations. The trend
of decreasing mobilities due to non-linear effects (e.g., exciton-exciton annihilation) with in-
creasing photon flux is consistent with the (PEA),Pbl, reference sample. At the same excitation
wavelength and comparable absorbed photon flux, the found photoconductivity of the NDI-
based RP phases are more than one order of magnitude higher than the previously reported
photoconductivity of perovskite systems based on a NDIC2 dication. !74! This increase can be
attributed to an improved degree of orientation and structural ordering as we form a layered
perovskite structure rather than a (1D) nanowire, as previously investigated. However, peak
charge carrier mobilities are still lower than for PEA-based and BA-based layered perovskites.
Despite the difference in crystallinity in our samples, no clear effect of the amine-bearing alkyl
chain length on the photoconductivity determined by fp-TRMC was found. However, as XRD
measures the crystallinity along g,, while TRMC measures the sheet-mobility parallel to the
substrate (gyy-plane), the similar mobilities among all NDI-based RP phases further support our
previously assessed crystal growth mechanism of the LHOIPs where crystallinity is preserved
along the g,y plane parallel to the substrate.

It has to be noted that the time resolution of fp-TRMC is limited by the cavity to a few nanosec-

onds. Given the ultrafast electron transfer from the perovskite to the inorganic spacer on the
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sub-picosecond timescale, the effect of the linker chain on the electron transfer rate is too small
to be observed in fp-TRMC. Moreover, the low photoconductivity determined for the NDI-based
RP phase compared to simpler aliphatic species potentially arise due to the lower mobility of

the electrons in the organic layer.

Formation of Quasi-Layered Perovskite Thin Films

It has been shown that n = 1 layered perovskite thin films based on NDI-spacer cations show
considerable in-plane orientation when deposited on a glass substrate where the organic and
inorganic layers are oriented parallel to the substrate. The organic spacer layer acts as an insula-
tor hampering charge carrier mobility through the film. In order to tune the orientation of the
LHOIP films, increasing the quantum well width by forming quasi-layered perovskite materials
provides a simple strategy to obtain more isotropic perovskite films. Moreover, by mixing large
spacer cations with small organic cations in the precursor solution and forming quasi-layered
layered perovskite thin films, dielectric and quantum confinement effects are reduced. At the
same time, the visible light absorbance is enhanced.

While quasi-layered perovskite films are widely investigated with simple aliphatic spacer
cations, to the best of our knowledge, the formation of a quasi-layered perovskite incorporat-
ing an electron-accepting spacer chromophore and photoinduced electron transfer has not
been reported yet. We hypothesized that the high annealing temperature to form the layered
perovskite phase when NDI-based spacer cations are used might provide an opportunity to
potentially control the crystallization of the quasi-layered perovskite films enabling to easier
tune the orientation and distribution on quasi-layered thin films. !%”) We focus in the following
on forming n =5 thin films, where NDI cations are mixed together with methylammonium iodide
(MAI) and PblI; in a 2:4:5 molar ratio, aiming for (NDI),(MA)4PbsI;6 phase. The visible light
absorption spectra of the quasi-layered films are displayed in Figure 3.9a. Similar to previously
reported quasi-layered films based on aliphatic spacer cations, the formation of multiple phases
with quantum well widths (n) of the general structure (NDI),(MA);-1Pb,I3,+1 can be deter-
mined in the absorption spectra. [*>! While using NDI-E as a spacer cation results in no excitonic
absorption band that corresponds to the quasi-layered perovskite (NDI-E), (MA)Pb,I7 phase, the
incorporation of NDI-B and NDI-H into a layered perovskite structure results in the formation
of (NDI)2 (MA)Pb,I; (n=2) as well (NDI),(MA)2Pbsly( (n=3) phase as clearly indicated by the
excitonic absorption band at around 570 nm and 600 nm, respectively. Moreover, the n =4 phase
is observed when the NDI-H cation is incorporated. Notably, the 7 = 2 incorporating NDI-B and
NDI-H can also be observed when methylammonium iodide and NDI-spacers were used in the

precursor solution in a 1:2 molar ratio, as displayed in Figure A.12.
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Figure 3.9 — a) Visible light absorption spectra of NDI-based quasi-layered films based (<n> = 5),
and b) XRD of the investigated films.

Considering the required annealing temperature for the formation of (NDI-E),Pbl; was
found to be higher compared to the temperature required to form (NDI-B),Pbl; and (NDI-
H),Pbly, we assume that during the annealing process of the <n> = 5 films, the easy formation
of MAPbI; growing from the liquid-surface interface towards the substrate leads to the complete
consumption of MAI, as suggested by previous reports. 9”198 This leads to the formation of
(NDI-E),Pbl, closer to the substrate. Low-dimensional LHOIPs parallel to the substrate can
be found in the XRD of NDI-E base quasi-layered thin film indicated by the diffraction peaks
in the range below 260 = 5° displayed in Figure 3.9b. Notably, the absorption spectrum of the
NDI-E-based quasi-layered perovskite films displays the same features over a broad range of
solvent-ratio and annealing conditions, as displayed in Figure A.13. On the other hand, as NDI-B
and NDI-H require less thermal energy to be incorporated. The formation of these quasi-LHOIP
phases competes with the formation of MAPbI; under the investigated condition. Indeed,
considering the absorbance in the range between 700 and 760 nm due to the MAPDI;3, a clear
decrease in absorbance with increasing amine-bearing alkyl chain can be found, suggesting a
lower contribution of the MAPbI; in the films incorporating NDI-H. In contrast to quasi-layered
films incorporating NDI-E, XRD of NDI-B and NDI-H thin films displayed in Figure 3.9b show
no diffraction peaks below 26 = 5°, indicating that the inorganic layers in the low dimensional
layered perovskites crystallites are randomly oriented on the glass substrate reducing X-ray

scattering at the 00I/-plane of low dimensional perovskite phases.

3.5 Conclusion

In this work, three different spacer cations with various amine-bearing linker chain lengths

attached to an electron-accepting naphthalene diimide core have been synthesized and success-
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fully incorporated into a Ruddlesden-Popper type layered perovskite structure. By incorporating
the NDI-chromophore with various linker chain lengths, the effect of this simple modification
on the optoelectronic properties and crystal formation was investigated. While all investigated
spacer cations formed a layered perovskite structure, studies on the thin film formation kinetics
via in-situ absorption spectroscopy reveal that the alkyl linker chain length modifies the crystal
phase formation kinetics and thermodynamics. By increasing the length of the amine-bearing
linker chain, for example, lower annealing temperatures were required to form the crystalline
layered perovskite phase. Furthermore, by comparing isothermal Avrami-analysis obtained by
in-situ UV-vis absorption experiments, it was found that the short alkyl chain-bearing NDI-E
has a more uniform crystal growth mechanism where crystal growth is equally fast among all
crystal axis. This stands in contrast to layered perovskite materials incorporating longer alkyl
chain-bearing NDI-B, where crystal growth is favored along the plane of the inorganic layer as
suggested by an Avrami coefficient 7 closer to 3. The differences observed in the in-situ UV-vis
measurements give a potential explanation for the observed trends in crystallinity and orienta-
tion where the loss of control of the crystallization in the formation of LHOIPs incorporating
long amine-bearing alkyl chains result in lower crystallinity and more isotropically oriented
films.

We hypothesized that the high annealing temperature required to form the layered perovskite
structure incorporating the investigated NDI-based spacer cations might provide a path to
modulate the phase distribution of the quasi-layered phases on thin films. The high annealing
temperature required to incorporate NDI-E results in a quasi-layered film dominated by the 3D
MAPbDI3 and (NDI-E),Pbl, phases rather than a homogeneous distribution of multiple quan-
tum wells of various well widths. More homogeneous films with clear indications of the n =2
and n = 3 phases can be formed when NDI-based cations with longer amine-bearing linkers
(NDI-B and NDI-H) were used, further suggesting that prolonging the linker chain length leads
to easier incorporation of the spacer cation into a layered and quasi-layered perovskite phase. It
remains unclear if these findings are also applicable to DJ phase perovskites, where the organic
layer is formed by a single layer of divalent cations. Recent research suggests a 1D perovskitoid
structure rather than a 2D layered perovskite structure when the incorporation of a short alkyl
chain symmetric divalent spacer cation based on NDI was investigated. 17174 Increasing the
alkyl chain might promote the formation of a (2D) layered perovskite structure. Notably, using
NDI dications may further improve the solubility of the NDI-based cations beneficial to obtain
thicker films required for the fabrication of optoelectronic devices.

The electron-accepting nature of NDI analyzed by cyclic voltammetry further suggests the
formation of a layered perovskite, whose electronic structure can be described by a type II
heterostructure where the HOMO and LUMO energy levels are below the VB and CB of the

inorganic perovskite layer, respectively. Electron transfer from the inorganic layer to the organic
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spacer cation upon photoexcitation was observed. FLUPS and TA spectra indicate ultrafast sub-
picosecond electron transfer. Moreover, by increasing the distance from the NDI chromophore
to the inorganic layer by prolonging the linker chain, electron transfer from the inorganic layer
to the NDI chromophore is slower. Such behavior is expected as the probability of electron
transfer becomes reduced with an increased NDI-perovskite distance determined by the amine-
bearing alkyl chain. The spatial separation of the electron and holes in different layers was
hypothesized to improve charge separation. The formation of free charge carriers was studied
by TRMC. TRMC experiments indicate peak sum mobility one order of magnitude lower than
for PEA-based perovskite materials. However, the obtained photoconductivities are greatly
improved by almost one order of magnitude compared to TRMC photoconductivity found in 1D
perovskite structure based on NDIC2. While it remains unclear whether the lower photoconduc-
tivity is due to reduced free carrier generation yield or due to reduced charge carrier mobility,
the dynamics of the TRMC transient suggest that free charge carriers are longer present in the
materials as the transient signal shows an additional slow decay with a decay time of several
hundreds of nanoseconds. The prolonged lifetime of the free charge carriers might be beneficial
for charge diffusion to the charge carrier-selective electrodes in solar cell devices. Notably, our
findings are further supported by recent reports where a monocation based on NDI featuring an
amine-bearing octyl chain is incorporated into a layered perovskite structure, enhancing the

photocurrent by a factor of 40. 199
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Chapter 4

Photogenerated Charge Transfer in
Dion-Jacobson Type Layered Perovskite
Based on Naphthalene Diimide

4.1 Abstract

Type II heterostructures based on electron-accepting spacer cations were reported to facilitate
electron transfer to the spacer cation and allow the formation of long-lived charge transfer states.
Based on our previous finding in Chapter 3, where the incorporation of electron-accepting
naphthalene diimide cations with various amine-bearing linker chain lengths into a Ruddlesden-
Popper phase was demonstrated, we investigate the incorporation of symmetric NDI-based
cations into a DJ phase, where a monolayer of organic spacer cations forms the organic layer.
While previous reports show the formation of a 1D perovskitoid nanowire when a symmetric
NDI-based spacer cation (NDIC2) is attempted to be incorporated, 172174 we first show that a
proper layered phase can be formed by prolonging the amine-bearing alkyl chain. We further
investigate the charge transfer to the NDI-chromophore upon photoexcitation by transient
absorption and broadband fluorescence up-conversion spectroscopy. Further, the formation of
free charge carriers upon charge transfer excitons was investigated by time-resolved microwave
conductivity and terahertz spectroscopy. While the obtained photoconductivity is comparable to
the photoconductivity obtained for the RP phases based on NDI monovalent spacers investigated
in Chapter 3, the successful formation of quasi-layered thin films allows further confirmation
of electron transfer in phases with higher inorganic layer width (n). Moreover, we demonstrate
that the ordered 2D structure allows for efficient electron mobility as electron-only space-chare
limited current measurements suggested.

This chapter is based on an accepted manuscript: S. Nussbaum., E. Socie, G. C. Fish, N. J. Diercks,
H. Hempel, D. Friedrich, J. Moser, J. Yum and K. Sivula Chem. Sci. 2023, 14, 6052-6058

Herein presented transient absorption and broadband fluorescent absorption spectra were
recorded and fit by E. Socie. Terahertz spectroscopy experiments were performed by H. Hempel.

SEM pictures were obtained with the help of N. Diercks.
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4.2 Introduction

Layered perovskite materials are under investigation for their application in optoelectronic
devices due to their enhanced stability compared to conventional hybrid organic-inorganic
materials. 139290 However, dielectric and quantum confinement effects increase the exciton
binding energy and hamper the charge separation and free charge carrier generation upon
photoexcitation. (6% Moreover, the anisotropic charge carrier properties pose some challenges
to the fabrication of high-efficient optoelectronic devices such as solar cells and light-emitting
diodes (LEDs). 12°!! Mitigating the quantum and dielectric confinement effects so far has been
done by adjusting the width of the inorganic layer by tuning the stoichiometric ratio of the small
A-site cations (A’) and the bulky organic spacer cation (BOS) forming quasi-layered perovskite
films of the general formula (BOS)»A’;,_1Pb,X3,+1 where X is a halide and »n denotes the width of
the inorganic slab. Moreover, with increasing well width, the crystallites become more randomly
oriented on the substrate reducing the strong anisotropic charge carrier properties. Nonetheless,
forming quasi-layered perovskite materials has to be considered a trade-off between efficiency
and stability. 1201

In Chapter 3, we introduced a monovalent spacer cation based on an electron-accepting
naphthalene diimide chromophore core and demonstrated the successful incorporation into
an LHOIP structure. Further, it has been shown that the amine-bearing alkyl linker, which
connects the chromophore core to the inorganic perovskite framework, is a crucial variable
determining the formation of the crystalline film. As such, it was found that increasing the
amine-bearing linker results in precursor films which require lower annealing temperatures
to form the crystalline layered perovskite phase. However, monovalent cations based on NDI
show low solubility in solvents commonly used to fabricate LHOIP films. In the case of NDI-E
specifically, the formation of a considerable amount of (NDI-E),Pbl, oriented parallel to the
substrate and the absence of any (NDI-E), (MA),,_; Pbls,.; phases where n > 2, limits the further
investigation of these materials.

The incorporation of organic spacer dications generates what is commonly called DJ-type
quasi-LHOIPs with a general formula of (BOS)(A’),—1Pb,I3,+1. These materials have recently
come forward as more promising due to enhanced stability and improved charge carrier trans-
port through the organic layer. We hypothesize that the incorporation of a single layer of
NDI-based dications might provide some benefits for the formation of higher n-value phases as
the self-assembling process is determined by the covalent interactions of the dications with the
inorganic slab rather than the van-der-Waals interactions governing the interactions between
the NDI-monocations in the organic layer. Therefore, shifting from RP to DJ phases might
modulate not only the phase distribution in quasi-layered perovskite films but also the stacking

of the NDI-chromophore core in the organic layer. Furthermore, divalent spacer cations are
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usually more soluble in the solvents commonly used for HOIPs and LHOIPs synthesis, such as
DMSO and DME Hence, a lower concentration of the spacer cation is required in the precursor
solution, and the DJ phases tend to be more stable than the RP phase. 5354721 However, NDI-
based dications based on an amine-bearing ethyl-alkane chain denoted as NDIC2 as illustrated
in Figure 4.1a was found to facilitate the formation of NDI-PbI, nanowires, whose structure is

illustrated in Figure 4.1b.

ap perovskitoid

m=1NDICZ o o %‘%fsgix.% “**mm
i, B
B i
¥ 7]
5 L
ol
w NDI-dH  NDI-dH
Distance

Figure 4.1 — a) Chemical structure of NDIC2 and the herein investigated NDI-dB and NDI-dH. b)
Reported crystal structure of the lead-iodide nanowire obtained when NDIC2 is incorporation.
Reproduced from ref. 174 with permission from The Royal Society of Chemistry. ¢) Schematic
illustration of the desired (2D) layered perovskite structure.

Motivated by the observations in Chapter 3, where we found that prolonging the amine-
bearing alkyl chain length reduces the heat of formation for the incorporation into a layered
perovskite structure, we assumed that prolonging the amine-bearing alkyl chain length might be
a promising approach for the incorporation of NDI-based dications in a structure schematically
described in Figure 4.1c. By investigating thin films of quasi-layered perovskite materials of
various MAL:NDI-dH ratios, we aim to explore the effect of the spacer cation on the charge sepa-
ration at the NDI-perovskite interface in quasi-layered films. Moreover, in response to recent
reports on 1D perovskite nanowires with NDIC2, we demonstrate that the ordered quasi-layered
films allow comparable electron mobility through the film as found in the more conventional

layered perovskite films incorporating n-butylammonium iodide.
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4.3 Experimental

Sample Preparation
<n> = 1-5 films were synthesized by spin-coating the precursor solution containing 0.2 M Pbl,
and a stoichiometric amount of NDI-dH and MAI in DMSO solution at 2000 rpm for 30 seconds

on a glass substrate. The films were subsequently annealed at 180 °C for 10 minutes.

X-ray diffraction and Grazing-Incidence Wide-Angle X-ray Scattering Measurements

Thin film X-ray diffraction (XRD) measurements were taken in Bragg-Brentano geometry using
non-monochromatic Cu-Kea radiation on a Bruker D8 Vario instrument equipped with a Lynx-
EYE XE detector. Grazing-incidence wide-angle X-ray scattering experiments were carried out
using a Bruker Vario TXS equipped with an Eiger 2D detector. A Cu-Ka; X-ray source at an angle
of incidence (a) of 2° was used. GIWAXS images were processed using the Python packages

pygix and pyFAIL 1771781

Absorption Measurements, Transient Absorption, and Broadband Fluorescent Up-conversion
Spectroscopy

Visible light absorption, TA spectra, and FLUPS were performed based on the same procedure
described in Chapter 3. To extract the lifetimes displayed in Table 4.1, we performed a global

analysis of the dynamic traces of the bleaching peak. [20?!

Optical-Pump Terahertz-Probe (OPTP) Spectroscopy

OPTP was used to measure photoconductivity transients and the initial sum of electron mobility
and hole mobility with a time resolution of ~ 150 fs, as previously reported. !%%! To this end, tera-
hertz pulses were generated by optical rectification of 800 nm laser pulses in a ZnTe crystal. After
these terahertz pulses have been transmitted through the sample, their electric field E was mea-
sured by optoelectronic sampling in a second ZnTe crystal. Additional laser pulses with a length
of ~ 150 fs, a wavelength of 400 nm, and a repetition rate of 150 kHz were used to photogenerate
a sheet carrier concentration Ang of 2.2-10'3cm ™2 per pulse in the sample. This photoexcitation
reduced the transmitted THz field by AE, from which the sheet photoconductivity Ao s can be

obtained by the so-called thin film approximation:

AE
Aas=600(1+nsub)1% = ensuy (4.1)

E

where c is the speed of light, €y is the vacuum permittivity, ng,; is the reflective index of the

quartz glass substrate at terahertz frequencies of ~ 2, and e is the elementary charge. The photo-

62



4.3. Experimental

conductivity transient is measured by mechanically delaying the pump pulses with respect to
the terahertz pulses. The sum mobility g can be obtained from the peak value of the photocon-

ductivity transient and the sheet carrier concentration Ansknown from the excitation conditions.

Microwave Conductivity Measurements
TRMC measurements were performed according to the procedure described in Chapter 3. For
(BA),Pbl, and (NDI-dH)PbI, samples a K-factor of 45’000 was assumed.

SCLC

Samples were prepared according to previously reported architecture. Electron-only devices
were fabricated based on a Glass/FTO/TiO,/Perovskite/PCBM/silver architecture. The FTO
substrates were cleaned for 30 minutes in the ultrasonic sonicator in acetone, soap-water (Hell-
manex) solution, water, and isopropanol. The clean substrates were plasma cleaned for at least
10 minutes before sample deposition. TiO, layer was deposited by spin-coating a titanium
isopropoxide solution in ethanol:HCI on the FTO-coated glass substrate according to the condi-
tions reported elsewhere. 203294 The isopropoxide solution was spin-coated at 5000 rpm for 40
seconds. The films were then thermally annealed, following a ramped annealing step to 500 °C
(dwell 45 min).

The perovskite films were coated using a precursor solution containing NDI-dH salt, MAI, and
Pbl, in 1:4:5 molar ratios. The perovskite film was coated at 2000 rpm for 30 seconds and subse-
quently annealed at 220 °C. PCBM solution (10 mg in 1 ml chlorobenzene) was coated at 3000
rpm for 30 seconds and subsequently dried at 100 °C for 10 minutes.

The thickness of the thin films was initially determined with a Bruker Dektak XT profilometer.
Cross-section SEM on selected films was used to confirm the validity of the determined film

thickness.

Electrochemical Impedance Spectroscopy (EIS)

The relative permittivity of the thin films was estimated based on the capacitance measured
by impedance spectroscopy. The capacitance was determined using the impedance.py Python
package. 25! For this, a perovskite film was spin-coated on a FTO coated glass substrate and
sandwiched with a gold electrode (0.16 cm?). Based on the determined geometric capacitance
(C), assuming a plate capacitor geometry, € is calculated using the device thickness (d), and area
(A): [113]

e Cd 4.2)
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4.4 Results and Discussion

We prepared NDI-based dications with different alkyl chain lengths of 4 or 6 carbons denoted
as NDI-dB and NDI-dH, respectively. The chemical structures of the spacer cations are shown
in Figure 4.1a. Detailed synthesis procedures and characterization of the spacer cations can
be found in Appendix B. Starting with the (NDI-dH)Pbl4 composition (7 = 1), the visible light
absorption and PL spectra of the synthesized thin films are displayed in Figure 4.2a and show
the typical excitonic absorption and emission bands similarly found in conventional (PEA),Pbl,
and (BA),Pbl, layered perovskites. 26! However, in contrast to (BA),Pbly, the PL-intensity is
quenched in the (NDI-dH)Pbl, films, as displayed in Figure B.1. Figure 4.2b displays the XRD
pattern of the thin film showing equally spaced diffraction peaks associated with the 00I-planes
suggesting the successful formation of a layered perovskite crystal phase where the inorganic
slabs are oriented parallel to the substrate. Based on an assignment of the peak at 20 = 3.84°,
the interplanar spacing is 23.0 A corresponding roughly to the size expected given the length of
the NDI-dH cation of 22.7 A. We note that the optoelectronic and structural properties of our
(NDI-dH)Pbl, thin films are distinct from the previously reported
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Figure 4.2 — a) Visible light absorption and PL steady-state spectra, and b) XRD of the (NDI-
dH)Pbl,. XRD was recorded with a monochromated Cu-Ka; X-ray source. ¢) Transient absorp-
tion spectral slices, and d) Ultrafast PL and GSB dynamics of the (NDI-dH)Pbl, films based on
fluorescence up-conversion spectroscopy (FLUPS) and TA, respectively.
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1D perovskitoid films based on a similar spacer cation with an ethyl-ammonium linker (NDIC2),
illustrated in Figure 4.1a, where no excitonic absorption and emission bands were found. [172-174]
Notably, the desired DJ-type layered structure can also be obtained with the butylammonium
linker (NDI-dB). Similar optoelectronic properties and XRD diffraction peaks associated with a
smaller interplanar distance of 19.3 A are observed, as shown in Figure B.2, which is comparable
to the size of the cation (18.5 A). The observed effects of the alkyl linker chain on structure
and crystallinity are consistent with our previous finding in RP-based perovskite discussed
in Chapter 3, indicating that the amine-bearing alkyl chain linker is an important parameter
in the formation of layered perovskite materials. Despite the higher crystallinity found when
NDI-dB is incorporated into a DJ-perovskite, the films with NDI-dH showed better morphology,
as displayed in Figure B.3, likely due to a difference in cation solubility. Therefore, the following
analysis focuses on the NDI-dH divalent spacer cation system.

To further investigate the effect of the NDI-spacer cation on the photogenerated charge
carrier dynamics, ultrafast spectroscopic techniques were performed, namely transient ab-
sorption (TA) spectroscopy and ultrafast broadband fluorescence up-conversion spectroscopy
(FLUPS). 179193] The TA spectra, ground state bleach (GSB), and PL-decay dynamics are shown
in Figure 4.2c-d and Figure B.4 for (NDI-dH)Pbl,s. The FLUPS dynamic shows an ultrashort
PL lifetime with a decay time constant of around 1.65 + 0.03 ps, which is comparable to the
previously reported PL decay with RP-type analog materials discussed in Chapter 3 and can be
attributed to electron transfer from the inorganic layer to the organic spacer as schematically
illustrated in Figure 4.1c. The ultrafast PL decay stands in contrast to (PEA),Pbls, where decay
times of several hundreds of picoseconds are reported. ['%! The TA spectra show a GSB at 507
nm, corresponding to the position of the excitonic absorption band. The weak spectral signature
of the expected NDI™ formation overlaps with the photoinduced absorption (PIA) at 450 — 500
nm. 1721731 However, partial GSB decay and complete PL decay are characteristic of electron
transfer processes. 146! GSB dynamics were fit to a tri-exponential decay resulting in one fast
decay constant (r; = 1.66 ps) followed by two slower decays with 7, = 6.11 ps and 73 = 1510
ps. Altering the pulsed laser fluence from 15 to 150 nJ showed no change in the TA spectra
suggesting that Auger-type recombination processes do not contribute to the GSB dynamics, as
displayed in Figure B.4. While 7 can be attributed to the electron transfer from the inorganic
layer to the NDI spacer due to the similar time scale as the observed PL decay, the long decay
components (72 and 13) are attributed to potential electron back transfer from the NDI to the

perovskite ground state and non-radiative recombination.
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Generation of Free Charge Carriers in n = 1 DJ Phase Perovskite Materials

In order to investigate further the nature of the charge separation state at the organic-inorganic
interface, flash-photolysis time-resolved microwave conductivity (fp-TRMC) measurements
were performed. Probing the photogenerated charge carriers along the direction parallel to the
substrate (displayed schematically in Figure 4.3a) by photoexciting the LHOIP thin film, the mi-
crowave probe is only absorbed by free charge carriers allowing to assess the photoconductivity
as described in Chapter 2 and elsewhere. 2% The fp-TRMC transient after photoexcitation at
420 nm of (NDI-dH)Pbl, and (BA),Pbl, as reference material are displayed in Figure 4.3b.
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Figure 4.3 — a) Illustration of the fp-TRMC setup measuring the mobilities of free charge carriers
along the axis parallel to the substrate and b) fp-TRMC transient of (NDI-dH)Pbl, (closed black
circles) and (BA),Pbl, (closed red circles) with the obtained mobilities in the inset of the figure.
Samples were excited at 420 nm. Decay time constants 7; c), and 7, d) at different absorbed
photon flux.

A prolonged transient decay for NDI-dH-based LHOIP can be observed where the free charge
carrier decay can be fit to a bi-exponential decay with a short (7, = 36 ns) and a long (72 = 597 ns)
decay constant. The observed free charge carrier dynamics stand in contrast to the dynamics in
BA-based perovskite films, where the transient decays with a time constant of around 17 ns, as
displayed in Figure 4.3c-d, suggesting that the prolonged lifetime of the free charge carriers is

due to a type II heterostructure, which affords separate electrons and holes in different layers.
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Moreover, the estimated mobility, as quantified by the sum mobility (¢} p) in (NDI-dH)Pbl, as-
suming ¢ = 1, is around one order of magnitude higher than previously reported in NDIC2-based
1D perovskitoid materials. [1”®174 This increase in photoconductivity can be attributed to the
2D layered structure enhancing the mobility of the free charge carriers through the crystalline
material. However, the measured photoconductivity is still more than one order of magnitude
lower than the BA-based perovskite reference material. Notably, similar low photoconductivities
were determined in Chapter 3 in (NDI),Pbl,, where the estimated mobilities were independent
of the observed crystallinity along ¢, suggesting that the differences in crystallinity and interpla-
nar distances not to be the sole reason for the observed low peak photoconductivity. Although it
is possible that the free charge carrier generation yield (¢) is lower for (NDI-dH)Pbl, resulting in
decreased apparent mobilities from the fp-TRMC data, we suppose that the diminished sum
mobility (¢} ) observed for (NDI-dH)Pbly is due to the decreased mobility of the electrons
located in the NDI.
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Figure 4.4 — Transient obtained from optical-pump terahertz-prope spectroscopy (OPTP). The
sample was pumped at 400 nm.

As the time resolution of fp-TRMC (few ns) is larger than the time scale of electron transfer
from the inorganic layer to the NDI chromophore, as determined by FLUPS and TA spectroscopy,
optical-pump terahertz-probe (OPTP) spectroscopy was used to determine the sum mobilities a
few picoseconds after photoexcitation at 400 nm. The transient intrinsic carrier mobility dynam-
ics derived from the transient THz spectroscopy signal is displayed in Figure 4.4 and shows a
bi-exponential decay with time constants of 71 = 0.55 ps and 7, = 15 ps. Given the similarities in
time scale observed in FLUPS for the electron transfer, we assign the faster decay component to
be the transfer of photoexcited electrons to the NDI-cation overlapping with contributions due
to electron-phonon scattering. The obtained peak mobility determined by OPTP was found to
be 0.35 cm?-V!-s7!, which is in the same range as previously reported mobilities for BA-based
and PEA-based perovskites, further suggesting that ¢ can be assumed to be comparable in
(NDI-dH)Pbl, and (BA),Pbl,. [112:208,209]
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Formation of quasi-layered films

Given the successful formation of the ordered and crystalline layered (NDI-dH)Pbl, perovskite
phase, we investigated whether a quasi-2D layered structure is preserved and electron transfer is
observed when the energy sub-band width is increased. Thin films with phases of LHOIPs with
larger well widths and higher n-number, as shown schematically in Figure 4.5a, were fabricated
by mixing an appropriate amount of MAI into the precursor solution. In the following, the
stoichiometric ratio in the precursor solution will be denoted by the indices <7> indicating the
nominal quantum well width of (NDI-dH)MA,,_;Pb, I3, expected to be formed. For films with
<n>> 1, a distribution of quantum wells of various well widths is usually formed. [95,97,198] pop

the sake of clarity, the specific perovskite layer number phase will be denoted by the indices 7.
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Figure 4.5 — a) Schematic illustration of the quasi-layered perovskite materials incorporating
NDI-dH. The Energy levels of the inorganic layer as based on ref. 95. b) Visible light absorbance
of <n>=1, <n>=2 and <n> = 3 thin films and c) transient absorption slices of <n> = 3 film.

The visible light absorbance spectra and XRD of thin films with <n> = 2 or 3 are displayed in
Figure 4.5b and Figure B.5, respectively. For <n> = 2 thin film, the formation of n =2, 3 phases is
indicated by the characteristic excitonic absorption bands with an absorption maximum at 560
nm and 600 nm, respectively. Electron transfer kinetics were further investigated by analysis of
the GSB-dynamics from TA spectroscopy displayed in Figure 4.5c and Figure B.6. A strong GSB
for the n =2 and n = 3 phases can be observed overlapping with the position of the excitonic

absorption band displayed in 4.5b. The 0.25 ps growth component of the GSB in the n = 3 phase
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Table 4.1 - Fit GSB decay dynamic for the investigated films.

Compound‘n:l n=2 n=3 <n>=4 <n>=5

71 (ps) 166 1.83 2.04 2.71 2.56
72 (ps) 6.11 58.8 453 200 122
73 (ps) 1510 2450 1690 2380 1540

is attributed to the electron funneling, as reported for similar systems. 219211l Notably, in the
<n> = 3 film, a weak feature in the range of 450 to 500 nm with a delay of around 1 ps is observed,
potentially arising from the NDI™ anion. However, the signal was too weak to resolve further.
The absence of any absorption beyond 680 nm in Figure 4.5b and the absence of any clear GSB
associated with the 3D MAPbI3 phase suggest that the formation of the MAPbIj3 is suppressed
during the quasi-layered film fabrication.

The dynamics of the GSB decay were fit to a tri-exponential decay (Figure B.5). The decay
components and fitting results displayed in Table 4.1 are consistent with an ultrafast decay
component 7, attributed to the electron transfer from the inorganic layer to the NDI since a
clear trend of increasing GSB decay time with an increase in the well width (7) is found. The
ultrafast decay component 7, has not been previously described in aliphatic systems where GSB
decay is often fit to a bi-exponential decay. [''4?1?! Moreover, Proppe et al. assigned such a fast
decay component to the NDI-chromophore in NDIC2 nanowires, while no fast decay component
was observed in MAPbI;. [17? The increase in the GSB decay time is plausibly ascribed to the
decreased conduction band energy of the perovskite, reducing the driving force for electron
transfer and mitigating quantum confinement as the quantum well width increases. A longer
time for photogenerated carriers to diffuse to the NDI chromophore is required. For films with

<n> > 3, the visible light absorption displayed in Figure B.7 does not show any excitonic

500 600 700 500 600
Wavelength (nm) Wavelength (nm)

Figure 4.6 — Transient absorption slices of the a) <n> =4 and b) <n> =5 thin films. GSB minima
shifts from 667 nm to 682 nm with increasing n. GSB for MAPbI; is reported above 700 nm. 172!
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absorption bands that can be assigned to the n = 2, 3 phases suggesting suppression of the
formation of phases with lower n. The TA slices of the films <n> = 4-5, displayed in Figure 4.6,
further support these findings as only one single GSB can be observed. Under the investigated
conditions, the NDI-dH appears to form a rather homogeneous distribution of quantum well
and no signal from MAPbI; was obtained. Moreover, the GSB minima shift towards lower
absorption energies with increasing <zn> and can be associated with quasi-layered perovskite
phases with large inorganic well-width. GSB decay dynamics are displayed in Figure B.8 and
show comparable dynamics to phases with lower n where a fast initial decay (7,) is observed, as
displayed in Table 4.1.

Optimization of Orientation in <n> = 5 Thin Films

Given the spectroscopic results, which show that photons absorbed by the perovskite layers
lead to electron transfer to the NDI layers even in quasi-layered perovskite systems, we next
aimed to obtain device-based electronic characterization to demonstrate that the quasi-2D
layered structure has suitable charge carrier transport properties for potential application in
optoelectronic devices. High disorder and, therefore, low charge carrier transport through the
film were hypothesized to be the limiting factor in NDIC2-based nanowires. 73! We focused
on <n> =5 films as similar perovskite structures based on butylammonium (BA) have been
reported, %! allowing us to compare our new material with an established system. The crys-
tallinity and orientation of the (NDI-dH)(MA)4Pbsl;¢ thin films were optimized based on a
solvent engineering method. In brief, we found that a solvent mixture of DMF:DMSO (2:3 v/v) in
the precursor solution results in thin films where the inorganic layers are oriented perpendicular
to the substrate, as shown by grazing-incidence wide-angle X-ray scattering (GIWAXS) in Figure
4.7a and XRD displayed in Figure 4.7b.
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Figure 4.7 — a) GIWAXS with incident angle a = 2.0° using a Ka1 X-ray source and b) XRD of
(NDI-dH)MA4PbsI;6 spin-coated using the optimized conditions.
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Notably, recent reports suggest improved orientation and crystallinity when NH4;SCN was
mixed as an additive in the precursor solution. 819! NH,SCN supposedly retards the crys-
tallization in the bulk forcing oriented crystal growth from the surface-air interface. Initial
studies with different amounts of NH4SCN displayed in the Appendix (Figure B.9), however,
remained inconclusive as no clear trend towards improved orientation with increasing addition
of NH4SCN was observed. For further studies, NH;SCN was not added.

Figure 4.8a shows the visible light absorbance of the films prepared under these conditions
displaying excitonic absorption bands, which can be assigned to n =3 and 7 = 4 phases. Com-
paring the absorption spectrum of the optimized <n> = 5 films with the absorption spectrum of
MAPDI; indicates no obvious formation of the 3D perovskite phase. We were unable to obtain
any PL signal for the <n> =5 films, as shown in Figure 4.8b, likely due to electron transfer from the
inorganic wells to the NDI spacer chromophore. Moreover, no PL at 750 nm arising from MAPbI3
can be observed, suggesting the absence of any 3D perovskite phase supporting our previous
findings in the TA spectra of the un-optimized <n> = 5 thin films. This results is surprising as
the presence of MAPbI; phase is relatively common in many quasi-layered perovskite films
incorporating aliphatic and smaller aromatic spacer cations. *”198! The more homogeneous
phase distribution towards phases with lower n-number may contribute to their improved

stability compared to quasi-layered perovskite materials formed with BA spacer cations.
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Figure 4.8 — a) Visible light absorption spectra of optimized NDI-dH (<7> = 5) and 3D MAPDbI3.
b) PL spectra of NDI-dH (<n> = 5, optimized) excited at 350, 500, and 600 nm. c) Stability of the
NDI-dH and BA-based films (<7> = 5) when stored under ambient conditions. The BA-based
quasi-layered films were formed using the same conditions as for the space-charge limited
current.
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Figure 4.8c shows the degradation of BA-based (<n> = 5) and NDI-dH-based (<n> = 5) thin
films when stored under ambient conditions. While clear signs of the yellow phase can be
observed after a week for the BA-based films, the NDI-dH-based perovskites show minimal
changes in color. It remains unclear whether the improved stability arises from the enhanced
hydrophobicity of the NDI spacer or the potentially improved homogeneity of the quasi-layered
phase, where the formation of less stable phases of quantum wells with larger well-widths is
suppressed. Notably, layered perovskite films with a single layer of organic dications are reported
to be more stable than layered perovskite with a bi-layer of monocations. 535472

Based on the optimized thin film preparation conditions, electron-only devices were pre-
pared based on a widely reported device architecture, where the perovskite layer is sandwiched
between two electron-exclusive electrodes displayed in Figure 4.9a. Different perovskite layer
thicknesses ranging from 600 nm to 1.2 um, as displayed in the cross-section electron micro-
graphs in Figure 4.9b, were fabricated. A typical current-voltage (I-V) curve of the electron-only
space-charge-limited current (SCLC) is displayed in Figure 4.9c. At low voltage, a linear depen-
dence between the current and voltage can be found, marking an ohmic region. A transition

towards a region where I o< V2 is observed at higher voltages, indicating SCLC behavior.
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Figure 4.9 — a) Device architecture of the SCLC device setup for electron mobility. b) Cross-
section electron micrographs for different thickness of NDI-dH <n> = 5 films. Typical current-
voltage (I-V) curve of the electron-only space-charge-limited current (SCLC) of ¢) NDI-dH (<n>
=5) and d) BA (<n> = 5) thin films. e) Obtained electron mobilities for BA and NDI based devices.
f) XRD of the <n> = 5 BA film. XRD were performed using a Cu-Ka; X-ray source.
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The absence of any region with I o« V" where m > 3, corresponding to a trap-filling region
(TFR), is surprising as TFRs are routinely reported in BA-based perovskite films. Indeed, a compa-
rable shape of the I-V-curve, as reported in the literature, was observed when (BA)» (MA)4Pbsl4
(<n> = 5) films were investigated using the same device architecture. It is thus assumed that the
trap density in the LHOIP films incorporating NDI-dH is below the minimal trap density (nt;,;,
=610 ecm3at T=295Kand L=1.2 pm) for the investigated thickness (L), as given by: (213]

2 kpTe
qZLZ

Ny min =47 (4.3)

where ¢ is the dielectric constant of the material, T is the temperature, g is the elementary
charge, and kj, is the Boltzmann constant. The low trap density provides further evidence that
the observed PL quenching is due to electron transfer from the layered perovskite structure to
the NDI spacer cation rather than non-radiative recombination via trap sites. Based on the SCLC
behavior, the electron mobility, u,, was derived using Mott-Gurney-Law introduced in equation
2.10. The relative permittivity for the NDI <n> = 5 was estimated to be €, = 16 based on the
capacitance determined by impedance spectroscopy displayed in Figure B.10. An electron mo-
bility of 0.03 cm?-V!-s7! was found for the (NDI-dH) (MA)4Pbsl;¢ thin films, which was slightly
higher than the mobility obtained for our BA-reference sample (0.01 cm?-V!.s71), as illustrated
in Figure 4.9e. Given the spectroscopic results, which imply that photogenerated electrons in the
inorganic layer are transferred to the organic layer, we assume that the measured u corresponds
to electron transport strongly influenced by the electronic structure of the organic layer.

We note that u derived from the fp-TRMC measurements (on 7= 1 films) can not be compared
to the u, obtained with the <n> =5 SCLC devices. However, they are consistent with the estab-
lished behavior that electrode-based measurements generally give lower y than spectroscopic
methods. 214! Regardless, the determined SCLC mobilities are in the same range as found in
the literature. Our measured . for the BA reference system is higher than previously reported
for <n> = 2 (BA)»(MA)3Pbyl,3 films [® but lower than the reported p, of pure MAPbI; single
crystals 2151 and the in-plane . of single-crystal (PEA), (MA),Pbsl;( perovskites. [92]

We cannot completely discount crystalline orientation effects in the gy measurements. In-
deed, in contrast to NDI-dH-based thin films, the XRD of our BA-based perovskite films show
diffraction peaks below 20 = 10°, as shown in Figure 4.9f. Such low-angle diffraction peaks are
associated with layered or quasi-layered perovskite phases oriented parallel to the substrate
acting as an insulating layer and reducing the mobility in the BA-based thin films.

Finally, we note that considering the strong ion migration observed in halide perovskite ma-
terials, it remains controversial whether SCLC measurements can accurately give information

about p and ny, ;- However, the pulsed voltage sweep SCLC method allows the mitigation of
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the ion migration effects. 2132162171 {Jsing a voltage pulse of 50 ms duration and screening differ-
ent dwell times ranging from 0.1 to 60 s, no difference in the I-V-curve was observed, indicating
no impact of the ion migration on the obtained electron mobility for NDI-dH based <n>=5
films as displayed in Figure B.11, suggesting that the mobilities obtained with the continuous

voltage scan provides electron mobilities not affected by potential ion migration.

4.5 Conclusion

While in Chapter 3, we assumed that prolonging the amine-bearing alkyl chain facilitates the in-
corporation of NDI-based spacer cations into a layered structure, we successfully demonstrated
the application of this previously elaborated strategy on Dion-Jacobson-based divalent spacer
cations and incorporated a novel NDI-based dication into a layered perovskite structure. Our
findings contrast previous works on NDI-based dications with short alkyl chains (NDIC2), where
the formation of a 1D perovskitoid structure was reported. In contrast to the 1D perovskitoid
nanowires, the optical properties based on visible light absorption measurements are similar to
the features observed in (BA),Pbl, suggesting the formation of a 2D layered perovskite structure.

The incorporation of the electron-accepting NDI-dH dication into a layered perovskite struc-
ture was found to form a type II heterostructure where photogenerated electrons transfer from
the inorganic layer to the organic spacer resulting in PL quenching and ultrafast PL-decay as
investigated by FLUPS.

Time-resolved microwave conductivity measurements on the (NDI-dH)Pbl, films show a
peak sum mobility almost one order of magnitude larger than determined in the previously
reported 1D perovskitoid structure. However, similar to the photoconductivity determined in the
NDI-based RP phases, the photoconductivity is still lower than in (BA),Pbls. We hypothesized
that the mobility is limited by the charge carrier transport of the electrons located on the NDI.
Ultrafast optical-pump terahertz-probe spectroscopy was used to investigate the formation of
the free charge carriers a few ps after photoexcitation. Indeed, a fast decay upon photoexcitation
is observed by the terahertz spectroscopy technique, potentially due to the electron transfer to
the chromophore cation. Moreover, the peak mobility is similar to what was previously reported
in (BA),Pbl, films.

Based on the successful formation of a layered perovskite phase, we investigated the electron
transfer from the inorganic to the organic layer. We obtained thin films with clear features at-
tributed to the n =2 and n = 3 phases. For films where we aimed for the (NDI-dH)MA4Pbs1¢ (<n>
=5) phase, the formation of MAPbI3 was reduced while no excitonic absorption band for the
(NDI-dH),Pbl, was observed, suggesting a more homogeneous phase distribution. While <7n> =

5 films incorporating NDI-dH show higher stability compared to BA-based films (<n> = 5), the
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origin of the improved stability remains unknown. The homogeneous phase distribution, most
of the phases being layered perovskite phases with relatively small (n = 5) widths of the inorganic
slabs, may strongly contribute to the enhanced stability. Moreover, the large NDI-dH cation
may be more hydrophobic than BA, efficiently protecting the LHOIP from moisture-induced
degradation.

Further investigation allowed us to extract the dynamic of the electron transfer to the NDI
by transient absorption spectroscopy, where an increase in the transfer rate to the NDI with
increasing quantum well width was found. The hypothesized type II heterostructure and subse-
quent electron transfer from the inorganic to the organic layers are consistent with the observed
quenching of the PL in these materials. To our surprise, electron tunneling from phases with low
n to phases with higher n was observed, despite the relatively large interplanar distance induced
by the NDI-cation.

Recent studies suggest that the formation of a 1D perovskitoid structure is a limitation for
the application in optoelectronic devices. To confirm that the herein investigated quasi 2D
perovskite structure allows efficient charge carrier transport through the thin film, electron-only
devices were fabricated, and space-charge limited current (SCLC) was measured. The obtained
I-V line shapes show a distinct ohmic and SCLC region but lack the presence of any trap-filling
region, indicating an effective trap density lower than the minimum trap density. These find-
ings are distinct from the BA-based reference materials, where a clear trap-filling region was
observed.

The material herein presented is currently under investigation for solar cell device application.
The improved stability and potential formation of more homogeneous phase distribution in
quasi-layered perovskite with observed charge transfer from the inorganic layer to the organic
layer upon photoexcitation may be a promising strategy to overcome the high exciton binding
energy while maintaining high stability. However, the effects of different phase distributions and
electronic interactions between the cation and the multiple quantum well perovskite phases on
the photovoltaic performance still need to be explored. Moreover, further insights into potential

electron transport through the organic layer are required.
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Chapter 5

Free Charge Carrier Generation by
Visible-light-absorbing Chromophore
Spacer in Ruddlesden-Popper Type

Perovskites

5.1 Abstract

Incorporating spacer cations based on semiconducting building blocks into a layered perovskite
structure has shown to be a promising approach for tuning the optoelectronic properties of
these materials. Based on the electronic interactions between the organic and inorganic layer,
incorporating visible-light-absorbing spacer chromophores provides the possibility to enhance
light absorption and free charge carrier generation in the resulting LHOP semiconductor. More-
over, being able to selectively photoexcite the spacer cation greatly enhances the spectroscopic
tools suitable for studying these materials. However, suitable visible-light-absorbing spacer
cations are rarely reported. In the herein presented work, we introduce a novel spacer cation
based on a core-modified naphthalene diimide chromophore. By forming mixed I /Br™ halide
composite layered perovskite structures, we tune the electronic structure of the inorganic layer
and demonstrate the formation of type I and type II heterostructures depending on the halide
mixture. Based on the various energy alignments, we investigate the formation of free charge
carriers upon photoexcitation by TRMC and show that light absorption by the spacer cation can
contribute to the formation of free charge carriers.

The presented results on PDI (synthesis and aggregation in solution) are based on data obtained
during the master thesis by S. Nussbaum. 218! PDI-H:Pbl, Perovskite films were newly fabricated
using adapted synthetic conditions based on the work elaborated in Chapter 3.

Herein presented transient absorption spectra were recorded by Aaron Terpstra. UPS measure-

ments were performed by Dr. Mounir Mensi.

Results and data presented in this chapter are used for future publication under preparation.

77



Chapter 5. Free Charge Carrier Generation by Visible-light-absorbing Chromophore
Spacer in Ruddlesden-Popper Type Perovskites

5.2 Introduction

Engineering the properties of layered perovskite (LHOIP) and quasi-layered perovskite materi-
als by modifying the spacer cations and understanding the structure-properties relationship
has recently become the focus of researchers in order to adapt these materials for the applica-
tion in optoelectronic devices. 195219 In this context, incorporating organic semiconducting
building blocks into layered perovskite materials is an interesting approach to achieving new
semiconductors where the organic spacer cation contributes electronically to the optoelectronic
properties of these materials. (1211221341 By tuning the electronic properties of the organic spacer
chromophore, the properties of the semiconductor can be shifted from a type I heterostructure
(quantum well structure) to a type II heterostructure where the HOMO and LUMO energy levels

of the spacer cation are offset to the CB and VB of the perovskite layer, as illustrated in Figure 5.1.
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Figure 5.1 — Electronic structure of a) layered perovskite incorporating simple aliphatic spacer
cations and b) incorporating organic semiconducting spacer cations.

Previously reported type II layered perovskite heterostructure systems have been shown to
exhibit long-lived charge separation [123136! due to electron transfer from the inorganic layer to
the organic layer upon photo-excitation. Localization of the electron and holes in the organic
and inorganic layer, respectively, may increase the charge carrier separation efficiency, providing
an strategy to overcome the high exciton binding energies often found in LHOIPs. (14199 The
increased tunability makes type II heterostructure systems an interesting class of materials for

various applications, such as LEDs or solar cell devices.
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In Chapter 3 and Chapter 4, we demonstrated the incorporation of monovalent and divalent
spacer cations based on a naphthalene diimide chromophore core forming RP and DJ LHOIP
phases, respectively. Studies of the optoelectronic properties suggest rapid electron transfer
to the organic spacer, as illustrated in Figure 5.1b, and the formation of long-lived free charge
carriers as determined by flash photolysis time-resolved microwave conductivity measurements
(fp-TRMC). We hypothesized that the observed lower photoconductivity determined by fp-
TRMC in NDI-based LHOIPs compared to (BA),Pbly is due to the reduced mobility of the charge
carriers along the organic layer. This assessment was further supported by the fast transient
observed in optical-pump terahertz-probe (OPTP) spectroscopy in Chapter 4.

While we sought to understand the charge carrier properties in oriented quasi-layered per-
ovskite materials incorporating NDI-dH by SCLC, the formation of poly-dispersed quantum
wells of various well widths and the resulting electron funneling overshadows the effect of the
NDI spacer cations on the charge carrier transport in quasi-layered films. Focusing on phase-
pure (n =1) layered perovskite films and the formation of a single well quantum width eliminates
the potential effects of electron funneling processes. However, the preferential orientation of
the LHOIP on thin film where the inorganic slabs lay parallel to the substrate limits the toolbox
for the characterization of the charge carrier properties. Moreover, investigation of potential
hole injection from the spacer cation into the octahedral layer by spectroscopic techniques is
limited, as the NDI chromophore can not be selectively photo-excited. A more comprehensive
approach to further study the effect of such organic-inorganic type II heterostructure systems is
by incorporating visible-light-absorbing spacer cations where the spacer cation is selectively
excited by optical pump-probe setups (e.g., transient absorption spectroscopy or fp-TRMC).
Incorporating an optical active spacer cation provides the opportunity to increase the optical
contribution of the chromophore to the light-harvesting process. This might be an interesting
approach to further increase the visible light absorbance in solar cell devices.

The family of rylene dyes, such as perylene and naphthalene diimide chromophores, consti-
tutes an interesting class of visible-light-absorbing spacer cations. However, the incorporation
of visible-light-absorbing perylene diimide spacer cation into a LHOIP has yet to be shown.
Moreover, a better understanding of the mechanism governing the incorporation of the spacer
cation into the layered perovskite structure is required to tune and design new spacer cations.
Based on our previous research on NDI-based spacer cations, we modified the core of the NDI
and synthesized a spacer cation with enhanced conjugated systems obtaining a visible-light-
absorbing chromophore cation. Moreover, by tuning the electronic structure of the inorganic
layer via halide mixing, we tune the alignment from a type II heterostructure to an inverted type
I heterostructure and compare the free charge carrier dynamics by fp-TRMC in these materials

by selectively exciting the spacer cation.
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5.3 Experimental

Synthesis of the Spacer Cations

PDI-H cations are synthesized based on a two-step reaction from perylene-diimide. Detailed
synthetic procedures can be found in Appendix C.

NDI-DAE cation was synthesized in a one-step reaction. Detailed synthesis and characterization
of the products and intermediates can be found in Appendix C. In short, 1 molar equivalent of
naphthalene dianhydride (NDI) was mixed with 1.05 molar equivalent of diamino ethyl and
1.05 molar equivalent of the corresponding NBoc-1,4-diamino butane. After dissolution in DMF
(dry), the reaction was heated to 120 °C and stirred for 12 hours under an argon atmosphere.
After purification by flash column chromatography in moderate yield. The material was further
deprotected by trifluoro acetic acid (TFAA) and treated with HI and HBr, respectively, to obtain
the desired NDI-DAE salt.

Sample Preparation
Thin films of (NDI-DAE),PbI(I; _,Bry), were formed using a 0.4 NDI-DAE + 0.2 M Pbl, in DMSO
solution. All films were spin-coated at 2000 rpm for 30 seconds and subsequently annealed at

200 °C for 10 minutes in a nitrogen-filled glovebox.

The n-butylammonium (BA) reference samples were formed by mixing the required ratios
ofa 0.4 M BA + 0.2 M Pbly, and 0.4 M BA + 0.2 M PbBr; solution in DMSO, respectively. The
precursor solution was spin-coated on quartz-substrate at 2000 rpm for 30 seconds. The films

were annealed at 90 ° for 10 minutes.

UV-vis Absorption and Photoluminescence Measurements

UV-Visible light absorption measurements were carried out with a UV-3600 Shimadzu spectrom-
eter. The unannealed samples were stored in an argon filled glovebox until shortly before the
measurement. For the in-situ kinetics studies, NDI-DAE-based layered perovskite thin films
were synthesized from a DMF precursor solution to ensure comparability with previous NDI-E,
NDI-B, and NDI-H based perovskites. The same home-built transparent heating window was

used as described in Chapter 3. The measurement was carried out under ambient conditions.
Transient Absorption Spectroscopy and Microwave Conductivity Measurement

Optical spectroscopy measurements and fp-TRMC measurements were performed as described

in Chapter 3.
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5.4 Results and Discussion

We start by investigating the incorporation of a perylene diimide (PDI) based spacer cation into
a layered perovskite structure. Based on our previous findings on the importance of the amine-
bearing linker chain length for the successful formation of LHOIP with NDI-based monocations,
we synthesized a monovalent PDI chromophore which is connected to an amine-bearing hexyl
chain that is linking the chromophore to the inorganic layer in the layered perovskite structure.
The structure of the designed PDI-cation is displayed in Figure 5.2a and is denoted as PDI-
H in the following. The second imide position was functionalized with a swallow-tail alkyl
chain to make the salt more soluble in common solvents used in perovskite synthesis. Detailed
synthetic conditions of the recently developed synthetic scheme are displayed in Figure C.1
(Appendix). 218 The visible light absorption spectrum of the PDI-H cation spin-coated on
glass displayed in Figure 5.2b shows the absorption of light in the range of 450 to 550 nm. To
investigate whether PDI-H can form a layered perovskite phase, a precursor solution of PDI-H
dissolved in a Pbl, DMF solution to obtain a molar ratio Pbl,: PDI-H of 1:2 was spin-coated on a
glass substrate, and subsequently annealed at 200 °C. The resulting absorption spectrum of the
thin film is displayed in Figure 5.2b and shows a strong contribution of the PDI chromophore to
the absorption of the Pb,-chromophore film, while no excitonic absorption band as similarly
found in NDI-based LHOIPs was observed. The XRD of the resulting film is displayed in Figure

5.2c and shows a completely amorphous film suggesting no formation of a crystalline LHOIP

phase.
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Figure 5.2 — a) Structure of PDI-H and b) visible light absorption spectra of the PDI-H cation as-
spin coated on a glass substrate and PblI,:PDI-H precursor solution spin-coated and annealed at
200 °C for 10 minutes. ¢) XRD of the Pbl,:PDI-H thin film shows no indication for the formation
of a layered perovskite structure.

As it is widely known that PDI molecules tend to aggregate in solution at high concentrations,
it was hypothesized that the aggregation of the spacer cation in the precursor solution hinders

the formation of a layered perovskite structure. 220221 Indeed, by investigating the visible
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light absorption spectra at different PDI-H concentrations in DME displayed in Figure C.2, we
observe signs of aggregation indicated by a shift of the absorption band intensities. Notably, the
aggregation-induced changes in the absorption spectra are observed even at concentrations that
are orders of magnitude lower than typically used for the film formation of layered perovskite
materials. We hypothesized that the increased aromatic system results in stronger n-7 and
aggregation in the precursor solution hampering the incorporation of the spacer cation into a

layered perovskite structure.

Design and Incorporation of NDI-DAE Spacers

In order to further investigate the size limitation of the rylene dye core, we moved to a bottom-up
approach for rationally designing novel semiconducting chromophores. Using the successful
incorporation of NDI-based spacer cations described in Chapter 3 as a template, we modified
the chemical and electronic structure of the NDI chromophore by expanding the aromatic
conjugated system. While the first imide position was functionalized with diamino ethyl, forming
a fuzed imidazole system conjugated with the aromatic core of the NDI, the second imide
position of the chromophore was attached to a butyl-ammonium linker chain. The chemical

structure of the spacer cation is displayed in Figure 5.3a and is denoted as NDI-DAE.
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Figure 5.3 — a) Chemical structure of NDI-DAE and aimed crystal structure of the Layered
perovskite material. b) Visible light absorption of the NDI-DAE cation and (NDI-DAE),Pbl,
LHOIP and PL of (NDI-DAE),Pbly, and ¢) XRD of the (NDI-DAE),Pbl,. d) The required annealing
temperature for the formation of (NDI-DAE),Pbl, in comparison to (NDI-B),Pbly.
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Detailed synthetic procedures for the NDI-DAE-cation can be found in Appendix C. Com-
pared to NDI, NDI-DAE has an enlarged aromatic system that strongly affects the electronic
structure by reducing the HOMO-LUMO gap, while the chromophore core is smaller than the
previously investigated PDI-H cation. The visible light absorption spectra of NDI-DAE spin-
coated on glass show visible light absorption between 450 and 550 nm, as shown in Figure
5.3b. Following the procedure developed in Chapter 3 to form the layered perovskite structure,
NDI-DAE was mixed in the precursor solution in DMSO and spin-coated on a glass slide, and
subsequently thermally annealed at 200 °C. The visible absorption spectrum of the annealed
film is displayed in Figure 5.3b, showing a strong excitonic absorbance band in the range of 500
nm suggesting the formation of a layered perovskite structure. Moreover, a weak PL emission
band is observed at around 520 nm, as displayed in Figure C.3. The XRD is displayed in Figure
5.3c and shows equidistant diffraction peaks corresponding to the 00! diffraction plane of the
in-plane oriented (NDI-DAE),Pbl, phase. Based on the first diffraction peak, an interplanar
distance of 27 A was determined, which is similar to the previously reported spacing for NDI-B
(see Chapter 3).

Notably, the crystalline phase and the optical properties corresponding to a layered perovskite
structure were only obtained when annealed at temperatures of more than 170 °C. To com-
pare the annealing temperature required for the formation of the (NDI-DAE),Pbl; LHOIP, we
investigated the evolution of the excitonic absorption band by in-situ absorbance measurement
described in Chapter 3. Briefly, by increasing the temperature of the FTO window gradually at
arate of 0.25 Ks~! and measuring the absorbance at the wavelength of the excitonic absorp-
tion band, the evolution of the layered perovskite phase formation was tracked. Based on the
absorbance at a given wavelength and at a given temperature T (A(T)), and the absorbance at
the beginning (A;,;;) and end (Ay;,) of the measurements, the conversion coefficient (a) was

determined by the following relationship:

o= A(T) = Ainir 5.1)
Afin
The temperature increase triggers the formation of the perovskite phase, as indicated by the
increasing conversion coefficient a, displayed in Figure 5.3d. Comparing the evolution of the
absorbance band with increasing temperature with previously investigated (NDI-B),Pbl, phase
formation, a clear difference can be observed where the (NDI-DAE),Pbl, requires a higher
annealing temperature to form the LHOIP phase than (NDI-B),Pbl;. We assume that this need
for enhanced annealing temperature arises from increased aromatic interactions between the
organic cations in the as-spin-coated NDI-DAE:Pbl; films, requiring higher thermal energy to

re-orientate the aggregates in order to form the crystalline structure.
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Notably, a layered perovskite structure can also be formed when a NDI-DAE-chromophore
with a longer amine-bearing hexyl chain is used as a linker. Similarly to the observed trends in
Chapter 3 and Chapter 4, lower crystallinity is obtained, as shown in Figure C.4. Moreover, no
indication of a layered perovskite structure was found when NDI-DAE with an amine-bearing
ethyl linker chain was investigated, as displayed in Figure C.5. These finding further underline
the importance of the length of the amine-bearing alkane chain for the successful incorporation
into alayered perovskite structure.

While XRD and absorption spectra suggest the formation of a layered perovskite structure,
the PL-intensity of the (NDI-DAE),Pbly is quenched when compared to (BA),Pbly, as illustrated
in Figure C.3. PL quenching can be attributed to the electron transfer from the inorganic layer
to the NDI-DAE chromophore due to a type II heterostructure. The electronic structure of
NDI-DAE was determined by ultraviolet photoelectron spectroscopy (UPS), confirming the
formation of a type II heterostructure, as shown in Figure C.6 and Figure C.7.

To investigate whether the formation of a type II heterostructure can enhance charge separa-
tion and creates long-lived free charge carriers, as similarly seen in NDI-based RP perovskite,
we turned to flash-photolysis time-resolved microwave conductivity (fp-TRMC) measurements.
The obtained transient and calculated photoconductivities for different photon flux is displayed
in Figure 5.4, where sum mobilites of 2:107* cm?-V~!.s71 at 3-10'® absorbed photon flux per
cm? assuming ¢ to be 1. The determined mobilities show the characteristic dependency on the
absorbed photon flux where with increasing excitons generation, exciton-exciton interactions
cause a reduction of the determined photoconductivity. We note that the determined photo-
conductivities are lower than for the more conventional (BA),Pbl, at the same photon flux and
lower than recently investigated (NDI-B),Pbl, thin films. We assume that the reduced mobility
of the electrons in the organic layer results in the observed lower photoconductivity, similarly as
previously elaborated in Chapter 3 and 4 in NDI-based LHOIP thin films.
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Figure 5.4 — TRMC transient of (NDI-DAE),Pbl; when excited at 420 nm and 540 nm.
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The formation of spatially separated electrons and holes in the inorganic and organic layers
of the LHOIP respectively, may further cause the prolonged transient decay in (NDI-DAE),Pbl,
where the free charge carrier decay can be fit to a bi-exponential decay with a short (r; = 28 and
30 ns, respectively) and a long (72 = 400 — 900 ns) decay constant. This contrasts the free charge
carrier dynamics in (BA),Pbl,, where the transient decays with a single time constant of around
17 ns. Notably, comparable photoconductivities and decay dynamics were obtained when the
samples were photoexcited at 540 nm at an absorbed photon flux of 3-10!3 cm~2, as shown in the
inset of Figure 5.4. While a measurable TRMC signal up to 540 nm may suggest a contribution of
the spacer cation to the light-harvesting process, the overlap between the excitonic absorption
band and the absorption of the spacer cation is limiting further studies, and systems with fewer
spectral overlap are required.

While there are only a few examples of chromophores spacer cations based on 5 aromatic
rings reported, and based on our observations with PDI-H-based cations, we empathize that
with NDI-DAE we reached the potential size limitation of the rylene dye-based spacer cation.
Further expanding the conjugated aromatic system in such a planar aromatic system will likely
hamper the incorporation of such cations into a layered perovskite structure. This said, tuning
the absorbance range of the spacer cation by reducing the HOMO-LUMO gap and potentially
forming inverted type I heterostructures where the HOMO and LUMO energy levels of the
cations lay between CB and VB of the inorganic perovskite layer is a challenging approach.
Therefore we turned to possibilities to tune the electronic structure of the inorganic perovskite

layer.

Tuning the CB and VB Energy Levels of the Perovskite by Halide Composition Engi-

neering

As the band structure is determined by the p-orbitals of the halide (VB) and the overlap of
6p orbitals of lead and p orbitals of the halide (CB), the simplest way to tune the electronic
structure of the inorganic layer is by the engineering of the halide composition as already
demonstrated in 3D and quasi-layered perovskites. ???! However, mixed halide systems are
considered pseudo-binary alloys where the halides are not distributed homogeneously through
the inorganic layer. 53%23-225] As Seitz et al. previously suggested, local fluctuation of the halide
concentration and site-to-site disorder alters the band gap locally, and the diffusion of excitons
and free charge carriers through the material is strongly affected. 22!

To investigate the effect of halide mixture on the optoelectronic and charge carrier properties
in BA-based (BA)>Pb(I;_Bry)4 with various Br~ and I” content (with x=1, 0.75, 0.50, 0.25, and
0) were investigated. BA is optically and electronically inactive, so the charge carrier dynamics

solely arise from the inorganic perovskite layer. The UV-vis absorption of (BA),Pb(I;_,Bry)4
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Figure 5.5 — a) Visible light absorption, b) XRD and ¢) PL emission spectrum of mixed halide
LHOIPs of the general formula (BA)2Pb(I;—xBry)s.

thin films are displayed in Figure 5.5a, showing a shift of the excitonic absorption band from
520 nm for pure (BA),Pbl, to around 400 nm for (BA),PbBr, suggesting an increase in the band
gap energy. The interplanar spacing determined for dyg for the different compounds is not
affected by the halide mixture, as no shift in the XRD diffraction peaks displayed in Figure 5.5b
was observed.

Based on the various thin films, the VB energy levels of the different materials were estimated
by UP spectroscopy. UPS measurements of the (BA),Pbl, and (BA),PbBr, films are displayed
in Figure C.7 and Figure C.8, showing the stabilization of the VB and the destabilization of
the CB. Previous reports further support the assessment of the VB energy levels. 227 Similarly
to the visible light absorption spectra, PL spectra displayed in Figure 5.5c show a shift of the
characteristic excitonic emission band towards higher energies with increasing bromide content.
However, in contrast to the observed continuous shift in the visible light absorption spectra, the
Stokes shift becomes larger when the inorganic layer is composed of a halide mix. The increase
in the Stokes shift may indicate exciton transfer from iodide-poor regions with a large band gap
to the iodide-rich regions with smaller band gaps.

The photoconductivity all halide mixture thin films obtained by fp-TRMC are displayed in
Figure 5.6a. With increasing bromide content, the photoconductivity decreases, reaching a
minimum for the (BA)>Pb(Iy 5Bro5)4 and (BA)2Pb(Iy 25Brg.75)4 film. For the mixed halide films,
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Figure 5.6 — a) Sum mobilites of (BA),Pb(I;_,Br,)4 thin films determined by fp-TRMC assum-
ing ¢ = 1. b) The trend in TRMC sum mobilites can be rationalized by previously reported
inhomogeneity hampering the charge carrier mobility through the inorganic layer.

the photoconductivity was found to be more than one order of magnitude lower than observed
on the (BA),Pbl, films. Although the decrease in photoconductivity with increasing bromide
content can be explained by an increase in the exciton binding energy limiting the formation of
free charge carriers, we empathize that the mobility is limited by the formation of the pseudo-
binary alloy depicted in Figure 5.6b. Notably, the trend in photoconductivity is consistent
with recently reported lower exciton diffusion in mixed halide systems due to the trapping of
the electrons and holes in iodide-rich and iodide-poor regions,respectively. 226! Moreover, the
pure (BA),PbBr, film show higher mobility than the mixed halide systems. The differences in
determined photoconductivity between (BA),Pbl, and (BA),PbBr, by a factor of 2 is attributed
to the lower dielectric constant of the bromide-based octahedral perovskite structure compared
to the iodide-based perovskite reducing the quantum yield of the absorbed photons generating

free charge carriers.

Investigation of Mixed Halide NDI-DAE-Based LHOIP

Given the successful formation of (NDI-DAE),Pbl, and the possibility of tuning the electronic
structure by composition engineering of the halide distribution in the inorganic layers, we
aim to investigate different energy alignments between the NDI-DAE chromophore and the
perovskite layer by tuning the halide mixture in the inorganic layer. Consistently, as observed
in (BA),Pb(I;_Bry)4 films, the characteristic excitonic absorption band shifts towards higher
band gap energy upon increased bromide content, as illustrated in Figure 5.7a where for the
(NDI-DAE),PbBr, only the NDI-DAE chromophore absorbs in the range between 420 and 560

nm. The interplanar distances remain unchanged for all investigated halide mixtures, as shown
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Figure 5.7 — a) Visible light absorbance of NDI-DAE-I, NDI-DAE-mix and NDI-DAE-Br thin
films as well the visible light absorbance of the spacer chromophore. b) PL emission of the
corresponding thin films exited at 400 nm. The PL quenching of the NDI-DAE-mix and NDI-DAE-
I films is potentially due to the type II heterostructure arrangement where the PL is quenched
due to hole transfer to the organic chromophore to the NDI-DAE chromophore to the inorganic
layer.

in the XRD in Figure C.9. We focus in the following on three cases of different halide mixtures
in the inorganic layer. For the sake of clarity, the different compositions are referred to as NDI-
DAE-Br, NDI-DAE-I, and NDI-DAE-mix for the pure bromide-based ((NDI-DAE),PbBr,) LHOIP,
the pure iodide-based ((NDI-DAE),Pbl,) LHOIP, and for the LHOIP containing a 1:1 halide mix
((NDI-DAE),Pb(I 5Brp5)4), respectively.

The PL spectra of the three films are displayed in Figure 5.7b showing a broad emission band
with an emission maximum at 600 nm for NDI-DAE-Br films. Selectively exciting the spacer
cation at around 500 nm and performing emission spectra at the emission band at 600 nm shows
the origin of the PL emission to be the spacer cation, as illustrated in Figure C.10. Indeed, the PL
emission is characteristic of the NDI-DAE chromophore as previously reported in solution. (228!
Surprisingly, no such emission is observed for the NDI-DAE-mix and NDI-DAE-I thin films.
Spin-coating the pure spacer cation on a quartz substrate results in no observable PL emission,
suggesting aggregation-induced quenching when the spacer is not incorporated into a layered
perovskite structure. We hypothesized that the PL quenching from the chromophore is due
to different energy alignments between the chromophore and the inorganic layers, where in
the case of the NDI-DAE-I and NDI-DAE-mix films, hole injection from the inorganic layer
quenches the PL from the organic chromophore, as displayed in Figures 5.8a. [?2%! On the other
hand, NDI-DAE-Br forms an inverted type I heterostructure, where hole injection from the NDI-
DAE chromophore to the perovskite layers is inhibited, and PL emission from the chromophore
is facilitated, as displayed in Figure 5.8b. This hypothesis is supported by the energy alignment
found by UPS measurements, suggesting the HOMO energy level of the cation above the VB
energy level of the PbBry 4 perovskite framework, as displayed in Figure 5.8c. In (NDI-DAE),Pbly,
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Figure 5.8 — Schematic presentation of the energetic structure of a) a type II heterostructure, and
b). inverted type I heterostructure. c) lllustration of conduction and valence band energy levels
of NDI-DAE respective to (BA),Pbl; and (BA),PbBr4 determined by Ultraviolet photoelectron
spectroscopy (UPS). d) TA slices of NDI-DAE-mix after photoexcitation at 525 nm.

the HOMO energy level of the NDI-DAE is found to be below the VB energy level of the Pbly 4
perovskite layer. Moreover, the hole injection is supported by preliminary TA spectroscopy
results where the NDI-DAE cation in the NDI-DAE-mix was selectively excited at 525 nm. The
resulting TA slices are displayed in Figure 5.8d. By only exciting the spacer cation, a weak ground
state bleach with a delay of around 20-50 ps at 440 nm. We contribute the presence of a GSB
to the hole injection from the chromophore to the perovskite. The position of the ground state
bleach corresponds to the absorption band for the mixed halide perovskite layer. Given the
inhomogeneity in the halide distribution of the perovskite, we note that exciton diffusion may
cause such a GSB in specific cases. However, given the electronic structure of the pure bromide-
based and pure iodide-based layered perovskite displayed in Figure 5.8c, hole and electron
transfer from the iodide-rich to the iodide-poor region is thermodynamically not favored. On
the other hand, electron and hole transfer from the bromide-rich to the iodide-rich phases is
thermodynamically possible and is manifested in an increased Stokes shift, as described in the

previous section.
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Formation of Free Charge Carriers in Mixed Halide Layered Perovskites

To further investigate the potential formation of free charge carriers by the absorption of the chro-
mophore spacer cations, NDI-DAE-mix was excited at different wavelengths, and the fp-TRMC
transient was recorded. Based on the wavelength-dependent TRMC peak photoconductivities,
an action-spectrum proportional to the photogenerated free charge carrier concentration can
be derived as previously reported. 3% This allows to assess the contributions of the spacer
chromophore to the free charge carrier generation. Figure 5.9a shows the intensity normalized
maximum photoconductance AGmax/(f1yq) as a function of wavelength after photoexcitation.
Thereby, the y-axis in Figure 5.9a represents the peak photoconductivity normalized by incident
light intensity but not by the absorptance of the sample. By doing so, the absorptance spectrum
of the mixed halide thin film can be reproduced in good approximation, showing a clear contri-
bution to the formation of free charge carrier upon excitation in the range from 500 nm to 550
nm. As in this range only the NDI-DAE chromophore absorbs, the results suggest that the hole
transfer from the organic spacer to the inorganic layer in the NDI-DAE-mix thin film after pho-
toexcitation of the NDI-DAE chromophore can contribute to the free charge carrier generation
in the LHOIP. Arguably, the shape of this action-spectrum does not completely overlap with the

absorption spectra because the photoconductivity is dependent on the absorbed photon flux.
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Figure 5.9 — a) Peak photoconductivity at various wavelength for NDI-DAE-mix normalized by
incident light intensity but not absorptance. b) Transient of the free charge carrier dynamics
when excited at 420 and 520 nm at 3-10'® absorbed photons per cm?. The inset shows the
photoconductivity at different absorbed photon flux. The error bars are calculated based on
uncertainties given by the photon fluence.

We therefore excited the same film at 420 nm with different photon densities. At 420 nm,
the perovskite as well as the organic chromophore are excited. Additionally, the same film was
excited at 520 nm, where only the chromophore absorbs. The obtained transients are displayed

in Figure 5.9b. At 420 nm excitation, at an absorbed photon flux of 3-10'3 photoconductivity
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of 4-107* cm?-V~1.s7! was obtained in the NDI-DAE-mix thin film. Notably, the obtained pho-
toconductivity is higher than the photoconductivity obtained for the (NDI-DAE),Pbl,. These
findings are surprising, as a reduced mobility in mixed halide systems incorporating aliphatic
BA spacer cations due to local disorder in the pseudo-alloy was shown to decrease the photo-
conductivity. Moreover, similar to the (NDI-DAE),Pbl,, the decay dynamics of the free charge
carriers, as displayed in Figure 5.9b, can be fit to a bi-exponential decay function with a fast
decay with a short time constant 7, and a longer lifetime 7, suggesting similar decay processes
in the NDI-DAE-mix. Comparable photoconductivities and free charge carrier dynamics were
obtained when the thin film was excited at 520 nm suggesting electronic interactions between
the organic and inorganic components during the free charge carrier formation. The electronic
coupling of the organic and inorganic layer in a type II heterostructure and the localization of
the photoexcited electrons on the inorganic layer is assumed to reduce the effect of the inhomo-
geneous distribution of the halides in the inorganic layer resulting in comparable mobilities for
NDI-DAE-mix and NDI-DAE-I.

While the NDI-DAE cation in the pure iodide and mixed halide form a type II heterostructure,
we elucidated the fee charge carrier generation in the (NDI-DAE),PbBr,, which was found to
form a type I heterostructure. Different mobilities and decay dynamics are expected because
the organic layer does not inject photogenerated holes into the inorganic layer. Furthermore,
exciting just the chromophore allows us to probe the photoconductivity of the cation in the
layered perovskite structure without affecting the electronic structure by contributions of the
perovskite layers. The transient and the obtained peak photoconductivity are displayed in Figure
5.10a and Figure 5.10b, showing peak photoconductivities up to 3x lower when excited at 500
nm compared to the NDI-DAE-I and NDI-DAE-mix shown in Figure C.11.
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Figure 5.10 — a) Transient of (NDI-DAE),PbBr, when excited at 500 nm, and b) resulting mobili-
ties. The error bars are calculated based on uncertainties given by the photon fluence.

Moreover, the free charge carrier dynamic of NDI-DAE-Br when only the cation is excited

shows comparable dynamics as the photoconductivity in the pure chromophore film when
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Chapter 5. Free Charge Carrier Generation by Visible-light-absorbing Chromophore
Spacer in Ruddlesden-Popper Type Perovskites

only the cation salt is spin-coated on the quartz substrate, as shown in Figure C.12. While
further studies on single crystals are required further to elucidate the charge carrier mobilities
in the organic layer, our results suggest that the chromophore cation can contribute to the

light-harvesting process in LHOIP materials.

5.5 Conclusion

Based on the elaborated strategies to incorporate large chromophore spacer cations into a LHOIP
structure, we designed and synthesized a novel chromophore based on a core-modified NDI
system denoted as NDI-DAE. The increased aromatic system of the novel cations reduces the
chromophore’s HOMO-LUMO gap, enhancing light absorption in the range between 400 and 560
nm. While LHOIP-formation with chromophores connected to a butyl and hexyl amine-bearing
chain are demonstrated by visible light absorption spectroscopy and XRD, no indication for the
formation of a LHOIP was found when a NDI-DAE-based cation with an ethyl amine-bearing
linker was used. These findings suggest that the amine-bearing linker chain length is an impor-
tant parameter for the successful incorporation of large chromophore-based spacer cations into
a LHOIP structure. Moreover, increasing the aromatic system of the NDI-core requires higher
annealing temperatures to form a crystalline LHOIP phase when compared to other NDI-based
monocations. It is assumed that this increase in annealing temperature required to form the
LHOIP phase is due to stronger -7 interactions requiring higher energies for structural recon-
figuration in the as-spin-coated films. While we suggest that these inter-molecular interactions
may be a limiting factor for the incorporation into a layered perovskite structure, further studies
and quantification of aggregation are required by temperature-dependent NMR in order to
correlate the required energy to form the LHOIP with the Gibbs energy of aggregation.

While further enhancing the visible light absorbance of the spacer chromophore is lim-
ited by the size constraint for the incorporation into a RP phase, we focused on tuning the
CB and VB of the inorganic perovskite layer by halide composition engineering. A series of
(NDI-DAE),Pb(I; - xBr,) films with x = 0.0, 0.5, and 1.0 were fabricated, and their optoelectronic
properties were investigated. While (NDI-DAE),Pbl, and (NDI-DAE),Pb(Iy 5Brg 5)4 where found
to form a type II heterostructure, (NDI-DAE),PbBr, forms a type I heterostructure where the
HOMO and LUMO energy of NDI-DAE are between the CB and VB of the perovskite layer. The
formation of an inverted type I heterostructure leads to pronounced PL emission from the
spacer cation. In contrast, the PL emission from the organic chromophore is quenched in the
type II heterostructure, potentially due to hole injection from the organic chromophore to the
perovskite layer, as suggested by TA experiments. We note that the electron and hole transfer

dynamics are currently investigated in more detail by transient absorption spectroscopy.
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5.5. Conclusion

Given the different energy alignments, we explored the formation of free charge carriers
upon selective excitation of the spacer cations in type I and type II heterostructure systems.
The formation of free charge carriers upon photoexcitation was studied using fp-TRMC mea-
surements. For (NDI-DAE),Pb(Iy5Brg5)4 and (NDI-DAE),Pbl, similar photoconductivities of
around 2-10~* cm?-V~!.s~! were obtained after photoexcitation at 420 nm. These findings
contrast the observed trend in investigated (BA),Pb(I;_,Bry)4 films, where strongly reduced
photoconductivities were found in the mixed halide system. While the energetic disorder due
to energetic inhomogeneities in BA-based mixed halide pseudo-alloys hamper charge carrier
mobilities along the inorganic layer, the type II heterostructure in (NDI-DAE),Pb(Iy 5Brg5)4 and
(NDI-DAE),Pbl, and the resulting electron transfer from the perovskite layer to the NDI-DAE
reduces the effect of imperfect halide mixing in the inorganic layer.

Finally, selective excitation of the chromophore in mixed halide system reveals that the visible
light absorption of the spacer chromophore can contribute to the free charge carrier generation

providing a strategy to enhance light harvesting in LHOIP-based solar cells.
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Chapter 6

Conclusion and Outlook

Layered perovskite materials have been previously shown to be a versatile and highly tunable
subclass of hybrid organic-inorganic semiconductors suitable for a wide range of applications.
Incorporating spacer cations based on organic semiconducting building blocks provides an in-
teresting approach to engineering materials combining the properties of organic and inorganic
semiconductors, opening the door for a whole batch of novel semiconducting materials. Incor-
porating large semiconducting chromophores into LHOIPs and understanding the electronic
interactions between the organic and inorganic layers remains crucial for further developing
novel semiconducting materials. In this work, we focused on synthesizing novel OSiPs and
aimed to elaborate guidelines for the incorporation of such semiconducting building blocks
into the perovskite structure. We further investigated the various interactions between the
perovskite and organic semiconductor layer. Based on the novel cations described in this work,

the following conclusions can be made:

¢ In Chapter 3, using naphthalene diimide as a chromophore core, we initially studied
the incorporation of bulky spacer cations into a Ruddlesden-Popper layered perovskite
phase. We synthesized three novel spacer cations and elaborated on the effect of the
amine-bearing linker chain on the crystalline perovskite phase formation. An intriguing
relationship between the amine-bearing linker chain length and the crystallinity of the
layered perovskite film was found. With increased alkyl linker chain length, a decrease
in crystallinity and out-of-plane ordering was observed. To investigate the reason for
this trend, the critical annealing temperature at which the layered perovskite thin films
start to form were determined using in-situ UV-vis spectroscopy. We found that for all
thin films, annealing temperatures of more than 140 °C are required in order for the
LHOIP to be formed. Notably, the required annealing temperatures are higher than
for the conventional BA-based LHOIPs. Notably, higher annealing temperatures are
required for NDI-based spacer cations with only a 2-carbon linker chain. We hypothesized
that the decrease in alkyl chain length reduces the structural flexibility and hinders the
nucleation and subsequent crystal growth. In contrast, nucleation and crystal growth of
LHOIPs incorporating long alkyl chain-bearing NDI-based spacer cations start at lower
temperatures. Losing control over the nucleation is considered to be the reason for the

observed lower crystallinity in (NDI-H),Pbl,. Our results suggest that the amine-bearing

95



Chapter 6. Conclusion and Outlook

96

alkyl chain length is critical for successfully synthesizing layered perovskite materials
incorporating large semiconducting spacer cations. The relationship between the amine-
bearing alkyl chain length and the observed crystallinity was further confirmed in Chapter
4, where divalent cations based on NDI were incorporated into a layered perovskite (D])
phase. Only cations with an amine-bearing butyl chain and hexyl chain formed layered
perovskite materials under the investigated synthetic conditions. Moreover, in Chapter 5,
only cations with an amine-bearing butyl and hexyl chains were found to form a layered
perovskite structure. We stress that tuning the kinetics and thermodynamics of the LHOIP
crystallization process by engineering the spacer cation provides a suitable route to alter

the phase distribution in quasi-layered perovskite films.

Photoluminescence and transient absorption spectroscopy confirmed the formation of
a type II heterostructure by incorporating NDI-based spacer cations into the layered
perovskite framework. The optical properties of these materials show characteristic
intense excitonic absorption bands at around 500 nm. However, in contrast to LHOIPs
based on aliphatic spacer cations, the PL emission is strongly quenched. Moreover, time-
resolved photoluminescence spectroscopy shows ultrafast PL decay. In Chapter 3, a slower
PL decay dynamic was found when the distance between the NDI and the inorganic layer
was increased by the amine-bearing alkyl linker chain indicating that the quenching is due
to the sub-picosecond electron transfer from the inorganic layer to the NDI-chromophore.
The electron transfer is further observed in the transient absorption spectra where the
ground state bleach dynamics show a tri-exponential decay. Thereby, a sub-picosecond
decay can be attributed to the radiative recombination limited by the electron transfer to
the NDI-chromophore. Moreover, similar features in the TA and TRPL can be found in RP
as well as in DJ phases of NDI-based spacer chromophores investigated in Chapter 3 and
Chapter 4.

While PL and TA results suggest spatial separation of electrons and holes in the NDI and
perovskite layer, fp-TRMC measurements were conducted to investigate the effect of this
spatial separation on the free charge carrier generation. The obtained photoconductivities
for the (NDI),Pbl, and (NDI)Pbl, were found to be one order of magnitude lower than
the photoconductivity of (BA),Pbl; and (PEA),Pbl, phases. However, the transient of
the excitons showed a prolonged decay component suggesting an increased lifetime of
the free charge carriers. By further investigations of the free charge carrier formation
with OPTP it is suggested that the reduced photoconductivity results from the electrons’
limited mobility in the organic layer. The possibility of obtaining a spatial separation of the
electrons and holes in the organic and inorganic layer, respectively, provides a powerful

strategy to overcome the effect of notoriously high exciton binding energies in LHOIPs.



* As the inorganic and organic layers of the NDI-based LHOIPs were found to be oriented
parallel to the substrate, we aimed to improve the morphology and orientation by forming
quasi-layered perovskite thin films in Chapter 4. Quasi-layered perovskite films with
different quantum well sizes incorporating NDI-based dications and methylammonium
iodide were investigated by absorption spectroscopy. Notably, the NDI dication show
improved solubility in DMSO and DMF over monovalent NDI-based cations, enabling the
fabrication of thicker films. With increasing methylammonium iodide concentration, clear
signs for the formation of n=1, 2, 3, and 4 were found in the absorption spectra. Moreover,
in all investigated quasi-layered films incorporating NDI-dH, the formation of MAPbI;
was suppressed, suggesting a more homogeneous energy landscape. The suppression of
less stable MaPbl; and the increased hydrophobicity of the NDI-dH cation makes NDI-dH
quasi-layered perovskite films more stable than films based on BA. Moreover, electron
transfer from the quasi-perovskite layers to the NDI-chromophore were further studied by
transient absorption spectroscopy suggesting the formation of possible charge-transfer

excitons even in quasi-layered perovskite thin films.

¢ Addressing recent reports on the 1D perovskite formation with NDIC2, we aimed to
optimize the crystal orientation in NDI-dH based <n> = 5 films by solvent engineering.
We obtained thin films where the inorganic layers are oriented perpendicular to the
substrate. As the inorganic and organic layer act as charge carrier channels, space-charge
limited current based on electron-only devices were measured. The investigated quasi-
layered perovskite thin films based on NDI-dH show similar mobilities as those obtained
for BA-based perovskite materials. However, in contrast to the investigated BA-based
reference material, no trap-filling region (TFR) was observed. The shape of the IV-curve
suggests reduced trap density when NDI-dH is incorporated into quasi LHOIP films.
Nonetheless, it remains unclear whether the reduced trap density arises from differences
in the distribution of the poly-dispersed quantum wells or due to electronic interactions

between the organic and inorganic domains.

* While electron funneling processes limit the comparison between various spacer cations
in quasi-layered perovskite films, we focused on further understanding electronic inter-
actions between organic semiconducting spacer cations and the inorganic perovskite
layer in n =1 LHOIPs. By expanding our investigation and including perylene diimide-
based spacer cations, we elaborate on the size limitation of the chromophore core for the
successful incorporation into a layered perovskite structure. Initial studies of perylene
diimide-based spacer cations show strong aggregation of the PDI cations in the precur-
sor solution, as indicated by the aggregation-induced shifts in the absorbance spectrum

with increasing PDI concentration. We assumed that the strong 7-7 interactions be-
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tween PDI in the precursor solution hampers the formation of the LHOIP phase. Directly
modifying the NDI-chromophore and expanding the aromatic system of NDI, a visible
light-absorbing spacer cation labeled NDI-DAE was obtained. While NDI-DAE-based
cations may tend to aggregate less in the precursor compared to PDI-based cations, in-
creased 7 — 7 interactions between the NDI-DAE chromophore cores were hypothesized
to be the reason for substantially increased annealing temperatures required to form the
LHOIP.

* The incorporation of a novel visible light absorbing spacer cation was demonstrated
in Chapter 5. By tuning the CB and VB of the inorganic layer by halide mixing, we in-
vestigated different energy alignments between the organic and inorganic layer, While
(NDI-DAE),Pbl, and (NDI-DAE),Pb(Iy5Brg5)4 form a type II heterostructure where the
HOMO and LUMO energy levels of the NDI-DAE are located below the VB and CB, respec-
tively, (NDI-DAE),PbBr, has shown to form an inverted type I heterostructure where the
HOMO and LUMO energy levels of the NDI-DAE chromophore are between the CB and
VB of the lead-bromide perovskite. While in the type II heterostructure, no PL from the
organic chromophore can be observed, PL emission from the NDI-DAE chromophore
can be observed in the type I heterostructure. The quenching of the PL in the type II
heterostructures is reasonably explained by hole injection from the chromophore to the

perovskite layer upon photoexcitation.

* Based on the different energy alignments observed in Chapter 5, we addressed whether
light absorption from the chromophore spacer can contribute to the light-harvesting
process in layered perovskite semiconductors. Selective excitation of the spacer cation in
TRMC experiments shows that photogenerated free charge carriers can be obtained via
excitation of the spacer chromophore. Moreover, comparable mobilities and free charge
carrier decay dynamics were obtained for (NDI-DAE),Pbl, and (NDI-DAE),Pb(Iy5Brg5)4.
This finding is surprising considering the pseudo-binary alloy found in (BA),Pb(Iy 5Bro5)4

strongly hampers charge carrier mobility in the inorganic layers.

While the synthesis of novel spacer cations and subsequent incorporation into a layered per-
ovskite structure enhanced the understanding of the formation of OSiP and potential electronic
interactions at the organic-inorganic interface, the exact nature of the charge carrier transport
in the organic layer remains unknown. Moreover, our investigations were limited to layered
perovskite thin film. The structure-property relationship in these materials remains to be further
investigated. Based on the shortcomings of this work, we further aim to highlight the importance

of new strategies and approaches to study these new semiconductors.
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Future Work

Considering the disadvantages of current HOIP and LHOIP-based solar cells, the high stability
of the NDI-based quasi-layered perovskite materials provides an advantage over the current
state-of-the-art materials. Moreover, the contribution of the NDI chromophore to the electronic
structure may assist the charge separation and charge carrier transport in optoelectronic devices.
However, given the different phase distributions of multiple quantum wells in quasi-layered
perovskite films, questions concerning the electronic interactions between different phases
and their effect on exciton trapping and funneling processes remain unanswered. While cur-
rent quasi-layered perovskite materials in highly efficient solar cell devices consist of mainly
MAPbDI; with an LHOIP passivation layer, the effect of the phase distribution on the photovoltaic
efficiency and charge transport has come forward as an important aspect currently under in-
vestigation in the field. While in systems based on BA and PEA, the cations are electronically
inactive and charge carrier funneling processes occur only between the different LHOIP phases,
NDI-based cations are electronically active. The charge carrier transport and charge separation
process are more complex due to different interactions of the NDI chromophore with different
LHOIP phases. Designing an efficient solar cell architecture can be challenging despite the
possibility of tuning the phase distribution in the quasi-layered perovskite films by modifying
the amine-bearing linker length. In order to simplify the electronic interaction imposed by the
presence of NDI-based cation it is suggested to initially investigate perovskite-based solar cells
based on a 3D/2D architecture where the NDI-based LHOIP layer acts as a passivation and
electron extracting layer.

Focusing on simple LHOIP (n = 1), further investigations are required to understand the
nature of charge carrier transport in the type II heterostructure LHOIP. While SCLC measure-
ments provide a powerful tool for determining hole and electron mobility, the crystal growth
of the LHOIPs with the organic and inorganic layer oriented parallel to the substrate limits the
application of electrode-based SCLC measurements for the determination of the charge carrier
along the organic and inorganic layer, respectively. Nonetheless, SCLC measurements directly
on single crystals provide further insight into the nature of the charge carrier transport in these
highly anisotropic materials. Moreover, the synthesis of LHOIP single crystals is necessary to
obtain further structural information via single-crystal XRD and clarify the structure-properties
relationship further. Recent studies on NDI-C8-based RP phases provide single crystal XRD
results, where single-crystals were obtained by a vapor diffusion method. [1%! While the vapor
diffusion method has shown to be suitable for the synthesis of LHOIP single crystal incorporating
various spacer cations, as further elaborated in Appendix D, it remains unclear whether the

reported procedure is applicable to NDI-based dications.
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In order to systematically study the effect of the spacer cation on the crystal and electronic
structure of the LHOIP deposited as a thin film on a substrate, TRMC has been previously shown
to be a powerful tool for investigating the thin film photoconductivity. Initial studies show that
even simple spacers based on phenylethylammonium and n-butylammonium derivatives can
strongly impact the charge carrier mobility (Appendix D), where differences in charge carrier
mobilities of more than one order of magnitude were determined. Systematically studying
the structure-properties relationship in simpler systems might help to further modify organic
semiconducting spacer cations by, e.g., dipole engineering of the molecule.

As the aggregations of large planar aromatic spacer cations are assumed to limit the incorpo-
ration of large bulky spacer cations into a layered perovskite structure, we focus on developing
semiconducting spacer cations based on iso-indigo chromophores. The electron-accepting
properties combined with the good visible light absorbance and structural flexibility containing
heteroatoms results in improved solubility and reduced aggregation. The easy synthesis of
monovalent and divalent cations outlined in Appendix D and the large library of commercially
available precursors with various substitutions at the phenyl core makes this class of organic
semiconductor intriguing for further studies. Moreover, initial results suggest the potential
formation of low-dimensional layered 2D or 1D perovskitoid structures (Further details are
displayed in Appendix E).

Alternatively, tuning the electronic structure by co-incorporating aromatic spacer cations with
electron-donating or electron-accepting dopants forming organic-charge transfer complexes
in the organic layers has been proposed recently as an approach to reduce the exciton binding
energy. Indeed, the electron-accepting nature of NDI forms such charge-transfer complexes with
electron-donating small molecules like pyrene in solution, as shown in Appendix E However,
initial studies with an established model system using TRMC suggest reduced photoconductivity
upon co-incorporation of such an organic charge-transfer complex, assumably due to local

electronic distortion preventing efficient charge transport along the inorganic layer.
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Appendix A

Appendix: Tuning Naphthalene Diimide
Spacer Cations for the Incorporation
into a Layered RP Phase Perovskite

Structure

Materials and Experimental

Lead iodide (Pbly, 99.99%, CAS: 10101-63-0) and 1,4,5,8-Naphthalenentetracarboxylic dianhy-
dride (97%, CAS: 81-30-1) were obtained from TCI and was used without any further purification.
Propylamine (99% CAS: 107-10-8) and HI-solution (57% wt.%, no stabilizer CAS:10034-85-2)
were purchased from Sigma-Aldrich. NBoc-1,2-diaminoethyl (98%, CAS: 57260-73-8) and N-
Boc-1,6-hexanediamine (95%, CAS: 51857-17-1) were purchased from Fluorochem. N-Boc-1,4-
butanediamine (95%, CAS: 68076-36-8) was obtained from ABCR.

Synthesis of NDI

NDI-based cations were synthesized following the synthetic scheme displayed in Figure A.1.
BocN—4)” - HN=4)”
o o o H, N/\/ ‘6( o ﬂ o
HoN QNBOC 1) TFAA
I 59w QO
0 \\\ \\\

1 2

Figure A.1 - Synthetic scheme of NDI-based spacer cations
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Appendix A. Appendix: Tuning Naphthalene Diimide Spacer Cations for the Incorporation
into a Layered RP Phase Perovskite Structure

Synthesis of NDI-E-Boc

2 g (mmol, 1 eqv.) of Naphthalene-dianhydride (NDA) and 1.25 g (mmol, 1.05 eqv.) were trans-
ferred in a dry 2-neck-flask and dissolved in 20 ml of dry DMF under argon atmosphere. After
injection of 0.65 ml of propylamine, the reaction mixture was heated to 140 °C. After 12 hours of
constant stirring, the solvent was evaporated and the desired product was obtained after pu-
rification over a silica gel column using DCM/Ethylacetate 95:5 mixture as eluent. The product
was recrystallized from DCM/Iso-propanol mixture to obtain the pure product as a white solid.
Yield: 0.875 g (1.94 mmol, 26%)

'H NMR (400 MHz, CDCl3-d) & 8.75 (s, 4H), 7.38 (t, ] = 5.7 Hz, 2H), 4.24 — 4.04 (m, 2H), 1.78 (h, ]
=7.5Hz, 2H), 1.22 (s, 8H), 9.03 (t,] = 7.4 Hz, 3H).

13C NMR (100 MHz, CDCl3-d) § 163.21, 162.83, 131.6, 130.91,126.78, 126.68, 126.64, 126.47,
79.29, 42,45, 40.65, 39.20, 28.38, 28.15, 11.49

Synthesis of NDI-B-Boc

NDI-B-Boc was synthesized following the same procedure as described above. Yield: 25%

'H NMR (400 MHz, CDCl3-d) § 8.76 (s, 4H), 4.60 (br, 1H), 4.19 (m, 4H), 3.20 (q, ] = 7.5 Hz,
2H), 1.43 (t,] =7.4 Hz, 3H).

13C NMR (100 MHz, CDCl3-d) 6 162.99, 162.98, 156.08, 131.13, 131.08, 126.85, 126.67, 79.33,
42.58, 40.57, 40.30, 28.55, 27.77, 25.53, 21.52, 11.62.

Synthesis of NDI-H-Boc

NDI-H-Boc was synthesized following the same procedure as described above.

'H NMR (400 MHz, CDCl3-d) 6 8.78 (s, 4H), 4.54 (br, 1H), 4.28 — 4.15 (m, 4H), 3.13 (t, ] =
6.6 Hz, 2H), 1.86 — 1.69 (m, 4H), 1.46 (m, 15H), 1.06 (t, ] = 7.4 Hz, 3H)

13C NMR (100 MHz, CDCl3-d) § 163.01, 131.11, 131.09, 126.82, 126.75, 77.36 42.58, 40.92, 28.58,
28.11, 26.82 25,53, 11.63
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NDI-E

Free NDI-E amine was obtained by stirring the protected NDI-E in 20 ml of 10 % Trifluoroacetic
acid DCM solution. After 2 h the solvent was concentrated and the dry solid was redissolved in
Methanol. After cooling the mixture in an ice-bath to 0 °C around 3 eqv. of 57 % HI-solution was
added. After stirring the mixture for 2 hours, solid NDI-amine iodide precipitated as a yellowish
solid. The precipitant was collected by centrifugation and washed 3x with diethyl ether. After
recrystallization from isopropanol-methanol-mixture the product was dried under high-vacuum

for 6 hours. NDI-B and NDI-H salts were synthesized accordingly.

'H-NMR (400 MHz, DMSO-d6) § 8.67 (s, 4H), 7.79 (br, 3), 4.33 (t, ] = 5.9 Hz, 2H), 4.02 (m,
2H), 3.18 (t, ] = 5.9 Hz, 2H), 1.84-1.62 (m, 2H), 0.95 (t,J = 7.4 Hz, 3H)

13C-NMR (100 MHz, DMSO-d6) § 163.22, 162.61, 130.42, 126.43, 126.33, 126.18, 12.08, 41.73,

40.15, 39.94, 39.78, 39.73, 39.52, 39.31, 39.10, 38.89, 37.83, 37.52, 20.78, 11.42

HR-MS (ESI-QTOF): C19H18N3011: expected: 352.1292; found: 352.1292

NDI-B

'H-NMR (400 MHz, DMSO-d6) § 8.62 (s, 4H), 7.62 (br, 3), 4.07 (t, ] = 6.8 Hz, 2H), 4.04 — 3.95 (m,
2H), 2.84 (t,] =7.4 Hz, 2H), 1.68 - 163 (m, 6H), 0.95 (t,J = 7.4 Hz, 3H)

13C-NMR (400 MHz, DMSO-d6) § 162.68, 162.58, 130.52, 130.50, 126.28, 126.11, 126.07, 126.06,

41.73, 38.74, 24.76, 24.63, 20.82, 11.44

HR-MS (ESI-QTOF): Co1Hpo N304 1 expected: 380.1605; found: 380.1612

NDI-H

'H-NMR (400 MHz, DMSO-d6) : 8.62 (s, 4H), 7.58 (br, 3), 4.09 — 3.94 (m, 4H), 2.79 (q, ] = 7.5 Hz,
2H), 1.68 (m, 4H), 1.54 (m, 2H), 1.38 (m, 4H), 0.9 (t,] = 7.4 Hz, 3H)

13C-NMR (100 MHz, DMSO-d6) : 162.60, 130.47, 130.44, 126.22, 126.21, 126.09, 41.70, 38.83,

27.28, 26.95, 26.07, 25.53, 20.82, 11.43

HR-MS (ESI-QTOF): Cp3H26N30,4*!: expected: 408.1918; found: 408.1915
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Appendix A. Appendix: Tuning Naphthalene Diimide Spacer Cations for the Incorporation
into a Layered RP Phase Perovskite Structure

a b .
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Figure A.2 — Visible light absorption spectra a) and XRD b) of the as-spin coated (NDI-E),Pbly,
(NDI-B),Pbl,, and (NDI-H),Pbl, films.
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Figure A.3 — Cyclic voltammogram of NDI-E in DCM using Ferrocene as internal standard
to measure oxidation potential of the spacer cation. Measurement was performed on Boc-
protected NDI-E to prevent reduction of the I” ion.

Cyclic voltammograms were obtained using a three-electrode cell setup with platinum foil
as working electrode, Pt-wire as counter electrode and Ag* /AgCl as a reference electrode. To
eliminate the oxidation of the iodide, NBoc-protected NDI-E in chloroform with tetrabutylam-
monium hexafluorophosphate (BuyNPFg, 0.1 mol/L) as the supporting electrolyte was used.
LUMO energy level was calculated based on the onset potential of the reduction process and the

potential of the ferrocene reference (ferrocene vs. vacuum: - 4.8 V).

Table A.1 — Determined LUMO level of NDI-E-Boc based on CV. HOMO was derived from the
optical band gap.

HOMO (eV) | LUMO (eV) | Optical Bandgap
-6.77 -3.67 3.1eV
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Analysis of GIWAXS data

The orientation of the layered perovskite films was determined by the Herman'’s orientation

factor (H) difined by following equation:

7 izo [(@) cos? () sin ()
COSZ¢= ph On : (A.1)
p=0 1(@)sin(¢)

and

H=3cos,2(¢)—1

2 (A.2)

3 —NDI-E
&L ozt —NDI-B
= ——NDI-H
w
[
&
E
- 0.1k
@
N
@
E
[#]
Z 0.0 ;
20 20

0
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Figure A.4 — Integrated and normalized azimutal angle (¢) derived from grazing-incidence
small-angle X-ray scattering measurements.
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Appendix A. Appendix: Tuning Naphthalene Diimide Spacer Cations for the Incorporation
into a Layered RP Phase Perovskite Structure

Current Temperature sensor
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N

Lightsource —f—

Cu- electrode Sample holder

FTO coated glass

Figure A.5 - Setup of the FTO-coated window for in-situ UV-vis absorption measurements. The

temperature of the window was controlled via a feedback loop with a temperature sensor directly
on the window.
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Figure A.6 — Evolution of the conversion coefficient at different absorption wavelength. The

data was obtained by annealing NDI-E based films on a hot plate and measure full spectra after
certain periods of time.
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Figure A.7 — Evolution of conversion coefficient (@) over annealing of (NDI-H),Pbl,.
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Figure A.8 — a) XRD and b) visible light absorption spectra of NDI-H annealed at 220 °C.
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Figure A.9 — Temporal- and spectral dependent PL-intensity of (NDI-E),Pbl,, (NDI-B),Pbl,, and
(NDI-H),Pbl, excited at 400 nm.

Data Analysis and Fitting

We fitted the PL decays using a global analysis. For each sample, we applied a mono-exponential
(NDI-E and NDI-B) or bi-exponential (NDI-H) decay function convoluted with a Gaussian
function to fit every dynamic trace. The amplitudes and lifetimes were left free, while the
Gaussian width and time-zero were fixed. These values were extracted from a 2D Gaussian fit
using the cross-correlation between the un-absorbed pump beam and the gate beam around
time-zero.

To extract the lifetimes displayed in Table 1, we performed a global analysis of the dynamic
traces of the bleaching peak. A tri-exponential decay function was used to fit the data from 0.20
ps to 1200 ps leaving the amplitudes and lifetimes free and setting yp to 0. The decay-associated
spectra (DAS, Figure A.10) display the extracted amplitude coefficients A1, A2, A3 for each time
constant (11, T2, T3) versus the wavelength.
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Figure A.10 — Decay associated spectra resulting from the global analysis of the ground state

bleach.

Table A.2 — Decay dynamics of free charge carrier decay. NDI-based perovskites where excited at

420 nm with 2 -10'3 photons per cm

2

| (NDI-E);Pbl; (NDI-B),Pbl; (NDI-H),Pbl, (PEA),Pbl,

71 (ns) | 58
T2 (ns) | 1442

50
1209

54 35
686 —
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Figure A.11 — fp-TRMC transient of (NDI),Pbl, on logarithmic scale excited at 420 nm. NDI-

based perovskites where excited with 2 -10'3 photons per cm?.
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Figure A.12 - Visible light absorption of quasi-layered films with a) <n> =2 and b) <n> = 3.
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Figure A.13 — Absorption spectra of thin film of quasi-layered perovskite aimed for the phase
(NDI-E),MA4Pbsl;6 at various solvent (DMSO and DMF) and annealing temperatures.
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into a Layered RP Phase Perovskite Structure
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Appendix B

Appendix: Photogenerated Charge
Transfer in Dion-Jacobson Type Layered
Perovskite Based on Naphthalene
Diimide

Materials and Experimental

Naphthalenedianhydride and N-Boc-1,6-hexanediamine (95%, CAS: 51857-17-1) were obtained
from Fluorochem, N-Boc-1,4-butanediamine (95%, CAS: 68076-36-8) was purchased from ABCR.
Perovskite precursor solutions were prepared with lead (II) iodide (99.99%, CAS: 10101-63-0)
from TCI. Methylammonium iodide (>99.99%, CAS: 14965-49-2) and n-butylammonium iodide
(>99%, CAS: 36945-08-1) were purchased from GreatCell.

Synthesis and Characterization of NDI-dH

NDI-dH-Boc was synthesized according to previously reported procedure: 5g of naphthalene
dianhydride was mixed with NBoc-1,6-diaminohexane in a two-neck flask. After establishing
an Argon atmosphere, The reaction mixture was dissolved in 80 ml of N,N-dimethylformamide
(DMF) and heated up to 90 °C under continuous stirring. After 12 hours, the reaction mixture
was concentrated and redissolved in (dichloromethane) DCM. Residue DMF was removed by 3x
extraction with Water. The organic phase was collected and the pure product was obtained in 91

% yield after silica gel chromatography using DCM:ethylacetate as evolving eluent. The product
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Appendix B. Appendix: Photogenerated Charge Transfer in Dion-Jacobson Type Layered
Perovskite Based on Naphthalene Diimide

was further purified by recrystallisation from isopropanol:DCM mixture.

'H NMR (400 MHz, CDCl3-d) 6 8.75 (s, 4H), 4.53 (s, 2H), 4.23 — 4.14 (m, 4H), 3.10 (q, ] = 6.5 Hz,
4H), 1.74 (q,J = 7.6 Hz, 4H), 1.55-1.37 (m, 4H), 1.43 (m, 26H).

13C NMR (101 MHz, CDCl3-d) § 162.98, 156.13, 121.10, 126.80, 40.90, 30.06, 28.56, 28.08, 26.79,
26.54

HRMS (ESI-QTOF) m/z: [M + Na™]: Calcd for C36H4gN4NaOg*t 687.3364; Found 687.3380.

Elemental analysis
lc H N
Calculated 65.04 7.28 8.43
Found average | 65.07 7.31 8.44
NDI-dB

NDI-dB -Boc was synthesized according the same procedure as NDI-dH-Boc.
'H NMR (400 MHz, CDCl3-d) 6 8.75 (s, 4H), 4.61 (s, 2H), 4.21 (t, ] = 7.4 Hz, 4H), 3.20 (q, ] = 6.7 Hz,
4H), 1.85-1.73 (m, 4H), 1.63 (d, J = 8.0 Hz, 4H), 1.42 (s, 18 H).

13C NMR (101 MHz, CDCl3-d) § 162.96, 156.09, 131.14, 126.84, 126.74, 116.78, 40.58, 28.55,
27.77,25.52

Elemental analysis

C H N
Calculated 63.14 6.62 9.20
Found average 62.93 6.57 9.07

Standard deviation | 0.01 0.03 0.01
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NDI-dH-Iodide Salt Formation

HoN
NBoc
m

The NBoc protected NDI-dH was deprotected by dissolving NDI-dH-Boc in 15 % TFA:DCM
solution. After evaporation the solvent and the excess of TFA, the crude solid was redissolved in
methanol. After cooling the solution to 0 °C, 3 eqv. of hydroiodic acid was added. The mixture
was stirred for 1 hours. The precipitate was collected by centrifugation and washed with diethyl

ether until no yellow liquid could be removed.

'H NMR (400 MHz, DMSO0-d6) & 8.67 (s, 4H), 7.61 (br, 6H), 4.11 —4.02 (m, 4H), 2.80 (t, ] = 7.5 Hz,
4H), 1.67 (t,] =7.4 Hz, 4H), 1.55 (d, ] = 7.5 Hz, 4H), 1.38 (td, ] = 8.7, 8.0, 4.2 Hz, 8H).
13C NMR (101 MHz, DMSO0-d6) § 162.61, 130.42, 126,28, 126.28, 38.77, 27.26, 26.90, 26.04, 25.49

HRMS (ESI/QTOF) m/z: [M]+ Calcd for CogH34N404 72 233.1285; Found 233.1296.

NDI-dB-Iodide Salt
IH NMR (400 MHz, DMSO-d6) 6 8.70 (s, 4H), 7.61 (br, 6H), 4.10 (t,J=6.9 Hz, 4H), 2.85(d,] =7.8
Hz, 4H),1.73 (q,J =7.4 Hz, 4H), 1.62 (q,J] = 7.3, 6.7 Hz, 4H)

13C NMR (101 MHz, DMSO-d6) § 163.23, 131.01, 126.81, 126.67, 39.16, 25.22, 25.09.

HRMS (ESI/QTOF) m/z: [M]* Calcd for CaoHogN404 2 205.0972; Found 205.0977.
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Figure B.1 — a) PL-intensity of (NDI-dB)Pbl,, (NDI-dH)Pbl,, and (BA),Pbl, excited at 400 nm (3
nm slit). The PL-intensity is normalized to the absorbed photons at 400 nm, b) Zoom of Figure a.
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Figure B.2 — a) UV-vis absorbance and b) XRD of NDI-dH and NDI-dB based (n = 1) layered
perovskite thin films.
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Figure B.3 — a) Image from optical microscope of (NDI-dB)Pbl,, and b) (NDI-dH)Pbl,.
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Figure B.6 —a) TA slices of <n> = 2 film and b) GSB decay and fit of the n =2 and n = 3 phase.
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Figure B.7 - UV-vis absorbance of un-optimized <n> =4 and <n> =5 films.
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Figure B.8 — Ground state decay fit for a) n=4 and b) n=>5 films.
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Figure B.10 — Obtained Impedance spectrum of NDI-dH based perovskite (n = 5). For the
measurement the NDI-dH film was spin-coated on FTO and gold electrodes (0.16 cm?) were
evaporated on top.
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Figure B.11 - I-V curve for NDI-dH <n> = 5 using pulsed SCLC measurements for different dwell
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Appendix C

Appendix: Free Charge Carrier
Generation by Visible Light Absorbing
Chromophore Spacer in

Ruddlesden-Popper Type Perovskites

Materials and Experimental

Boc-1,2-diaminoethyl (98%, CAS: 57260-73-8) and N-Boc-1,6-hexanediamine (95%, CAS: 51857-
17-1) were purchased from Fluorochem, N-Boc-1,4-butanediamine (95%, CAS: 68076-36-8)
and perylene dianhydride (95%, CAS: 128-69-8) and Naphthalene-1,4,5,8-tetracarboxylic dian-
hydride (95%, CAS: 81-30-1) was purchased from ABCR. Perovskite precursor solutions were
prepared with lead (II) iodide (99.99%, CAS: 10101-63-0) and lead(II) bromide (>98 %, CAS:
10031-22-8) from TCI.

Synthesis of PDI-based Spacer Cation

5@ [ o O

DMF/Imidazole

/\/\/NBOC
H N

Figure C.1 — Schematic procedure for the synthesis of PDI-H.
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Appendix C. Appendix: Free Charge Carrier Generation by Visible Light Absorbing
Chromophore Spacer in Ruddlesden-Popper Type Perovskites

The desired product PDI-H was obtained by a multi-step synthesis forming firstly the Bis (ethyl-
propyl) perylene -3,4,9,10-tetracarboxylic diimide as previously described in our group. 18 Us-
ing KOH in isopropanol, N-(ethylpropyl) perylene -3,4,9,10-tetracarboxylic monoimide monoan-

hydride was and was further reacted as described in the following scheme.

N,N’-Bis(ethylpropyl)perylene-3,4,9,10-tetracarboxylic Diimide

o ">_\

L j\\ ()
SN ()
22
L& \

Perylene-3,4,9,10-tetracarboxylic dianyhdride (2.004 g, 5.1 mmol, 1 eqv.) and 3-amino pentane
(1.8 mmol, 15.5 mmol, 3 eqv.) mixed with imidazole (11 g) and 7 ml DMF and transferred to
a round-bottomed flask. The reaction mixture was heated up to 140 °C and stirred for 8 h.
Then the reaction mixture was diluted in 200 ml of water, and the solid was filtered off and
washed with water. The solid was redissolved in DCM and washed 3x with deionized water. After
concentrating the organic phase crude product was purified by column chromatography using
DCM as eluent obtaining the desired product as a red water-insoluble solid in good yields 2.556
g (4.82 mmol, 94%)

'H-NMR (400 MHz, CDCl3-d) § 8.69 — 8.57 (m, 8H), 5.06 (td, J = 9.5, 4.9 Hz, 2H), 2.27 (ddd,
J=13.7,9.3, 7.1 Hz, 4H), 1.95 (dp, ] = 14.0, 7.2 Hz, 4H), 0.93 (t, ] = 7.4 Hz, 12H).

N-(ethylpropyl)perylene-3,4,9,10-tetracarboxylic Monoimide Monoanhydride

[e]
[e}
N

o o

.O KOH O
Bos £
=C =

A suspension of N,N’-di(1-ethylpropyl)perylene-3,4,9,10-tetracarboxylic diimide (2a), and KOH

(35 g, 0.54 mol) in isopropanol (350 mL) and water (50 mL) was refluxed for 1.5 h and monitored
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by TLC. Then 100 ml of acetic acid was added and the reaction mixture was stirred for 1h. In
addition, 60 ml of 2M HCI solution was added and stirred for 12 h. The crude product was
obtained after filtration, redissolved in DCM and washed with water. The organic layer was

concentrated and the resulting solid was used without further purification in the next step.

Synthesis of PDI-H-Boc

1.05 g (2.28 mmol, 1 eqv.) of the monoanhydride were transferred in a two-neck flask and mixed
together with 6 g of imidazole and 351.5 mg (1.92 mmol, 84%) of Zn(OAc)2. After establishing
an argon atmosphere, 6 ml of DMF was added and the reaction mixture was heated to 120 °C.
Then 0.8 ml (3.56 mmol, 1.56 eqv) of NBoc-1,6-diaminohexane was added. The reaction mixture
was heated up to 140°C and stirred overnight. After 12 h 100 ml of H,O was added and the solid
was filtered off. The crude product was purified by silica column using DCM/MeOH (0.5%) as
eluent to yield 621 mg (0.94 mmol, 37% 2 steps) of the product as a red solid. The product was

subsequently recrystallized from a isopropanol/ THF mixture.

'H-NMR (400 MHz, CDCl3): 6 8.52 (d, ] = 7.8 Hz, 2H), 8.34 (dd, ] = 16.7, 7.9 Hz, 4H), 8.23
(d,J=8.0 Hz, 2H), 5.06 (tt,] =9.5, 5.9 Hz, 1H), 4.59 (br, 1H), 4.10 (t, ] = 7.6 Hz, 2H), 3.12 (t, ] = 6.9
Hz, 2H), 2.28 (dp, ] = 21.5, 7.7 Hz, 2H), 1.98 (dp, ] = 14.1, 7.2 Hz, 2H), 1.72 (m, 2H), 1.52 (t,] = 6.9

Hz, 2H), 1.43 (m, 13H), 0.98 (t, ] = 7.4 Hz, 6H).

I3C-NMR (101 MHz, CDClg): § 163.27, 77.36, 57.95, 40.57, 30.07, 28.59, 26.87, 26.58, 25.19,
11.56

MS (MALDI-TOF) (negative mode): m/z calcd. for C40H42N306 [M™] : 659.30 found: 659.2
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Appendix C. Appendix: Free Charge Carrier Generation by Visible Light Absorbing
Chromophore Spacer in Ruddlesden-Popper Type Perovskites

Deprotection of PDI-H-Boc and Salt Formation

TFAA, HI

Boc-protected PDI-H was deprotected by stirring PDI-H-Boc in a 10:1 %v/v DCM:trifluoro acetic
acid for 2 h.

To obtain the corresponding salt, 323.32 mg of the amine was dissolved in about 20 ml of MeOH
and cooled down to 0 °C in the ice bath. HI (90ul) was added dropwise and the reaction mixture
was stirred at 0 °C for 2.5 h. The final product was precipitated by adding 25 ml of diethyl ether
and obtained by centrifugation for 5 minutes at 7800 rpm. After disposing of the supernatant,
the solid was redispersed in diethyl ether and again centrifuged for 5 minutes at 7800 rpm.
This was repeated 3 times until the supernatant was colorless. Finally, the solid was dried at a

high-vacuum for 3 h.

'H-NMR (400 MHz, DMSO-d6) 6 8.53 (d, J = 8.1 Hz, 2H), 8.40 (t, J = 8.8 Hz, 4H), 8.10 (d, J
= 8.2 Hz, 2H), 7.62 (br, 3H), 4.97 (dd, ] = 9.8, 4.3 Hz, 1H), 3.91 (d, ] = 7.6 Hz, 2H), 2.80 (t, ] = 7.6 Hz,
2H), 2.25-2.15 (m, 2H), 1.93 (dt, ] = 13.9, 6.6 Hz, 2H), 1.58 (dd, ] = 16.9, 9.7 Hz, 4H), 1.38 (m, 4H),
0.94 (t,J =7.4 Hz, 6H).

ESI-MS (negative mode): m/z calcd. for C35H34N304 [M™] : 560.25; found: 560.42

Due to the limited solubility of the PDI salt no C-NMR could be recorded.
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NDI-DAE-Boc (NDI-DAE-B-Boc)
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NDI-DAE-Boc was synthesized following an adapted procedure previously reported. %1 5.0 g
(18.74 mmol, 1 eqv.) of 1,4,5,8-Naphthalenetetracarboxylic dianhydride were dissolved in 80 ml
of dry DMF under an argon atmosphere. Then 1.5 ml (1.08 g, 18.74 mmol, 1 eqv.) ethylenedi-
amine and 3.53 g (18.76 mmol, 1 eqv.) of N-Boc-1,4-diaminobutane. were added. The reaction
mixture was stirred for 24 h at 120 °C. The crude product was precipitated by adding 100 ml
water to the reaction and obtained after subsequent filtration of the precipitant. Additionally,
the precipitant was redissolved in DCM and washed with H,O (5x 50 ml) to remove remaining
DME The desired product was obtained by silica gel column purification using DCM:methanol
(99.5:0.5) as eluent. Yield: 2.031 g (2.24 mmol, 12%).

'H-NMR (400 MHz, CDCl3) 6 8.89 (d, ] = 7.6 Hz, 1H), 8.81 — 8.72 (m, 3H), 7.94 (d, ] = 1.6 Hz, 1H),
7.45 (d,J =1.6 Hz, 1H), 4.63 (br, 1H), 4.26 —4.18 (m, 2H), 3.21 (q, ] =6.5 Hz, 2H), 1.86 — 1.74 (m,
2H), 1.66-1.63 (i, 4H), 1.43 (s, 9H).

13C-NMR (101 MHz, CDCl3) § 163.05, 162.91, 158.34, 156.09, 144.58, 133.20, 132.22, 130.74,
128.37, 127.61, 126.68, 125.78, 125.47, 124.79, 123.79, 116.49, 66.31, 53.57, 40.52, 28.56, 27.78,
25.58.

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for C25H24N4N21O;‘r 483.1639; Found 483.1638.

C H N
Calculated 65.21 5.25 12.17
Found average 64.97 520 12.05

Standard deviation | 0.05 0.01 0.04
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Appendix C. Appendix: Free Charge Carrier Generation by Visible Light Absorbing
Chromophore Spacer in Ruddlesden-Popper Type Perovskites

NDI-DAE-Iodide Salt

0
O )i\/ 1) DCM, TFAA
o N"Nm
2) MeOH, HI
YN
T

'H NMR (400 MHz, DMSO) 6 8.60 (d, ] = 7.6 Hz, 1H), 8.50 (d, ] = 7.6 Hz, 1H), 8.42 (d, ] = 7.7 Hz,
1H), 8.36 (d,J =7.6 Hz, 1H), 7.99 (d, ] = 1.6 Hz, 1H), 7.63 (s, 3H), 7.42 (d, ] = 1.6 Hz, 1H), 4.03 (t,] =
6.8 Hz, 2H), 2.86 (h, J = 5.9 Hz, 2H), 1.79 - 1.68 (m, 2H), 1.68 — 1.56 (m, 2H).

13C-NMR (101 MHz, DMSO-d6) § 162.41, 162.28, 157.69, 143.70, 132.72, 131.47, 131.21, 130.13,
127.08, 126.36, 126.14, 124.87, 124.39, 123.60, 122.68, 116.64, 38.71, 24.76, 24.63.

a b

iHs 10

M —— 0.001 mM
S g{—0.005mM
2 & |— 0.01mM
g 56 0.05 mM
°s 0.1 mM
TSI 4 0.5 mM
—— — \
g RS ) I\
52 7

o \

O T T T
400 450 500 550 600
n=>5: PDI-H Wavelength (nm)

Figure C.2 — UV-vis of PDI-H in DMF at different concentration showing aggregation in the
precursor solution.
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Figure C.3 — PL-intensity of the (NDI-DAE),Pbl,.

a
— (NDI-DAE-H),Pbl,
[}
[&]
C
[v]
Q
o
(7]
o)
>
400 500 600 700

Wavelength (nm)

T

XRD intensity

e T

(NDI-DAE-H),Pbl,,

10

20 30 40
20 (°)

Figure C.4 — UV-vis a) and XRD b) of NDI-DAE with a hexyl based alkane chain incorporated

into a layered perovskite structure.
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Appendix C. Appendix: Free Charge Carrier Generation by Visible Light Absorbing
Chromophore Spacer in Ruddlesden-Popper Type Perovskites

— (NDI-DAE-E),,Pbl,,
— (NDI-DAE-B),Pbl,,

Absorbance

m = 1: NDI-DAE-E
m = 3: NDI-DAE-B
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Figure C.5 — UV-vis of NDI-DAE with a ethyl based alkane chain.
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Figure C.6 — UPS spectra of NDI-DAE chromophore spin-coated on FTO coated glass substrate.
EHOMO =-6.08 eV.

C8



a 0 b 10
5
= E uror = 1741 €V T
£ 40- < 8]
) 3
o 301 © 64
o o
= 204 >
2 2
G 10- G
IS =
0

. : ; . 0 ; ; . ; .
20 19 18 17 16 15  3.00 2.75 2.50 2.25 2.00 1.75 1.50
Binding energy (eV) Binding energy (eV)

Figure C.7 — UPS spectra of (BA),Pbls chromophore spin-coated on FTO coated glass substrate
Eyp=-5.76 eV.
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Figure C.8 — UPS spectra of (BA),PbBr, chromophore spin-coated on FTO coated glass substrate
Eyp=-6.14¢eV.

UPS Spectroscopy

HOMO and VB energy levels were determined based on Ecy;—of ¢ and Eperm;: 22V

EHOMO:21-22_Ecutoff+EFermi (C.1)
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Appendix C. Appendix: Free Charge Carrier Generation by Visible Light Absorbing
Chromophore Spacer in Ruddlesden-Popper Type Perovskites
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Figure C.9 — XRD of NDI-DAE-I, NDI-DAE-mix and NDI-DAE-Br.
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Figure C.10 — PL emission of (NDI-DAE),Pbl; when excited at 480 nm.
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Appendix C. Appendix: Free Charge Carrier Generation by Visible Light Absorbing
Chromophore Spacer in Ruddlesden-Popper Type Perovskites
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Figure C.14 — 'H-NMR of PDI-H-Boc (top), 3C-NMR of PDI-H-Boc in CDCl; (center), and
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Appendix C. Appendix: Free Charge Carrier Generation by Visible Light Absorbing
Chromophore Spacer in Ruddlesden-Popper Type Perovskites
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Chromophore Spacer in Ruddlesden-Popper Type Perovskites
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Appendix D

Appendix: Conclusion and Outlook —
Synthesis of a High-Dipole Spacer

Cation

Introduction

The application of layered perovskite materials is hampered by the quantum and dielectric
confinement effect, resulting in strong exciton binding energies and anisotropic charge carrier
properties. Recent reports suggest that high-dipole spacer cations can help charge separation
in quasi-layered perovskites. For example, Queloz ef al. suggested the formation of a charge-
separated state in the inorganic layer indicated by a strong photoinduced stark effect. (11!

The effect of the spacer cations dipole moment on the exciton binding energy and free
charge-carriers remains unknown. In order to investigate the effect of the spacer cation’s dipole
moment, we focus on simple single-quantum well 7 = 1 layered perovskite systems on thin films
and incorporated a novel phenylammonium-based spacer cation into the layered perovskite
structure. The structure of the spacer cation is displayed in Figure D.1. The attached malononi-

trile group induces a strong dipole moment of 7.8 D.

.
NZ NH3

Figure D.1 — Chemical structure of the investigated MN-PEA spacer cation and calculated dipole
moment of the MN-PEA core.

As LHOIP materials show strong orientation where the inorganic layer lies parallel to the sub-
strate, lateral photoinduced conductivity is measured by fp-TRMC so study the charge carrier
separation efficiency. Thereby the time decay of the transient signal and the peak signal intensity
can be taken as a measure for the charge carrier separation process.

Results and data presented in this section are used for future publication under preparation.

D1



Appendix D. Appendix: Conclusion and Outlook — Synthesis of a High-Dipole Spacer
Cation

Synthesis and Characterization of MN-PEA

640 mg (1.eqv.) and 170 mg Malononitrile (1.2 eqv) were transferred in a two-neck flask and
dissolved in approx. 10 ml of Ethanol. After addition of catalytic amounts of triethylamine (5
drops), the reaction mixture was refluxed at 70 °C. After 30 minutes the reaction was led cooled
down until crystal growth of needle-like crystals started. The reaction mixture was cooled at 4
°C overnight. Then, the subtenant was removed. The white crystals where twice recrystallized
from ethanol to obtain 260 mg of the desired product as white needle shaped crystals. Notably,
purification of the product by silica gel column lead to decomposition of the material on the

silica.

'H-NMR: (400 MHz, CDCl3) § 7.96 — 7.79 (m, 2H), 7.74 (s, 1H), 7.44 — 7.30 (m, 2H), 4.56 (s,
1H), 3.41 (q,J = 6.8 Hz, 2H), 2.90 (t, ] = 7.0 Hz, 2H), 1.43 (s, 9H).

I3C-NMR: (101 MHz, CDCl3) § 159.69, 155.83, 147.27, 131.11, 130.19, 129.31, 113.93, 112.80,
81.85,79.54, 41.30, 36.65, 28.41.

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for C17H19N3Na02+: 320.1369; Found 320.1362. Ele-

mental Analysis

C H N
Calculated 68.671 6.44 14.13
Found average 68.64 6.45 13.95

Standard deviation | 0.01 0.02 0.02

MN-PEA Salt Formation

To form the MN-PEA iodide salt, Boc-protected MN-PEA was dissolved in methanol, and an
excess of HI was added. After stirring the reaction at room temperature for 2h, diethyl ether was
used to precipitate the desired ammonium iodide. The product was washed multiple times with

diethyl ether and recrystallized from ethanol.

'H NMR (400 MHz, DMSO) § 8.54 (s, 1H), 7.93 (d, ] = 8.0 Hz, 2H), 7.78 (s, 3H), 7.53 (d, J =
8.0 Hz, 2H), 3.11 (dq, ] = 11.0, 5.9 Hz, 2H), 2.96 (t,] = 7.7 Hz, 2H).
13C NMR (101 MHz, DMSO) § 161.63, 144.95, 131.29, 130.41, 114.74, 113.79, 81.51, 33.55.

HRMS (ESI/QTOF) m/z: [M +1-1]* Calcd for C12H;2N3™ 198.1026; Found 198.1032
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Preliminary Results

MN-PEI was used as a spacer cation. Thin films of (MN-PEA),Pbl; were formed by mixing
MN-PEAI with Pbl, in a 2:1 ratio in DME The solution was spin-coated on a glass slide and
annealed at 100 °C for 10 minutes. The visible light absorption spectrum shows a characteristic
excitonic absorption band at 490 nm comparable to the optical features found in (PEA),Pbl, as
shown in Figure D.2 a. Thin film XRD displayed in Figure D.2 b show equidistanced diffraction
peaks corresponding to the 002 plane. Based on the first diffraction peak, the distance between
neighboring inorganic slabs were found to be 23 A compared to 16 A for (PEA),Pbl, and 16 A
for (F-PEA),Pbly Further structural information was obtained by single crystal XRD (sc-XRD).
Single crystals were obtained by vapor diffusion using dichloromethane as an anti-solvent. In
contrast to (PEA),Pbl; and (F-PEA),Pbl,, where the aromatic core of the cation are oriented
face-to-face with respect to each other, the MN-PEA cations are face-to-edge oriented in the
organic layer as shown in Figure D.2. The diffraction peaks on thin films are consistent with the
diffraction peaks as found in the single crystals indicating that the same phase is formed on the
thin film as the structure indicated by the sc-XRD.

a b
—— MN-PEA

Absorbance

350 400 450 500 550 600 650
Wavelength (nm)

Figure D.2 — a) Visible-light absorption spectrum of (MN-PEA),Pbl,. b) Orientation of the
aromatic spacer cation and (F-PEA),Pbl, based on sc-XRD.

Comparing the position of the excitonic absorption band of (MN-PEA),Pbl, with the exci-
tonic absorption band of (PEA),Pbl, and (F-PEA),Pbly, a clear shift towards higher energies
is observed. Although such a shift can arise from difference in the octahedral distortions, we
assume that the differences arises from a reduction of the exciton binding energy as the Pb-I-Pb
angle for (F-PEA),Pbl, (152.4 °) and (MN-PEA),Pbl, (152.6 °) are comparable.
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Appendix D. Appendix: Conclusion and Outlook — Synthesis of a High-Dipole Spacer
Cation

Stability of the MN-PEA Spacer Cation upon Incorporation

During the synthesis of the MN-PEA it was found that purification with silica gel lead to impure
MN-PEA product as shown in Figure D.3a. We were able to identify the side-product as the
reduced MN-PEA as displayed in Figure D.3b. This degradation product was not obtained
when the MN-PEA was purified by re-crystallization and was not found in the crude reaction
mixture suggesting that the side-product arise from the silica gel purification. To confirm that
the MN-PEA cation is not reduced in the annealing step during the thin film formation, thin
films formed were re-dissolved in DMSO-d6 and NMR was performed. The NMR does not
show any signal associated to the side-product. Moreover, thermogravimetric analysis shows
no thermal decomposition of the spacer cation up to 200 °C suggesting that the degradation

only occurs during the silica gel purification. We were not able to determine the degradation

mechanism.
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b
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Figure D.3 - NMR of the MN-PEAI cation in DMSO and NMR of the redissolved (MN-PEA),Pbl,
in DMSO.
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Effect of the Spacer Cation on the Photoconductivity

Thin film sample of various spacer cations were fabricated on quartz substrate and fp-TRMC of

the samples were measured. The resulting transients and mobilities are displayed in Figure D.4.
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Figure D.4 — a) TRMC mobilities at various absorbed photon flux after photoexcitation at 420
nm, and b) corresponding TRMC transient.

Despite similar crystal structure, TRMC shows a reduction of the photoconductivity of more than
one order of magnitude upon incorporation of MN-PEA compared to PEA and BA based spacer
cations. The TRMC decay shows a free charge carrier decay that can be fit to a mono-exponential
decay. Decay time constants are consistent with all investigated spacer cations. Although the
reduced photoconductivity observed in (MN-PEA),Pbl,; may arise from a reduction in the
mobility, the comparable structure of the inorganic layer as well as the similar free charge carrier

recombination dynamic suggest that less free charge carriers are formed upon photoexcitation.

Conclusion

While a novel high-dipole moment spacer cation was synthesized and incorporated into a
LHOIP structure we aimed to investigate the effect of the dipole moment on the optoelectronic
properties. Although the observed absorption features suggest reduced exciton binding energies,
fp-TRMC measurements indicate reduced photoconductivity of (MN-PEA),Pbl; compared
to similar spacer cations. While further investigations of the film quality and orientation are
required to exclude potential differences in the thin film quality, further experiments are required.
As such sheet conductivity measurements may further provide insight into the film quality and
film mobility. Moreover, temperature dependent PL measurements may provide a more suitable

approach to determine the exciton binding energy.
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Appendix E

Appendix: Conclusion and Outlook -
Synthesis of Isoindigo-based Spacer

Cations

Introduction

Isoindigo-based chromophore is a tunable and widely studied building block in organic elec-
tronics. For example indigo-based materials are investigated for electron-acceptors in organic
photovoltaics and are under investigation for the application in OFETs. In contrast to indigo,
isoindigo molecules have two free amine positions, that lay opposite to each other enabling easy
functionalization with an anchoring group, while the isoindigo core still absorbs visible lights.
Moreover, as well monocations as well as dications can by easily formed. In this project, the

synthesis and characterization of isoindigo-based spacer cations are demonstrated.

Isoindigo-based Quantum Well Structure

a
) b) precursor pre-annealed
—— precursor pre-annealed
—— Isoindigo-cation Isoindigo-cation
8 —— 150 °C annealed M
[ >
© =
o (2]
pe C
@] [J]
(%2} = o
a = 150 °C annealed
<
400 500 600 700 5 10 15 20
Wavelength (nm) 20 (°)

Figure E.1 — a) UV-Vis absorption spectra and b) XRD spectra of Isoindigo-based quantum well
structure.

Visible light absorption of monovalent isoindigo-based cation are displayed in Figure E.1. While

the cation absorbs light beyond 600 nm, no crystal phase formation was observed for the as-

El



Appendix E. Appendix: Conclusion and Outlook — Synthesis of Isoindigo-based Spacer
Cations

spin-coated cation. When mixing Pbl, and the spacer cation in a DMSO precursor solution, a
crystalline phase upon annealing at 150 °C is observed. In the visible light absorption spectra a
weak excitonic absorption band at 480 nm was observed. Compared to (PEA),Pbl, the excitonic
absorption band is shifted towards higher energies as observed in NDI-based and MN-PEA
based cations. Notably, annealing the as spin-coated films is required to form the crystalline
phase as without the annealing step an amorphous film is formed. Further research focus on

the optimization of the thin film formation to increas crystallinity.

Synthesis and Characterization of Isoindigo based cations

H

Boc\N,Boc Br
H
+
" K,COs, DMF

Boc\
N—Boc

A L
ol —
e el

* Boc
4a 3a

Figure E.2 - Synthetic scheme for the synthesis of Isoindigo-based dications.
A schematic description of the synthetic route is displayed in Figure E.2. The isoindigo core
is formed by a condensation reaction with isatin and oxoindole. functionalization of the free

amine can be done by attaching a dibromo alkane chain and subsequent Gabriel synthesis in
mild conditions.
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Isoindigo-dia-C4-Br (2a,n = 3)

2 g of the crude Isoindigo was mixed with 1 g of K,CO3 and dissolved in dry DME After addition
of 3 ml of 1,4-dibromobutane the reaction mixture was stirred at r.t. After 12 h the reaction
mixture was filtered to remove K2CO3. After concentration of the solvent the desired product was
obtained after purification by silica gel column chromatography. The product was recrystallized
from DCM:Hexane mixture to obtain the desired product needle-shaped crystals. Yield: 34%
'H-NMR (400 MHz, CDCl3) 6 9.16 (dd, J = 8.0, 1.2 Hz, 2H), 7.37 (td, ] = 7.7, 1.2 Hz, 2H), 7.07 (td, J
=7.8,1.1 Hz, 2H), 6.81 (dd, ] = 7.9, 1.1 Hz, 2H), 3.84 (t,] = 6.7 Hz, 4H), 3.47 (t, ] = 6.2 Hz, 4H), 2.02
—1.84 (m, 8H).

13C-NMR (101 MHz, CDCl3) § 167.93, 144.39, 133.46, 132.54, 129.99, 122.41, 121.68, 107.87, 38.98,
33.06, 29.82, 26.05.

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for Cp4Hz4Br,NoNaO?* 553.0097; Found 553.0091.
EA: Anal. Calcd for Co4Ho4BroN»O»: C, 54.16; H, 4.54; N, 5.26. Found: C, 54.10; H, 4.51; N, 5.20

Isoindigo-dia-C6-Br (2a, n=5)

Isoindigo-dia-C6-Br was synthesized following the same procedure as for Isoindigo-dia-C4-Br.
Yield 1.020 g ()

1H NMR (400 MHz, CDCl3) 6 9.17 (dd, J = 8.1, 1.2 Hz, 2H), 7.36 (td, ] = 7.7, 1.2 Hz, 2H), 7.05 (td, ]
=7.8,1.1Hz, 2H), 6.79 (dd, ] =7.9, 1.1 Hz, 2H), 3.79 (t,] = 7.3 Hz, 4H), 3.39 (t, ] = 6.7 Hz, 4H), 1.91
—-1.80 (m, 4H), 1.73 (p, ] = 7.4 Hz, 4H), 1.56 — 1.36 (m, 8H).

13C NMR (101 MHz, CDCl3) 6 168.04, 144.77, 133.68, 132.55, 130.10, 122.40, 121.84, 108.00, 40.02,
33.87,32.75, 28.01, 27.49, 26.36.

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for CogHz2BraN,NaO?* 609.0723; Found 609.0710
EA: Anal. Calcd for CygH32BraN»Os: C, 57.16; H, 5.48; N, 4.76. Found: C, 57.12; H, 5.45; N, 4.70.

Isoindigo-dia-C6-NBoc (3a, n = 5)

'H-NMR (400 MHz, CDCl3) 6 9.18 (dd, J = 8.0, 1.2 Hz, 2H), 7.35 (td, ] = 7.7, 1.2 Hz, 2H), 7.04 (td,
=7.8,1.1 Hz, 2H), 6.78 (d, ] = 7.8 Hz, 2H), 3.77 (t,] = 7.4 Hz, 4H), 3.63 — 3.47 (m, 4H), 1.81 - 1.64
(m, 4H), 1.61 - 1.54 (m, 4H), 1.49 (s, 36H), 1.37 (ddd, ] = 25.9, 11.2, 3.8 Hz, 8H).

13C-NMR (101 MHz, CDCl3) 6 167.99, 152.84, 144.82, 133.68, 132.49, 130.12, 122.32, 121.85,
107.98, 82.19, 46.46, 40.12, 29.07, 28.24, 27.61, 26.92, 26.70.

HRMS (ESI/QTOF) m/z: [M + Na]* Calcd for C48H68N4Na0f0 883.4828; Found 883.4836.

EA: Anal. Calcd for C48HggN4O1g: C, 66.95; H, 7.96; N, 6.51. Found: C, 66.97; H, 7.92; N, 6.44
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Boc N7 Boc
H
K,CO3, DMF
+ Boc—N”

Boc

Figure E.3 — Synthetic scheme for the synthesis of Isoindigo-based monocations.

Synthesis of N-Methyl Isatin

5 g of isatin was weighted in in a two-neck flask and mixed together in 5 g of K,CO3. After
establishing an argon-atmosphere, 50 ml of DMF (dry) was added. The reaction was started
upon addition of lodomethane and stirred at room temperature. After 12 hours, undissolved
K»CO3 was decanted and the reaction mixture was concentrated. After redissolving the solid
in DCM, remaining K,CO3 was removed by extraction with water. The organic phase was
concentrated and the pure product was obtained after flash column chromatography. Yield:
80%

'H-NMR (400 MHz, CDCl3) 6 7.60 (t, ] = 7.7 Hz, 2H), 7.12 (td, ] = 7.5, 0.9 Hz, 1H), 6.93 - 6.86 (m,
1H), 3.25 (s, 3H).

13C-NMR (101 MHz, CDCl3) 6 183.47, 158.37, 151.60, 138.53, 125.41, 123.97, 117.59, 110.05, 77.48,
77.16, 76.84, 26.35

HRMS (LTQ-Orbitrap) m/z: [M + H]* Calcd for C9H8NO; 162.0550; Found 162.0547.
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Synthesis of N-Methyl-Isoindigo (1)

2 g N-Methylisatin and 2 g of was refluxed at acetic acid for 2 h. Then the reaction mixture was
quenched by Addition of water. The precipitate was filtrated and dried. The obtained 3.5 g of

purple solid was used without any further purification.

Isoindigo-mono-C4-Br (2a,n = 3)

3 g of Isoindigo precursor (1) and 5 g of K, CO3 were weighted into a two-neck flask and dissolved
in 40 ml of DMF (dry). An excess (4 ml) of 1,4- dibromobutane was added and the reaction was
stirred at room temperature for 12 h. After filtration of the excess K,CO3 and concentration of
the reaction mixture, the crude was redissolved in DCM and extracted 3x with water. The organic
phase was collected and the pure compound was obtained by flash column chromatography
using DCM:Hexane as evolving eluent. (Yield: 49 %) 'H-NMR (400 MHz, CDCl3) 6 9.19 (ddd, ] =
17.3,8.1, 1.2 Hz, 2H), 7.37 (tdd, ] = 7.7, 3.3, 1.2 Hz, 2H), 7.07 (td, ] = 7.8, 1.1 Hz, 2H), 6.84 -6.75
(m, 2H), 3.83 (t,] = 6.7 Hz, 2H), 3.47 (t,] = 6.1 Hz, 2H), 3.29 (s, 3H), 2.02 - 1.84 (m, 4H).

13C-NMR (101 MHz, CDCl3) § 168.11, 145.43, 144.47, 133.78, 133.39, 132.64, 132.55, 130.16,
129.97, 122.57,122.53, 121.86, 121.71, 107.94, 107.85, 39.11, 33.20, 29.98, 26.29, 26.19.

Isoindigo-mono-C6-Br (2b, n = 5)

Isoindigo-mono-C6-Br was synthesized according to the same procedure as Isoindigo-mono-
C4-Br

'H-NMR (400 MHz, CDCl3) § 9.24 - 9.15 (m, 2H), 7.37 (tdd, ] = 7.6, 6.2, 1.2 Hz, 2H), 7.06 (tdd, J =
7.8,4.5,1.1 Hz, 2H), 6.79 (d, ] = 7.8 Hz, 2H), 3.79 (t, ] = 7.3 Hz, 2H), 3.39 (t, ] = 6.7 Hz, 2H), 3.29 (s,
3H), 1.86 (p, ] =6.9 Hz, 2H), 1.74 (p, ] = 7.5 Hz, 2H), 1.55 - 1.44 (m, 2H), 1.42 (dd, ] = 10.6, 5.1 Hz,
2H).

I3C-NMR (101 MHz, CDCl3) § 168.02, 167.90, 145.25, 144.61, 133.50, 132.43, 132.36, 129.98,
129.85, 122.43, 122.26, 121.71, 121.61, 107.83, 107.68, 39.88, 33.73, 32.61, 27.87, 27.35, 26.22,
26.15.

HRMS (ESI/QTOF) m/z: [M + H]* Calcd for C23H,4BrN,O?* 439.1016; Found 439.1017.

Isoindigo-mono-C4-NBoc (3a, n = 3)

2 g of 2a, 3 g of Gabriel-reagent and 5 g of K2CO3 were dissolved in 40 ml of Dimethylfor-

mamide The reaction as stirred at room temperature for 12 hours. After filtration of the excess of
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K2COg3, the reaction mixture was concentrated and purified by column chromatography using
DCM/Ethyl acetate as evolving eluent (Yield: 82%) I'H NMR (400 MHz, CDCl3) 6 9.19 (ddd,
J=7.6, 6.1, 1.2 Hz, 2H), 7.36 (dtd, J = 10.5, 7.7, 1.2 Hz, 2H), 7.11 — 7.00 (m, 2H), 6.80 (dd, J =
11.2, 7.8 Hz, 2H), 3.81 (s, 2H), 3.62 (s, 2H), 3.29 (s, 3H), 1.70 (s, 4H), 1.48 (s, ] = 3.5 Hz, 18H).
HRMS (nanochip-ESI/LTQ-Orbitrap) m/z: [M + Na]* Calcd for C3;H37N3NaO[ 570.2575; Found
570.2559.

EA: Anal. Calcd for C31H37N306: C, 67.99; H, 6.81; N, 7.67. Found: C, 68.03; H, 6.71; N, 7.65.

Isoindigo-mono-C6-NBoc (3b, n =5

'H-NMR (400 MHz, CDCl3) § 9.20 (ddd, ] = 8.0, 2.7, 1.2 Hz, 2H), 7.36 (qd, J = 7.6, 1.2 Hz, 2H), 7.06
(tdd,J=7.8,5.2, 1.1 Hz, 2H), 6.87 - 6.70 (m, 2H), 3.77 (t, ] = 7.4 Hz, 2H), 3.64 — 3.48 (m, 2H), 3.29
(s, 3H), 1.71 (p, ] = 7.7 Hz, 2H), 1.63 — 1.55 (m, 2H), 1.49 (s, 18H), 1.44 - 1.29 (m, 4H).

I3C-NMR (101 MHz, CDCl3) 6 168.18, 152.85, 145.36, 144.84, 133.72, 132.51, 130.10, 130.03,
122.55, 122.33, 121.84, 121.77, 107.99, 107.79, 82.20, 46.46, 40.12, 29.07, 28.24, 27.60, 26.93, 26.70,
26.28.

HRMS (APPI/LTQ-Orbitrap) m/z: [M]+ Calcd for C33Hs1 N30¢ 575.2990; Found 575.3000.

EA: C31H37N306: C, 67.99; H, 6.81; N, 7.67. Found: C, 68.03; H, 6.71; N, 7.65.

E6



Appendix F

Appendix: Conclusion and Outlook
-Incorporation of Organic-Charge
Transfer Complexes in the Organic

Layer

O, N O

O

NDI —

NDI pyre:]e pyrene

pyrene

Figure E1 — Formation of organic charge-transfer complex in solution formed by naphthalene
diimide and pyrene and naphthalene diimide:pyrene (1:1 molar ratio, center) in DCM.

Synthesis of TCBQ-Naphthalene organic charge-transfer complex lay-

ered perovskites

TCBQ-naphthalene organic charge-transfer complexes in the organic slab of a LHOIP were
reported by Passarelli et al.. 4% naphthalene-C3-I, and Pbl, were dissolved in 1:1 DMF/DMSO
to obtain a solution containing 1.0 M naphthalene-C3-I and 0.5 M Pbl,. This solution was used to
dissolve ,4,5,6-tetrachlorocyclohexa-3,5-diene-1,2-dione (TCBQ), resulting in a second solution
with the stoichiometric formula (naphthalene-C3-1),Pbl;+x(CgClsO2) where x = 1. Solutions

1 and 2 were used to prepare the precursor solutions of the general formula (naphthalene-C3-

F1



Appendix E Appendix: Conclusion and Outlook -Incorporation of Organic-Charge Transfer
Complexes in the Organic Layer

1)2Pbl4+x(CgCl4O2) withx =1, 0.8, 0.6, 0.4, 0.2, and 0.0. The film were formed by spin-coating the
solutions on freshly cleaned quartz slides at 2000 rpm for 30 seconds and subsequently annealed
at 100 °C for 10 minutes.
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Figure E2 — a) UV-vis absorption spectra and b) XRD TCBQ-Naphthalene organic charge-transfer
perovskites following the same synthetic conditions as ref. 149.

Synthesis of Naphthalene-C3-Boc and formation of organic charge-transfer

complexes
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Figure E3 —a) TRMC transient of TCBQ charge transfer after photoexcitation at 420 nm, and b)
mobilities for x = 1.0 under assumption ¢ = 1.
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Synthesis of Naphthalene-C3-Boc

Naphthalene-C3-Boc was synthesized based on an addapted procedure reported by Passarelli et
al.; 148!

1 g (6.9 mmol, 1 eqv.) of 1-naphtol was mixed with around 5 g of potassium carbonate, and 3 g
of 3-(Boc-amino)-propyl bromid and dissolved in a round bottom flask in DMF (dry). After es-
tablishing an argon atmosphere, the reaction mixture was heated to 100 o and stirred overnight.
After 12 h, the organic solvent was evaporated, and the crude was redissolved in DCM and
washed 3x with water. The desired product was obtained after purification by silica gel column

using DCM:Hexane (7:3 v/v) as evolving eluent in good yields (60 %).

The Desired iodide salt was obtained by dissolving naphthalene-C3-Boc in a minimal amount of
methanol and subsequently adding a HI (57% in water). After stirring the solution for 1 hour,
diethyl ether was added, and the precipitate was obtained after centrifugation. The solid product
was washed multiple times with diethyl ether and subsequently dried on a high-vacuum for 10

hours.
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Figure E4 — '"H-NMR of Naphthalene-C3-Boc in CDCl;.
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Figure E5 — 13C-NMR of Naphthalene-C3-Boc in CDCl3(top), and ' H-NMR of Naphthalene-C3-
salt in DMSO-d6 (center), and '*C-NMR of Naphthalene-C3-salt in DMSO-d (bottom).
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