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Chapter 1

Perovskites are a class of materials that share a name and a crystal structure with the mineral
CaTiO,, which was discovered in 1839. In 2009 it was first reported that metal-halide
perovskite materials could be used as the light-harvesting material in dye sensitized solar
cells.! In the decade that followed, metal-halide perovskite have become one of the hottest
topic in solar-cell research*? as well as for other semiconductor applications such as light
emitting diodes,* Lasers® and x-ray detectors.® In the same time thin film solar cells have
replaced dye sensitized solar cells as the design of choice for metal-halide perovskites
and the efficiency has risen from 3.8% in 2009* to 25.2% in 2020.” That is close to what
is achievable with single crystal silicon cells. There are several properties that make
perovskites as efficient light absorbers as they are, for instance high absorption coefficient,
high tolerance to defects, high static dielectric constant, high charge carrier mobility along
with long lifetime and long diffusion length of the charge carriers.**

The obstacles that remain for perovskite solar cells lie in their environmental instability
and the toxicity of lead which is present in majority of metal-halide solar cells. A lot of
attention has been allocated to these problems. For instance, in the case of the toxicity
problem researcher have tried to substitute lead with tin"' or by a mixture of two different
cations for instance silver and bismuth, resulting in so called double-perovskites.'? To tackle
the environmental instability problem many different approaches have been explored,
including encapsulating the material to protect from air and moisture."”* However, another
approach is to make a layered two-dimensional (2D) perovskite structure with large
organic cations that protect the inorganic layer," these two-dimensional structures will be
discussed in more detail later in this chapter.

1.1 Structure of three-dimensional metal halide perovskites

The general structural formula for perovskites is given by ABX,, where A is a monovalent
cation, B is a divalent cation and X is a monovalent anion. The crystal structure is
characterized by an arrangement of corner-sharing [BX ]* octahedra forming an
inorganic lattice. The A-cations occupy the spaces formed by eight neighboring octahedra,
as is shown in Figure 1.1. This means that there are strict size-requirements for the A-site
cation in order to fit inside the structure, which are described by Goldsmith’s tolerance
factor (Equation 1.1)."”* In Equation 1.1 r,, r, and r, are the ionic radii of the A, Band Xions
respectively and t is a dimensionless number. If t is larger than 1 the A cation is too large
for the space in-between the octahedra and a stable three-dimensional (3D) perovskite
structure cannot be formed. In practice, because of these size-limitations, the choice of
the A cation is very limited in three-dimensional perovskites. In fully inorganic halide
perovskites usually a Cs* is incorporated, while in hybrid organic/inorganic perovskites
the small A-cation is usually either methylammonium (MA) or formamidinium (FA). For
the B-cation, Pb** is the most common choice as the most efficient solar cells included
lead-based hybrid perovskites. The X anion is usually a halide, either I', Br or CI.

T+ 1y

V2(rg 4+ 1y) 1.1

Perovskites usually deviate from the ideal cubic structure depicted in Figure 1.1, where
the octahedral tilting angles can deviate. The phase behavior of several perovskites has
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Figure 1.1. The perovskite crystal structure. Reproduced with permission from ref. Published by
The Royal Society of Chemistry.

been very well characterized. For example, for MAPbI, the (average) structure is cubic
at high temperature (> 327 K), but becomes tetragonal at room temperature, while an
orthorhombic structure is obtained at low temperatures (< 162 K)."” These structural phase
transitions keep the overall corner-shared structure intact, but the geometric deviations
have important implications for the electronic properties.'® An interesting aspect of these
phase transitions is that they can be accompanied by substantial changes in the rotational
freedom of the A-cation. In MAPbI, the MA cation can rotate more or less freely at
room temperature and above, however at temperatures below the phase transition to the
orthorhombic structure the orientation becomes fixed."” The structure and dynamics of
three-dimensional perovskites are discussed in detail in Chapter 2 of this thesis where
molecular dynamics simulations on MAPbI, and FAPbI, are reported.

1.2 Structure of two-dimensional metal halide perovskites

As mentioned above, the size requirements imposed by Goldsmith’s tolerance factor
severely limit the range of A-site cations that can be included to obtain a lattice of three
dimensionally connected [BX ]* octahedra. However, it has been shown that the inclusion
of muchlarger organic cations, such as butylammonium is possible, leading to the formation
of two-dimensional layers of corner-shared octahedra, separated by layers of the organic
cations, as shown in Figure 1.2." In addition, it is possible to only replace a fraction of the
small (organic) cation by large organic cations, which leads to multi-layered structures
where multiple layers of [BX ]* octahedra are separated by the large organic cations,
see Figure 1.2.° The general chemical structure formula for these materials becomes
LA B X,  ,whereListhelarge organic cation containing an ammonium group to attach
to the inorganic layers. In the majority of studies on two-dimensional perovskites, the
large organic cation is either butylammonium (BA) or phenylethylammonium (PEA). 2D
perovskites with a variety of larger organic cations have also been synthesized, including
longer aliphatic chains such as hexyl- and octylammonium** and large conjugated
molecules.** Examples of molecules that have been employed as the L-type cation in 2D
perovskites are shown in Figure 1.3.
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Figure 1.2 Structure of two-dimensional perovskites with varying number of inorganic octahedra
layers. (a) One layer of octahedra, n = 1. (b) Two layers of octahedra, n = 2. (c) Three layers of
octahedra, n = 3.

An interesting feature of 2D hybrid perovskites is the high tunability of their chemical
and physical properties. This can be achieved by exchanging the large organic cation,
by exchanging the halogen® or by introducing both large and small organic cations and
controlling the thickness of [A_|B X, _]* slabs through the value of n.*** Adjusting these
factors has a large effect on the electronic properties of the materials, as is discussed in
the next session. It has also been shown that larger aromatic organic cations protect the
inorganic perovskite layer better from air and moisture than smaller aliphatic ones.**

Thin films of 2D perovskites are solution-processable and exhibit a higher stability than
3D perovskites under ambient conditions.*"** Highly efficient solar cells (PCE of 12.5%)*
and LEDs* (EQE of 8.8%) have been reported recently. They also offer the possibility of
combining the higher efficiency of the 3D perovskite and the increased environmental
stability of the 2D perovskite through tandem solar cells.”” The 3D perovskite is then
responsible for majority of the light absorption while the 2D perovskite is placed on the
top of the absorbing layer protecting it from air and moisture. The structure and dynamics
of two-dimensional perovskites is discussed in Chapters 3 and 4 where molecular
dynamics simulations are performed on perovskites with varying value of n and different
large organic cations.

1.3 Electronic properties

The band structure of halide perovskite materials is complicated and there are several
fundamental aspects that have not been unanimously established. For instance, the nature
of the band gap, direct versus indirect, is a subject of considerable debate.*® The electronic
structure of the most common halide perovskites is almost exclusively determined by the
inorganic metal halide framework. For lead halide perovskites the valence band maximum
is mainly made up of p-orbitals on the halide, while the conduction band minimum mainly
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Figure 1.3 Examples of molecules that have been employed as large organic cations in
two-dimensional perovskite.
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consists of p-orbitals on lead.” This means that the nature of the halide strongly influences
the band gap and hence the electronic properties.*” Exchanging the halide from iodide in
MAPbI, to bromide in MAPbBr, leads to a shift in the absorption onset from ~800 nm
to ~550 nm." The A-site cation does not directly affect the electronic structure since its
orbitals do not contribute to the valence band maximum and conduction band minimum,
but it does have a subtle effect on the structure of the lead halide framework and therefore
affect the electronic structure indirectly. For instance, the replacement of MA in MAPbI,
by the larger formamidinium (FA) results in a shift of the absorption onset to ~837 nm,"”
while replacing it by the smaller Cs* leads to an opposite shift to shorter wavelengths
(~742 nm)."” The strong effect of the nature of the halide on the electronic structure results
in a very wide band gap tunability by making so-called mixed halide perovskites in which
the bandgap can be almost continuously tuned between the band gaps of the pure-halide
materials.*

An additional handle to tune the electronic properties, apart from this compositional
tuning, is the tuning of the dimensionality. Formation of layered two-dimensional
structures results in inorganic metal-halide layers that are separated by layers of large
organic cations that generally do not contribute to the electronic properties. These
materials were extensively studied in the 1990s for their unique quantum-well structure
that enhances exciton confinement beyond predictions for ‘classical’ 2D systems.**
* This additional confinement has been attributed to the large difference between the
dielectric constants of the large organic “barrier” (~2) and the inorganic “well” (~10).**
#48 The spatial and dielectric confinement results in a much larger band gap than for
the three-dimensional analogues, for instance the two-dimensional lead halide perovskite
BA,PbI, has a band gap of 2.24 eV,*' compared to 1.53 eV for the three-dimensional
material. The quantum confinement also has direct consequences for the nature of the
excited states in the material. In three-dimensional halide perovskites photoexcitation
directly results in the formation of free charges as a result of the very low exciton binding
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energy for which estimates range from a few to a few tens of meV. For two-dimensional
materials the exciton binding energies are much larger, typically a few hundreds of meVs.
This leads to the generation of bound and long-lived (Wannier-Mott) excitons, which
renders these materials good candidates for photo-luminescent applications such as
lasers and light emitting diodes (LDs and LEDs),*** nonlinear optical®' and polaritonic
devices.”>* However, in many cases they exhibit inefficient luminescence at room
temperature possibly due to thermal quenching of the excitons or strong exciton-phonon
interactions.’ *"¢' As discussed above, combining the small A-type and the large L-type
cations in appropriate ratios can lead to the formation multi-layer structures. It has been
shown that the band-gap of the material is very sensitive to the thickness of the inorganic
layers between the organic ‘spacer’ layers.?®*' It was shown in a recent study that also the
exciton binding energy can be tuned over a large range by varying this thickness.® This
results in strongly bound excitons at room temperature for the pure 2D material (Eb =
370 meV), and almost complete formation of free charges for materials with 4 inorganic
layers between the organic layers. Such multi-layer structures have been used in devices
such as solar cells (with an efficiency up to 12.5%)* and LEDs* (EQE of 8.8%) have been
reported recently. These devices were based on 2D perovskites with butylammonium and
phenylethylammonium as the bulky organic cations, respectively.

1.4 Effect of organic component on the structure of the inorganic part
In the large majority of work on two-dimensional halide perovskites the organic layer
does not contribute to the electronic structure direct since the valence and conduction
band edges are exclusively made up of orbital on the inorganic part. However, as is
clear from the replacement of MA by FA in three-dimensional perovskites, there are
pronounced indirect effects of the large organic cation on the electronic structure. For
two-dimensional perovskites these effects are a direct consequence of the structure of
the L-type cation, which determine the intermolecular interactions in the organic layer.
All L-type cations that have been considered contain an ammonium group that anchors
them to the inorganic framework. This ammonium group partially enters the inorganic
layer and takes the position that is occupied by the A-type cation in three-dimensional
structures. However, the shape and steric requirements of the organic part that is
attached to the ammonium influences for instance to what extent the ammonium can
enter the space between the metal-halide octahedra. This positioning of the ammonium
with respect to the inorganic layer has a direct effect on the structure of the inorganic
layer as it influences the twisting angles of the neighboring inorganic octahedra. A more
pronounced penetration of the ammonium into the inorganic layer was shown to lead to
a more cubic structure.®® Through these structural effects, the organic cation indirectly
affects the electronic properties as they as strongly dependent on the octahedral twisting
angles.®

The effect of the organic cation on the inorganic framework is substantially influenced
by the dynamics of the material as a whole. In the case of non-functional organic cations
such as linear alkyl chains the organic layer is rather ‘soft, leading to a large degree of
structural disorder in the organic layer, which indirectly results in distortions in the
inorganic layers.”® The effect of the softness of the alkylammonium layers results in a
complicated phase behavior of some two-dimensional perovskites, with pronounced
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changes in the structure and hence the electronic properties.?>* The extent to which the
organic layer induces static and dynamic distortions in the inorganic layer is related to the
structural rigidity of the inorganic layer itself. As is discussed in Chapter 3, multi-layer
two-dimensional perovskites lead to an enhanced rigidity of the inorganic layers, which
diminishes the effect of the organic component on the structure.

The structure and rigidity of the organic layer are to a large extent determined by
intermolecular interactions between the organic moieties attached to the ammonium.
This introduces a handle to tune the structure and dynamics of the inorganic in a subtle
way by changes in the structure of the organic cation. For example, this effect can be
expected when the linear alkyl chains are replaced by side chains containing aromatic
groups, for instance a phenyl-ring as found in PEA. This introduces the possibility of
-1 interactions that can lead to more rigidity in the organic layers, which is transmitted
to the inorganic layer that determines the electronic properties. A recent study on the
diffusion of excitons in exfoliated two-dimensional perovskites layers revealed that the
exciton diffusion length inside the layer is much larger for PEA-based based perovskites
than for the BA-based material, which was attributed to a more rigid, ordered structure
in the former material.® In Chapter 4 of this thesis the effect of introducing aromatic
L-type cations on the structure and dynamics of the inorganic layers is studied in detail by
molecular dynamics simulations.

Finally, an interesting recent direction in 2D perovskite research is the introduction of
chiral chromophores. In recent studies, it was shown that the introduction of chiral side
chains can results in circularly polarized photo-emission without the use of large magnetic
fields.”” The emission of circularly polarized light originates from the inorganic layers that
determine the electronic structure, however, the layer chiral methylbenzylammonium
cations transmit their chirality to the organiclayers, hence resulting in emission of circularly
polarized light. The limited emission efficiencies, up to ~10% are likely to be related to the
intrinsically low emission efficiency of pure two-dimensional halide perovskites as a result
of the pronounced structural disorder. More recently, it was also shown in conductive
probe atomic force microscopy measurements that these two-dimensional chiral hybrid
perovskite materials exhibit spin-polarized transport that can be influenced by changing
the handedness of the organic molecules.®® These examples show that tuning of the
structure of the organic cations can introduce new functionality in two-dimensional
perovskites in an indirect way due the relation between the structure of the inorganic
framework and the interactions in the inorganic layer.

1.5 Alignment of the inorganic layers

The structure of the organic cation not only affects the internal structure of the inorganic
layers but also the mutual alignment of these layers. As discussed above, the intermolecular
interactions between the large organic cations directly influence the structure and
stability of the inorganic layers. These interactions include the steric requirements related
to the packing of the large organic groups from neighboring layers. The most studied
two-dimensional perovskites assume a Ruddlesden-Popper (RP) type structure in which a
mono-ammonium group attaches to the inorganic layer. In the ‘prototype’ RP perovskites
that contain butylammonium or phenylethylammonium, the steric interactions between
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Figure 1.4 Schematic representation of the structure of (a) Ruddlesden-Popper perovskite and (b)
Dion-Jacobson perovskite.

the organic moieties lead to a displacement of the inorganic layers by approximately
one octahedral unit. This allows the organic chains to avoid each other or to form an
interdigitated structure, see Figure 1.4a.

When the monofunctionalized cations are replaced by di-ammonium compounds, these
steric requirements are relieved, and the large cation can attach to both of the neighboring
inorganic layers. This leads to the formation of so-called Dion-Jacobson (DJ) structures
in which the neighboring inorganic layers are stacked on top of each other without an
offset, see Figure 1.4b. Due to the bi-functional nature of the organic cation the interlayer
interactions do not depend on weak Van der Waals type interactions. The absence of such
a Van de Waals gap lead to structures that mechanically more stable, which has been
shown to result in significantly more stable solar cell devices, as shown for a propane
diamine linker between the inorganic layers.®® The DJ structure also affects the electronic
properties of the materials. Firstly, the distance between the inorganic layers can be
greatly reduced when using bifunctional cations. This leads to an enhanced electronic
interaction between the layer, which enhances charge transport in the perpendicular
direction. Secondly, the alignment itself also affects the electronic interactions. In RP
displaced structure the iodide ion that stick out of the inorganic plane form a staggered
conformation, while in the DJ structure they are exactly opposite to each other, leading
to enhance electronic interactions.®® It should be noted that a bi-functional by itself is not
sufficient for the formation of a DJ structure. If there is a longer flexible linker between the
two ammonium groups, there is sufficient freedom for the layers to obtain an offset, and
molecular dynamics simulations have indicated that there may even be phase transitions
between DJ structures and intermediate RP-D]J structures.®
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1.6 Introduction of functional organic chromophores

In the large majority of two-dimensional or quasi-two-dimensional hybrid perovskites
studied to date the large organic cations only acts as a spacer, defining the dimensionality
of the system. The HOMO-LUMO gap of these organic compounds is generally very
large and the electronic properties of the resulting materials are fully determined by
the properties of the inorganic layers. However, the organic spacer layer between the
inorganic layers offers a lot of freedom to introduce large conjugated chromophores with
a much smaller bandgap or with specific functionality. In this way, the electronic states
on the of the organic part approach those of the inorganic layers and can have a direct
contribution to the electronic structure of the material. In early work on two-dimensional
perovskites, a range of more functional conjugated ammonium cations has been explored,
most notably by the group of Mitzi, but these studies were largely restricted to structural
characterization and basic optical properties.””” In a recent paper by the Mitzi group,
short oligothiophenes have been introduced but these only have an indirect impact the
electronic structure.”

In a recent computational study it was shown that the introduction of conjugated
chromophores that are well-known from organic electronics offers a versatile way to
influence the electronic properties.” Introduction of a perylenediimide (PDI) that acts as
an electron acceptor leads to a low-lying conduction band located on the PDI molecules,
while the highest valence band remains on the inorganic perovskite layer. Alternatively,
introduction of a strong conjugated donor (BTBT, Figure 1.3) results in localization of
the highest valence band on the organic part, while the lowest conduction band is on
the inorganic layer; see Figure 1.5. The energy of the bands on the organic spacer layer
and those on inorganic perovskite layers can be tuned independently by modifying the
molecular structure of the organic or by changing the thickness of the inorganic layers,
respectively. These calculations also show that charge transport perpendicular to the
inorganic layers is several orders of magnitude smaller than intra-layer transport for
butylammonium spacers. Introduction of chromophores with energy levels close to the
conduction band minimum or valence band maximum can significantly enhance the
perpendicular transport, as reflected in the effective mass of the charge carriers. Some
initial work in this direction was reported in a very recent paper.”

The localization of the valence and conduction band edges in different parts of the
materials suggest that interlayer charge separation can occur, if the driving force for
charge separation is sufficient. As discussed above, since the exciton binding energy in the
thin two-dimensional perovskites is generally very large, very few charges are generated
on photoexcitation in the n = 1 materials. The engineering of the energy levels in the
material in this way can be an approach to strongly enhance the yield of charges formed
on photoexcitation. This is beneficial for application of these materials in solar cells or
photodetectors where charge separation is an essential first step.

Until date, reports of the formation of long-lived mobile charges resulting from charge
transfer between the organic and inorganic parts of the materials are very limited. There a
few cases where such charge separation was achieved in colloidal nanoplatelets, showing
that long-lived charges actually are formed by time-resolved spectroscopy.?” ”>7¢ In
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Figure 1.5 (a) Optimized geometry of a 2D lead-iodide-based perovskite where the organic spacer is
a conjugated BTBT donor chromophore. Band structure calculations show that the highest valence
band is located on the organic part (b) and (c), which may lead to an enhanced probability of charge
separation on illumination.

addition, it was demonstrated by time-resolved microwave conductivity experiments that
this actually leads to a long-live conductivity signal, indicating that the electron and hole
do not form a strongly bound charge-transfer state on the interface.?’

The introduction of large organic chromophores in the interlayer region can be taken
even further by adding unbound components, for instance very strong electron acceptors
such as TCNQ. In this way, it turns out be possible to incorporate classical organic charge
transfer complexes,?’” as shown by specific charge transfer absorption band in the optical
absorption spectrum. Apart from the changes in the optical absorption spectrum, it has
been shown that this also induces the formation of long-lived charges through microwave
conductivity experiments.”” These examples show that there are many possibilities to
engineer the opto-electronic properties of two-dimensional perovskites if the electronic
levels of the organic parts are taken into account.

1.7 Perovskite nanoplatelets

Recently perovskite materials have entered the “nano-world” with synthesis methods
for colloidal perovskite nanocrystals and nanoplatelets reported and optimized. Both
nanocrystals and nanoplatelets are small crystalline materials where some or all of their
dimensions are in the range of a few nanometers. While for nanocrystal all dimensions are
on the nano-scale, nanoplatelets are only restricted in one-dimension and form therefore
a two-dimensional nano-material. The thickness of the nanoplatelets can be tuned quite
easily, which allows synthesis of nanoplatelets with well-defined thickness in the order of
few octahedra layers. Because of that, these colloidal perovskite nanoplatelets can be seen
as analogous systems to the 2D perovskites discussed in previous sections of this chapter.
They have the same general structural formula, L A B X, , the only difference being
that now L represents a charged ligand that not only stabilizes the charge of the system
but also gives the system colloidal stability and enhances growth of the platelet in the
preferred direction.”® The fact that perovskite nanoplatelets can be synthesized and kept
in a colloidal solution allows often for simpler synthesis and measurements than for the

10



Introduction

a > 100 — o 410 nm / 3e+12 ph/cm®
g 80
& o
X I
X 40F - CsPbBry NPLs
~ - ~»- CsPbBrs NPLs + PDI
e 20r
I S ——
Ok 1 L L \ .
CsPbBrs; NPLs (4ML) ST STy aryrrr

Temperature (K)

Figure 1.6 (a) Schematic showing the electron and hole transfer occurring between perovskite
nanoplatelets and PDI electron acceptors. (b) Maximum photoconductivity as a function of
temperature of CsPbBr, nanoplatelets and CsPbBr, nanoplatelets + PDI hybrid on photoexcitation
at 410 nm.

2D perovskite materials. They can therefore be used as model systems for 2D perovskites.
Utilized as such we have recently shown that replacing the ligands attached to perovskite
nanoplatelets with PDI acceptor molecules it is possible to separate the charges formed
when either the PDI molecule or the nanoplatelet is excited. Furthermore, we showed
that this separation results in long lived charges (Figure 1.6).”” Similarly other groups
have also demonstrated the possibility of performing charge separation in perovskite
nanoplatelets using different kind of electron accepting ligands.””’¢ In Chapter 5 we
look into non-radiative decay pathways of perovskite nanoplatelets. It is important to
understand and minimize these non-radiative decay pathways in order to maximize their
efficiency in devices such as LEDs.

1.8 Thesis outline

The aim with this thesis is to investigate fundamental properties and processes occurring
in perovskite semiconductors, using a combination of computational and spectroscopic
methods. These properties include the structure and dynamics of individual parts of
the perovskite system at different temperatures, low temperature phase transitions and
non-radiative charge-carrier decay pathways. Understanding these properties is important
to make it easier to design devices with higher stability and efficiency in the future.

In Chapter 2 we use molecular dynamics simulations and Monte Carlo simulations to
investigate the low temperature phase transition in three dimensional perovskites. We put
special emphasis on the relation between slower rotational dynamics of the small organic
cations and the deformation of the lead-iodide cage.

In Chapter 3 we turn our attention to molecular dynamics simulations on two-dimensional
perovskites. There we investigate the effect of altering the number of inorganic lead-iodide
layers in BAMA_Pb I,  perovskites on the structure and dynamics of individual parts

11



Chapter 1

of the perovskite system.

In Chapter 4 we yet again investigate two-dimensional perovskites using molecular
dynamics simulations. In this case the number of inorganic layers is kept fixed, at a
single layer, while the large organic spacer molecule that separates the layers is altered.
The organic molecules tested differ both in their aromaticity as well as the length of their
flexible linker. This gives insight into how both aspects affect the dynamics of both the
organic molecules as well as the inorganic layer.

Finally, in Chapter 5 we experimentally investigate the non-radiative charge carrier
decay channels in inorganic CsPbBr, perovskite nanoplatelets. We use picosecond streak
camera measurements as well as nanosecond time-correlated single-photon counting
measurements to measure the fluorescence of the platelets over several orders of
magnitude in time. We furthermore look at the effect of chemically treating the platelets
with additional PbBr,.
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The Relation Between Rotational Dynamics of the Organic

Cation and Phase Transitions in Hybrid Halide Perovskites

The rotational dynamics of organic cations in hybrid halide perovskites are intricately linked to
the phase transitions that are known to occur in these materials, however, the exact relation is not
clear. In this chapter we have performed detailed model studies on methylammonium lead iodide
and formamidinium lead iodide to unravel the relation between rotational dynamics and phase
behavior. We show that the occurrence of the phase transitions is due to a subtle interplay between
dipole-dipole interactions between the organic cations, specific (hydrogen bonding) interactions
between the organic cation and the lead-iodide lattice, and deformation of the lead-iodide lattice in
reaction to the reduced rotational motion of the organic cations. This combination of factors results
in phase transitions at specific temperatures, leading to the formation of large organized domains of
dipoles. The latter can have significant effects on the electronic structure of these materials.

This chapter is based on: Maheshwari, S.I; Fridriksson, M. B.ll; Seal, S.; Meyer, J.; Grozema, E. C., J.
Phys. Chem. C 2019, 123 (23), 14652-14661
|| These authors contributed equally to this work



Chapter 2

2.1 Introduction

Hybrid halide perovskites are currently among the most studied emerging solar cell
materials, with reported device efficiencies well over 20% approximately ten years after the
first demonstration of a halide perovskite-based cell.'* Hybrid halide perovskites consist
of a general ABX, structure where B is a doubly charged metal ion such as lead or tin and
X is a halide anion. A is a singly charged cation that, in the case of hybrid perovskites, is an
organic ammonium compound such as methylammonium (MA) or formamidinium (FA).
The metal and the halide ions together form an inorganic octahedral lattice with cages that
are filled by the organic cations. The most common organic cation, methylammonium, has
an asymmetric charge distribution resulting in a net dipole moment. At room temperature,
the dipolar MA cation can rotate almost freely inside the metal-halide lattice. This leads
to a high dielectric screening compared to halide perovskites with non-dipolar cations
such as Cs*.* It has also been proposed that the dipolar nature of MA plays an important
role in the opto-electronic properties of hybrid halide perovskites, for instance through
the formation of ferro-electric domains that promote formation of free charges on photo
excitation or through polaronic effects that enhance the charge carrier lifetime.* The
rotational freedom of MA has been found to be highly dependent on temperature and
specific phase transitions are known to occur. For instance, methylammonium lead iodide
(MAPDI) has a cubic structure at temperatures above 330 K, in which the MA can rotate
freely. Between 170 K and 330 K a tetragonal phase is formed, in which the rotational
motion is somewhat restricted. At temperatures below 170 K an orthorhombic phase is
present where the rotational motion is fully absent.” In previous experimental work it
has been shown that the rotational freedom of the organic cation has a direct effect on
the mobility and recombination kinetics of charges in MAPbL.® Therefore, the rotational
dynamics of organic cations in hybrid perovskites has received considerable attention,
both experimentally and theoretically.*'? However, the relation to the phase behavior,
and its effect on the opto-electronic properties of hybrid halide perovskites is not fully
understood.

Most of the previous work has focused on the rotation of the MA ion in MAPDI as
this is the most investigated of the hybrid perovskites in solar cells. Experimentally
this includes solid-state NMR measurements,’ single crystal x-ray measurements,"
Raman spectroscopy' and quasielastic neutron scattering.'” Theoretically, Monte Carlo
simulations have been performed,>'* as well as density functional theory studies'*'® and
both ab initio molecular dynamics'** and model potential molecular dynamics.'* 22!
Most of these studies agree that at high temperatures the MA ion rotates freely without
forming any ferroelectric or anti-ferroelectric domains, while below a certain phase
transition temperature an orthorhombic phase is formed where the dipole rotation is
frozen. The cause and effect relationship between the dipole dynamics and the phase
transition is not fully understood. While most argue that the transfer to orthorhombic
phase is the source of the restricted motion of the MA ions, some have suggested that the
deformation of the lead iodide cage is caused by formation of ordered domains of dipoles
at low temperatures.'

For formamidinium lead halide perovskites (FAPbI) there is a lot less information. The FA
cation is larger than MA, which may restrict its rotational motion by steric interactions.
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It also has an almost negligible dipole moment and it contains two nitrogen positions
including hydrogens that can form hydrogen bonds with the lead iodide cage. FAPbI
exhibits a high temperature cubic perovskite structure? and a low temperature structure
with octahedral tilting.”® Carignano et al. have performed ab initio molecular dynamics
simulations on FAPbI and reported that at high temperatures there are preferential
alignments of the FA ion due to hydrogen bonds with the cage.” They also concluded that
FA rotates preferentially around the N-N axis, which has later been supported by other
studies.”?* Weber et al. reported that FA shows a certain ordering at low temperature
where they align perpendicular with respect to their nearest neighbor do to the angle tilt
of the cage.”

The time scale of the reorientation of the organic cation has been studied both
theoretically and experimentally for both MAPbI and FAPbI with varying conclusions.?
Experimentally, methods such as neutron scattering experiments, two-dimension infrared
spectroscopy and solid state NMR have been employed, giving timescales of reorientation
for MA ranging from 1.7 ps to 108 ps at room temperature>® ' 2>22 and 2.8 ps to 8.7
ps for FA at same conditions.” 2% %3 A few papers have studied both MAPbI and FAPbI
and therefore given a direct comparison of the timescales. Fabini et al. found timescales
of similar magnitude for MA and FA, 7 ps and 8 ps respectively.”® Kubicki et al. on the
other hand found FA to reorient much faster than MA, 8.7 ps and 108 ps respectively.”
Theoretically molecular dynamics simulations have also been performed to investigate the
motion of the organic cation, either by ab initio dynamics or using classical force fields.
From such simulations a reorientation time of approximately 7 ps has been obtained for
MA at room temperature'”'>?! and values of 4.3 ps** and 8.8 ps® for FA at same conditions.

In this chapter we have studied the relation between the reorientation dynamics of MA and
FA in MAPbI and FAPbI and their phase transition behavior. Apart from just performing
full molecular dynamics simulations, we have also performed a series of model calculations
to clarify the role of specific interactions in the system. These model calculations include
on-lattice Metropolis Monte Carlo simulations to study domain formation in a system
with only dipole-dipole interactions and molecular dynamics simulations with a frozen
cage. Together, these calculations give a new picture of the origin of the structural phase
transitions in hybrid perovskites, which shows that they are caused by an interplay between
dipole-dipole interactions, specific (hydrogen bonding) interactions between the organic
cation and the inorganic cage and deformation of the metal halide cage.

2.2 Methods

2.2.1 Molecular dynamics

The molecular dynamics (MD) simulations were performed on a super cell of 10x10x10
unit cells with periodic boundary conditions for MAPbI and FAPDI. The system size was
chosen to access better statistics and independence of motion of dipoles in different parts
of the system. Initial configuration was selected as cubic both for MAPbI and FAPbI with
lattice constant of 6.21 A for MAPbI and 6.36 A for FAPbI as observed experimentally
at higher temperatures for both of these materials.>** The force field for the interatomic
potentials was adopted from the work of Mattoni et. al.'* The interactions in the force
field are defined in form of three components i) inorganic-inorganic(U,), ii) inorganic-
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organic(U, ) and iii) organic-organic(U_) interactions. The U, and U, are non-bonded
interactions which are defined in terms of Buckingham and Lennard-Jones parameters that
take into account electrostatic and Van der Waals interactions respectively. U interactions
are defined as bonded interactions with parameters for bond stretching, angle bending
and dihedral rotations for the organic cations. These parameters were obtained from the
CHARMM force field using the Swiss-Param tool.*'** MD simulations were performed
using the LAMMPS molecular dynamics simulation package.” The equations of motion
were evaluated using time step of 1 fs and a cutoff of 17 A for Lennard-Jones interactions
and 18 A for the Coulombic interactions. Simulations were performed in a sequence of
three steps in which first step was annealing of system with an initial configuration of
ordered orientations of MA/FA molecules. The annealing was performed from a higher
temperature to the temperature required for the system over 3 nanoseconds. The second
step was the equilibration of the system at the required temperature until the energy
of system comes to an equilibrium. The third step was the production run from which
a trajectory file covering 100 ps was obtained. The rotational dynamics of the organic
cations in MAPDI and FAPbI were analyzed by examining the rotational autocorrelation
function (ACF) as defined in Equation 2.1 in terms of the unit dipole vectors # of the MA
and FA cations. For MA this vector coincides with the C-N axis, while for FA it is along
the C-H bond. The N, represent the number of MA or FA ions respectively in the system
and the N is the number of initial time (t ) considered in the calculation.
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The ACF gives a measure of how fast the orientations of the organic cations change with
time. By definition the starting value of the ACF is one and decays to zero on average once
the direction of the dipole has become completely random.

2.2.2 Monte Carlo

The Metropolis Monte Carlo (MC) simulations were performed on a system consisting of
20%20x%20 dipoles on a fixed grid with periodic boundary conditions. A cubic structure is
assumed for all temperatures with a lattice constant of 6.29 A. The only energy considered
in the simulation is the (electrostatic) dipole-dipole interaction given by Equation 2.2.
In this equation, p, and p, are the dipole moment vectors for both dipoles considered, r
is the distance between the dipoles and # is a unitary directional vector between the two
dipoles. Permittivity of vacuum is assumed, ignoring any dielectric screening. This will
lead to some overestimation of dipole-dipole interaction compared to physical systems.
Only interactions between dipoles that are within three lattice distances of one another
are considered. This is a reasonable assumption since the interaction energy is inversely
proportional to the third power of the distance. The simulations were performed for both
MA and FA dipoles at temperatures ranging from 100 K to 350 K with a 10 K interval.
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2.2.3 Domain detection

The domain detection aims to quantify how ordered or disordered the organic cations are
at various temperatures in the MC and MD simulations based on dipole-dipole interaction.
It does so by ordering all the dipoles in a simulation snapshot on a fixed grid and choosing
a random dipole in the system. This dipole is the first dipole in the first domain. Next
we evaluate which, if any of the six closest neighbors of the dipole belong in the same
domain. This is done by comparing the orientations of those dipoles with the orientations
that would minimize the dipole-dipole interaction energy between each of them and our
first dipole. If their orientation is close enough to this minimum energy alignment they
are added to the domain. The domain is then allowed to grow by evaluating the neighbors
of the dipoles that were added to the domain. When all appropriate dipoles have been
added to the domain the process is repeated considering all the dipoles in the system that
have not been assigned to a domain. Finally, when all the dipoles have been assigned to
a domain the average domain size is calculated. A large average domain size will then
represent a more ordered system than a small one.

2.3 Results and discussion

Molecular dynamics and Monte Carlo simulations were performed both for MAPbI and
FAPDI and we have subdivided the discussion in two parts. First we discuss the dipole
dynamics and phase transitions in MAPbI, after which we turn to FAPDbI. The results
in both materials are compared and some general conclusions are presented after these
sections.

2.3.1 Methylammonium lead iodide (MAPDbI)

From the molecular dynamics simulation of MAPbI, a trajectory of 100 ps is obtained
after equilibration of the system. The ACF over these 100 ps, averaged over the 1000 MA
dipoles in the system is shown in Figure 2.1a for temperatures between 100 K and 350 K.
The ACF plots show the randomization of the direction of the dipole moments with time.
At lower temperatures (100-250 K) the ACF plots show a different trend than those at
higher temperature. After an initial rapid decay, an almost constant value is obtained,
indicating that no full randomization of the dipole direction occurs on the timescale of
the simulations. The rapid initial decay corresponds to a wobbling-like motion where the
dipolar molecule can move around in a cone but does not have enough rotational freedom
for complete reorientation. The more pronounced initial decay at 150 K and 200 K, as
compared to that at 100 K indicates that the cone in which movement takes place widens
with temperature. In order to quantify the timescale of dipole relaxation times, the ACF
curves were fitted with a bi-exponential function given in Equation 2.3. A and A, are the
amplitudes of the two decay components characterized by the decay times T, and t,. The
two time constants can relate to different processes, e.g. the in-place wobbling motion
and the full reorientation mentioned in the introduction. The parameters from fitting
Equation 2.3 are summarized in Table 2.1.

y= Al . e_t/'rl + A2 . e_t/rz 2.3
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Figure 2.1 ACF for MAPDI. (a) ACF of the dipole direction averaged over 1000 dipoles for MA cations
in a flexible lead iodide cage at temperatures ranging from 100 K to 350 K. (b) ACF of the dipole

direction averaged over 1000 dipoles for MA cations in a frozen lead iodide cage at temperatures
ranging from 100 K to 350 K.

At temperatures of 250 K and lower, two very distinct timescales are found from the bi-
exponential fit, a fast one that is typically in the order of 2.5 ps, and a very slow one
that exceeds the time scale of the simulations. The fast initial decay corresponds to the
in-place wobbling of the MA dipole, while the long-time decay corresponds to the full
reorientation. The long-time decay constant of 450 ps and longer for these temperature
indicate that the dipole orientation is virtually fixed on the time scale considered. Above
250 K the ACF curves completely decay to zero within = 5 ps. This indicates that at this
temperature range, MA dipoles have full rotational freedom and behave almost liquid-like.
At these temperatures the decay of the ACF can be described with a single exponential
function with characteristic time constants of 0.5 - 2.0 ps. It is interesting to note, that at
these temperatures, no distinction can be made between the wobbling motion and full
reorientation. If the 300 K time constant is compared with previous experimental and
theoretical work the full reorientation is slightly faster than in most cases but is still of
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Table 2.1 ACF decay time constants for MA in picoseconds obtained after fitting the decay curves
in Figure 2.1 using Equation 2.3. 1, corresponds to the faster decay time whereas 1, corresponds to
the slower decay time constant.

Flexible cage Frozen cage

T (K) T (ps) (A1) . (ps) (AD . (ps) (AD . (ps) (AD
100 0.12 (0.03) > 1000 (0.97) 0.42 (0.23) 38.75 (0.77)
150 2.26 (0.10) > 1000 (0.90) 1.23 (0.35) 9.54 (0.65)
200 2.62 (0.25) 739.27 (0.75) 0.27 (0.30) 3.10 (0.70)
250 2.52(0.78) 455.57 (0.22) 1.03 (1.00) -
300 0.46 (0.25) 2.00 (0.75) 0.63 (1.00) -
350 1.01 (1.00) - 0.43 (1.00) -

same order of magnitude.” These slight difference can be caused by shortcomings of the
MD force field to describe the exact temperature behavior of the structure. The observed
changes in rotational dynamics with temperature agree with experimentally observed
phase dynamics and with earlier molecular dynamics simulation.”#”

While the molecular dynamics simulations successfully describe the phase behavior in
MAPDI, at least qualitatively, the details of the relation between the dynamics of the MA
cations and the phase transition is not fully clear. We have identified three possible effects
that can play a role in this. The first is the deformation of the Pb-I cages. The reduced
rotation of MA at low temperatures can either be caused by the deformation of the cages,
or the reduced dipole rotation causes the deformation itself. The second effect is the
interaction between the different MA cations in the system, which can lead to ordered
domains with restricted rotational dynamics at low temperature. Finally, the third effect
is related to specific interactions between the MA cation and the Pb-I cage structure, for
instance hydrogen bonds between the ammonium and iodide ions. In order to clarify the
importance of these three effects, we have performed a series of model simulations that
are outlined below.

2.3.1.1 Effect of cage deformation

In order to establish the importance of the deformation of the Pb-I framework on the
rotational dynamics of the MA ions we have performed model calculations in which the
positions of Pb and I are frozen in the initial cubic conformation. In this way we can obtain
insight in the motion of the organic cations in presence of specific interactions with the
Pb-I cage and interactions with different organic cations, but in absence of deformation
of the cage. As evident from Figure 2.1b and Table 2.1, the ACF decreases faster than
for a flexible cage. The decay time of the ACF decreases uniformly as the temperature is
increased from 100 K to 350 K. No sudden change is observed in the rotation time at 200
K for the frozen cage. This shows that the rotational motion of the organic cation is highly
influenced by deformation of the Pb-I framework, especially at low temperatures.

2.3.1.2 Effect of dipole-dipole interactions

The second specific interaction we look at is dipole-dipole interactions between the
MA ions. To investigate to what extent these interactions affect the alignment of MA,
we have performed MC simulations at various temperatures. In these simulations only
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Figure 2.2 Average domain size vs temperature for methylammonium dipoles simulated with (a)
Monte Carlo only considering dipole-dipole interaction, (b) molecular dynamics with frozen lead
iodide cage, (c) molecular dynamics with flexible lead iodide cage
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the dipole-dipole interaction energy is taken into account. Therefore, any formation of
organized domains observed is solely due to these electrostatic interactions between MA
ions, and not because of cage deformation or, for instance, hydrogen bonding with iodide.
A convenient way to quantify the alignment of the MA dipolar ions with respect to each
other is to look at snapshots of the simulations and divide all the ions into domains based
on close range dipole-dipole interactions. A large domain then represents a certain long
range ordering of dipoles. In Figure 2.2a the average domain size in the MC simulations
is plotted versus the temperature. As these systems only depend on the dipole-dipole
interaction energy, lowering the temperature, forces the dipoles to align more optimally
with the other dipoles and especially their closest neighbors. This results in an exponential
increase of average domain size as the temperature approaches 100 K, while at higher
temperatures the systems is rather disordered as indicated by the smaller average domain
size. This can be interpreted as a phase transition of sorts; at the temperature where k, T
becomes comparable to the dipole-dipole interaction energy the ions align together due
to their interactions with one another.

Figure 2.2b shows the same domain detection analysis on the MA ions in the MD
simulations with a frozen cage. By comparing this to the simulations that only consider
dipole-dipole interaction, we gain insight in the relative importance of the dipole-dipole
interactions when specific interactions with the Pb-I cage are also taken into account. The
frozen cage MD simulations show a similar trend in domain growth as the MC simulations.
The increase in average domain size is however a lot smaller in this temperature range.
This shows that with a surrounding cage, the MA ions are still affected by interaction with
one another at low temperatures. However, the effect is less pronounced because specific
interactions between the MA and the cage also play a role here.

To complete the comparison, we show the average size of domains of MA ions in the
flexible cage MD simulations as a function of temperature in Figure 2.2c. These systems
show a different behavior compared to the other two. First of all, the increase of the average
domain size occurs at higher temperatures. Between 250 K and 200 K there is an abrupt
increase in the average domain size whereas, for the other systems notable increase was not
seen until at roughly 150 K. Furthermore, the nature of the increase is different compared
to the MC system. In the case of the flexible MD simulations we do not observe a gradual
exponential increase but instead an abrupt linear increase that seems to start saturating at
the lowest simulated temperature. These differences are comparable to the difference we
saw between the ACF plots for the flexible- and frozen-cage MD simulations. In the ACF
decays, an abrupt step was seen between 200 K and 250 K for flexible Pb-I cages, resulting
in less reorientation of the methylammonium ions at the lower temperature. This was not
seen in the case of the frozen cage.

2.3.1.3 Effect of specific interactions between MA and cage

Having investigated the effect of cage movement and dipole-dipole interaction, the final
step is to understand the role of specific interactions between the lead-iodide cage and MA
ion. To achieve this we have analyzed the MD simulations above in more detail, paying
specific attention to the directions of the MA ions in a single system with respect to the
lead iodide cage. This is done by plotting scatter plots with all MA directions obtained from
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Figure 2.3 Orientations of all methylammonium dipoles in a single molecular dynamics system
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flexible cage at 100 K, 200 K and 350 K. The stars in the figures represent the orientations where the
dipole is oriented directly towards an iodide.
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a single simulation snapshot. Each point is then the direction of a single ion represented
in its azimuthal and polar angles. We do this to observe whether certain ion directions
within the cage become more prominent than others as the temperature is changed. Two
different colors are used for the points to evaluate whether there is a difference between
the neighboring layers in the system. Odd number layers are portrayed by blue points and
even number layers are indicated in red. In these figures, the stars represent the directions
that correspond to an MA ion pointing directly towards an iodide atom in a cubic cage.
These plots are shown in Figure 2.3 for both MD simulations with flexible and frozen cage
at 100 K, 200 K and 350 K. Similar figures were made for the other simulated temperatures
and for the dipole-dipole MC simulations, these figures can be found in the appendix.
For the MC simulations there is no preferred MA orientation visible at any temperature.
This is not surprising as there is no cage to affect the orientation of the MA ions. So even
though the MA ions start to align favorably with one another at low temperatures and
form domains, they do not necessarily align all in the same direction. Similar trend has
been seen before in a two dimensional Monte Carlo study, where very low temperatures
where needed to align all the MA ions in a certain way."

Figures 2.3a-c show the directional ordering for the frozen-cage MD simulations at 100
K, 200 K and 350 K. At 350 K the alignment of the ions is random over the spherical
surface; the reason for higher density at central polar angles is that this is a spherical
surface projected on a rectangular graph. As the temperature is lowered to 200 K a
structure emerges, with some orientations becoming more prominent than others. At
100 K this is even stronger. Surprisingly, the most common orientations are not directed
towards iodides, as one would expect if the MA forms hydrogen bonds with the iodide.
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Figure 2.4 Hydrogen bonds. (a) The hydrogen bonds formed in MAPbI and FAPbI between the
hydrogens of amine group and iodide atoms of the cage. (b) Hydrogen bond lifetime in picoseconds
averaged for the hydrogen bonds formed for MAPbI and FAPbI.

Furthermore, no difference is seen between different layers in these simulations.

Figures 2.3d-f represent the flexible cage MD simulations at 100 K, 200 K and 350 K. Again
the alignment is random at 350 K and a more organized structure is formed when the
temperature is lowered. In this case, however, the effect is much more pronounced with
the ions aligning all in the same plane at the lowest temperature, and each adjacent layer
aligning anti-parallel to its neighbor. Within each layer there are two main orientations,
both where one would assume a hydrogen bond is formed. This is in agreement with
previous ab initio and model potential molecular dynamics studies were same alignment
was seen and attributed to the low temperature orthorhombic phase.'>

In order to get some insight on the dynamics of the specific interaction we have analyzed
the timescale on which the hydrogen bonds are broken. In this case we consider a hydrogen
bond to occur when the distance between a hydrogen and an iodide is less than 3 A. These
hydrogen bond life times are shown in Figure 2.4b as a function of temperature. It is clear
from this figure that the time that hydrogen bonds exist in MA is very short, except at
100 K where a lifetime over 10 ps is obtained. This is consistent with the large degree of
rotational freedom discussed above, even if the general direction is frozen, the wobbling
motion still allows a considerable freedom for the MA to move around.

2.3.2 Formamidinium lead iodide (FAPbI)

In a similar way as for MAPDI, full molecular dynamics simulations were performed for
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Figure 2.5 ACF for FAPbI. (a) ACF of the dipole direction averaged over 1000 dipoles for FA cations
in a flexible lead iodide cage at temperatures ranging from 100 K to 350 K. (b) ACF of the dipole
direction averaged over 1000 dipoles for FA cations in a frozen lead iodide cage at temperatures
ranging from 100 K to 350 K.

FAPDI. A trajectory of the FA cations is obtained over 100 ps after equilibration of the
system. The ACF averaged over the 1000 FA dipoles is shown as a function of time in Figure
2.5a. The simulations were performed at temperatures starting from 100 K to 350 K in steps
of 50 K. The trends observed for FAPbI exhibit substantial differences compared to those
presented above for MAPbI. The decay of the ACF shows a more gradual variation with
temperature, indicating that in the same temperature range no strong phase transitions
are observed. At 300 K and 350 K the rotation time for FA is larger than for MA as can be
seen in Table 2.2. This contradicts some of the previous experimental and theoretical work
where the rotation time for FA was of similar magnitude or smaller than for MA > -3
However, the rotation time at 350 K is already a lot faster implying that these differences
could be a result of shortcomings in the force field, as already mentioned above. In order
to unravel the different contributions to the observed rotational dynamics of FA in FAPbI
we have performed the same model calculations as for MAPDI, as described below.
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Table 2.2 ACF decay time constants for FA in picoseconds obtained after fitting the decay curves
in Figure 2.5 using Equation 2.3. 1, corresponds to the faster decay time whereas 1, corresponds to
the slower decay time constant.

Flexible cage Frozen cage
T (K) T (ps) (AD) t.(ps) (A1) T (ps) (A1) T (ps) (A1)
100 0.05 (0.02) > 1000 (0.98) 0.05 (0.04) > 1000 (0.96) 2
150 7.14 (0.08) > 1000 (0.92) 0.04 (0.06) 271.73 (0.94)
200 5.24 (0.16) 510.27 (0.84) 0.23 (0.14) 45.12 (0.836)
250 5.21(0.27) 195.40 (0.73) 0.45 (0.28) 14.21 (0.72)
300 3.41 (0.40) 52.63 (0.60) 0.31 (0.41) 6.60 (0.59)
350 0.77 (0.34) 3.62 (0.66) 0.27 (0.54) 2.89 (0.46)

2.3.2.1 Effect of cage deformation

The ACEF for the motion of FA in a fixed Pb-I cage structure is shown as a function of time
in Figure 2.5b. This figure and the rotation times in Table 2.2 show that also for the fixed
cage, a gradual decrease in the rotation times is observed with increasing temperature. No
abrupt changes due to phase transitions are formed. Comparison with Figure 2.5a shows
that cage deformation leads to overall slower dynamics, as was also the case for MAPbI,
however, the effect is not as pronounced as for MAPbI. Nevertheless, these simulations
show that the deformation of the Pb-I cage also plays a significant role in the rotation
dynamics in FAPDI.

2.3.2.2 Effect of dipole-dipole interactions

The effect of the dipole-dipole interactions on the FA alignment in FAPbI was again
evaluated by comparing the size of the ordered domains formed at various temperatures
for the three different simulation types. That is, MC simulations considering only dipole-
dipole interactions, molecular dynamics with a frozen Pb-I cages and fully flexible
molecular dynamics simulations. The average domain size for these three cases is plotted
as a function of temperature in Figure 2.6.

In the case of the MC simulations where only dipole-dipole interactions are considered
the domain size is unaffected by the temperature in the considered temperature range,
implying that the dipole-dipole interactions are not large enough to affect the ion
alignments. This is due to the much smaller dipole moment of the FA ion compared to
the MA ion. This results in dipole-dipole interactions that are much smaller than k,T at
the temperatures considered, and hence the thermal energy is high enough to prevent
the formation of domains. This implies that the phase transition in FAPbI should not be
affected by the dipole-dipole interaction of FA ions.

Interestingly, we observe an increase in domain size with lower temperatures for both
molecular dynamics systems. This results in large domains at low temperatures, especially
in the case of frozen cage. As we have excluded the possibility of a dipole-dipole effect it is
likely that this happens due to some interaction between the ion and the cage that causes
certain ion alignments to be more prominent than others.
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2.3.2.3 Effect of specific interactions between FA and cage

To further investigate to what extent the FA ions interact with the lead iodide cage we
again look at scatter plots with all dipole directions of the FA ions in a single system, both
for molecular dynamics simulations with frozen and flexible cage. The obtained results at
100 K, 200 K and 350 K can be observed in Figure 2.7.

For both simulations we can already see that the ion alignment is not completely random
at high temperatures as there is higher density at certain angles. In both cases these are
angles that lead to the dipole of the FA ion pointing in-between two iodides. This can be
explained through hydrogen bonding between iodide and the hydrogens on the nitrogen
molecules. If the dipole points between two iodides the nitrogens can point towards
the iodides, allowing the hydrogen bonds to form. As the temperature is lowered these
alignments become more prominent in both cases. This high degree of order in the FA
orientation at low temperatures explains why large domains were observed for these
systems above. If the ion alignments are restricted to only few possible orientations, large
domains will be obtained even though the dipole-dipole interactions do not play any role
in the alignment. One major difference is visible between the low temperature simulations
for frozen and flexible cage. For the flexible cage the FA ions align both in the azimuthal
plane and perpendicular to it. In the frozen cage simulations, the ions however only align
in the azimuthal plane.

To gain insight in the timescale of the specific interaction we have again analyzed the
hydrogen bond life-times as shown in Figure 2.4b. The lifetimes observed for FAPbI
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Figure 2.7 Orientations of all formamidinium dipoles in a single molecular dynamics system
given in their polar and azimuthal angle. (a-c) frozen cage at 100 K, 200 K and 350 K and (d-f)
flexible cage at 100 K, 200 K and 350 K. The stars in the figures represent the orientations where the

dipole is oriented directly towards an iodide.
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at low temperature are considerably longer than for MAPbI. One may interpret this as
an indication of stronger hydrogen bonds, however, the lifetime is affected by all the
interactions in the system, including steric hindrance that hampers the rotational motion
of FA in the Pb-I cage, and effect due to cage deformation.

2.4 Conclusions

It is clear from the simulations presented above that the phase behavior and the rotational
dynamics of the organic cation are intricately linked for both MAPbI and FAPbI. For MAPbI
a very clear phase transition is observed at which the MA cation becomes immobilized,
and at the same time the Pb-I lattice deforms. The phase transition is accompanied by
the formation of domains in which the MA dipoles arrange in an ordered, energetically
favorable structure. This domain formation is already observed if only the dipole-dipole
interactions are taken into account but the effect becomes much stronger if the cations are
embedded in the Pb-I lattice especially when the lattice is allowed to deform in reaction
to the alignment. This points to a mechanism where phase transitions are induced by
mutual alignment of the dipoles, both by interactions with neighboring dipole and specific
interactions between the MA cations and the Pb-I lattice. This happens in a concerted
way with the deformation of the Pb-I lattice, which strengthens this effect and makes the
transition from freely rotating dipoles to ordered domains with fixed dipole directions
more abrupt at certain temperature. This importance of the cage flexibility on the MA
dynamics is in good agreement with previous experimental and theoretical work.”

For FAPbI a very similar picture emerges, however, in this case the dipole-dipole
interactions in the non-dipolar FA cation are negligible. Simulations of the dipole
dynamics in fixed, cubic Pb-I cage structures show that specific interaction between FA
and the Pb and I ions, and between the quadrupolar FA ions, still lead to the formation
of ordered domains, even if the Pb-I lattice is not allowed to deform. In the fully flexible
MD simulations where full relaxation of the lattice is possible, this effect is strengthened
and domain formation is more abrupt at a certain temperature. As discussed above, the
formation of hydrogen-bond like conformations plays an important role in FAPbI, which,
combined with increased steric interactions leads to slower rotation dynamics of FA in
FAPDL

We conclude that the phase transitions that occur in hybrid halide perovskites are caused
by a complex interplay between dipole-dipole interactions, specific electrostatic and steric
interactions between the organic cations and the metal halide lattice, and relaxation of
the metal halide cage structure. This leads to large organized domains of organic cations,
which can have important consequences for the electronic structure of these materials.
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Appendix

Molecular dynamics parameters

The force field used for the molecular dynamics (MD) simulations here is composed
of inorganic-inorganic interactions (U ) which are in between the Pb-I atoms. These
parameters are composed of Buckingham potential. The U, parameters are mentioned in
Table A2.1 described by Equation A2.1. The hybrid interactions (U, ) which are in between
the Pb-I atoms and the organic cations are described by mix of both Buckingham and
Lennard-Jones potential described by Equations A2.1 and A2.2. The hybrid interaction
parameters are mentioned both in Table A2.1 and A2.2. Parameters for U and U, are
taken from the previous work of Mattoni et. al. and Bischak et. al.'>* The U,  term contains
the intermolecular and intramolecular interactions of the organic cations and is described
by the CHARMM force field that includes bonds, angles, dihedrals and impropers where
applicable.”?** U_  interaction parameters for methylammonium are mentioned in Table
A2.4 and the parameters for formamidinium are mentioned in Table A2.6. The charges on
each of these atoms are mentioned in Table A2.3 for methylammonium lead iodide and
in Table A2.5 for formamidinium lead iodide. Both of these molecules have two different
species of hydrogen where one is connected to Nitrogen (N) and another is connected
to Carbon (C). These two types of hydrogens are named as H_. (connected to C) and H
(connected to N).

r C
E=Ae ln——
¢ r6 A2.1

A22
Table A2.1 Buckingham potential coeflicients for each atom pair.
Pairs A (Kcal/mole) p (A C (A’Kcal/mole)
Pb -Pb 70359906.62970 0.131258 0.00
Pb-1 103496.13301 0.321737 0.00
I-1 22793.33858 0.482217 696.94954
Pb-N 32690390.93800 0.150947 0.00
Pb-C 32690390.93800 0.150947 0.00
I-N 112936.71421 0.342426 0.00
I-C 112936.71421 0.342426 0.00
Table A2.2 Lennard-Jones potential coefficients for each atom pair.
Pairs € (Kcal/mole) | o (A) Pairs € (Kcal/mole) | o (A)
Pb - H, 0.01400 2.26454 N-H. 0.0517 2.60500
Pb - H. 0.01400 2.70999 C-C 0.10940 3.39970
I-H, 0.0574 2.75000 C -H, 0.04140 2.23440
I-H. 0.0574 3.10000 C-H. 0.04140 2.67980
N-N 0.17000 3.25000 H, - H, 0.01570 1.06910
N-C 0.13640 3.32480 H, - H. 0.01570 1.51450
N -H, 0.0517 2.15950 H. - H. 0.01570 1.96000
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Table A2.3 Partial charges used for MAPbI.

Atom type Pb I H. C H.
Charge 2.030 -1.130 0.540 -1.100 0.771 0.023
Table A2.4 Molecular parameters used for MA.
Bond Coefficients
Bonds K (Kcal/mole/ A2) 1, (A)
C-H. 342.991 1.093
N - H, 443.528 1.028
C-N 276.638 148
Angle Coefficients
Angles K (Kcal/mole/rad:) 60 (")
H.-C-H. 37.134 108.836
H.—N-H, 41.596 107.787
H-N-C 41452 111.206
H-C-N 62.754 106.224
Dihedral Coefficients
. K o Weighing
Dihedrals (Kcal/mole) n a0 factor
H—-N-C-H. 0.13 3 0 0
Table A2.5 Partial charges used for FAPbI.
Atom Pb I H., H.. N C H.
type
Charge 2.030 -1.130 0.514 0.549 -0.759 0.515 0.238
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Table A2.6 Molecular parameters used for FA.

Bond Coefficients
Bonds K (Kcal/mole/ A2) r, (A)
C-H. 405.386 1.076
N - H, 485.340 1014
2 N-C 520.100 1.319
Angle Coefficients
Angles K (Kcal/mole/rad?) 60 (O
C-N-H, 47.713 119.499
H,-N-H, 25.548 117.729
N-C-H. 48.505 116.747
N-C-N 61.531 126.476
Dihedral Coefficients
Dihedrals K (Kcal/mole) n d()
1 0.137 1 0
H.-N-C-N 2 4013 2 180
3 0.346 3 0
1 -0.134 1 0
H.-N-C-H. 2 4.038 2 180
3 -0.403 3 0
Improper Coefficients
Improper K (Kcal/mole/rad’) X0 O
C-N-N-H. 2.735 0
H,-C-H,-N 1.439 0
MAPI — X FAPI — X
eo0 —y -580 —y
— Z — Z
= — -585
E -695 E
';3 g -590
‘é -700 ‘é
E 5 -595
LE -705 I.ICJ
—600
-710
—605
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00 -1.00 -0.75 -0.50 —0.25 0.00 0.25 0.50 0.75 1.00
A lattice constant (4) A lattice constant (4)

Figure A2.1 Model validation calculation, (left) energy with change of lattice constant for MAPbI and
(right) energy with change of lattice constant for FAPDI.
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Figure A2.2 Directional scatter plots of Methylammonium dipoles simulated with MC, MD with
frozen cage and MD with flexible cage. The temperature ranges from 50 K to 350 K with a 50 K interval.
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Figure A2.3 Directional scatter plots of Formamidinium dipoles simulated with MC, MD with frozen
cage and MD with flexible cage. The temperature ranges from 50 K to 350 K with a 50 K interval.
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Structural Dynamics of Two-Dimensional Ruddlesden-

Popper Perovskites: A Computational Study

Recently two-dimensional (2D) hybrid organic-inorganic perovskites have attracted a lot of
interest as more stable analogues of their three-dimensional counterparts for opto-electronic
applications. However, a thorough understanding of the effect that this reduced dimensionality
has on dynamical and structural behavior of individual parts of the perovskite is currently lacking.
In this chapter we have used molecular dynamics simulations to investigate the structure and
dynamics of 2D Ruddlesden-Popper perovskite with the general formula BAMA_Pb I, , where
BA is butylammonium, MA is methylammonium and n is the number of lead-iodide layers. We
discuss the dynamic behavior of both the inorganic and the organic part and compare between the
different 2D structures. We show that the rigidness of the inorganic layer markedly increases with
the number of lead-iodide layers and that low temperature structural phase changes accompanied
by tilting of the octahedra occurs in some but not all structures. Furthermore, the dynamic behavior
of the MA ion is significantly affected by the number of inorganic layers, involving both changes in
the reorientation times and in the occurrence of specific preferred orientations.

This chapter is based on: Fridriksson, M. B.; Maheshwari, S.; Grozema, E. C,, J. Phys. Chem. C 2020,
124 (40), 22096-22104



Chapter 3

3.1 Introduction

Over the past few years hybrid halide perovskite materials have attracted a lot of interest due
to their impressive properties as photovoltaic materials.'? This has led to high-efficiency
solar cells, reaching efficiencies over 25%,* but applications in light-emitting diodes
(LEDs),”” photodetectors,®? lasers®'® and radiation detectors''""* are also rapidly emerging.
Perovskites are characterized by a general ABX structure where A is a monovalent cation,
often organic (methylammonium, formamidinium, cesium), B is a divalent cation (lead,
tin) and X is a monovalent halide anion (iodide, bromide). The most studied perovskite for
photovoltaic applications is (CH,NH,)PbI, or methylammonium lead iodide (MAPDI). In
this material the A cation is the organic cation methylammonium (MA).

One of the major drawbacks of perovskites is that they are very sensitive towards
air and moisture, causing a rapid degradation of devices when they are not properly
encapsulated.”'* A possible approach to counter this is replacing (part of) the MA by a
large organic cation, leading to a two-dimensional (2D) structure.'®*! The large organic
cation breaks up the structure in 2D layers of inorganic Pb-I octahedra separated by the
large organic cations. The hydrophobic nature of the organic component protects the
material from air and moisture, resulting in a higher stability.!”'®%** The most common
2D perovskites are Ruddlesden-Popper type materials that have a general (R-NH,),A
B X, ., structural formula.'®?" In these structures, A, B and X are the same as in the case
of the 3D perovskite, but R-NH," is a large monovalent ammonium cation that does not fit
inside the 3D perovskite structure, and hence is responsible for breaking up the structure
into layers. Since the large cation does not have to fit into the inorganic metal-halide cage
structure, there is considerable freedom in size and nature. The most common choices
at present are the commercially available phenylethylammonium (PEA)** or aliphatics
like n-butylammonium (BA),'® '®2! but there are also examples of the incorporation of
large conjugated molecules.*** By modifying the ratio between the large (R-NH,) and
the small (A) organic cation it is possible to systematically vary the number of inorganic
perovskite layers (n) between each spacer layer of the large organic cations. This tuning of
the layer thickness is accompanied by changes in the opto-electronic properties.”’ When n
= 1, there is no small A-cation present and a single layer of Pb-I octahedra is sandwiched
between the large organic cations. For large values of n the number of inorganic perovskite
layers in between the organic layers increases, but at the same time small organic cations
are introduced in the materials. These changes have a large effect on the local environment
of the individual molecules in the system. The optoelectronic properties (exciton
diffusion, fluorescence quantum yield) are intricately linked to the (dynamic) structural
properties of the 2D layers in the material.*’ As shown recently, structural variations in
the layer of large organic cations or altering the number of inorganic layer can result in
significant changes in the exciton diffusion properties,**** which is believed to be a result
of differences in the rigidity of the 2D structure. Therefore, it is of considerable interest to
explore the structural dynamics of 2D perovskites and how it depends on the number of
inorganic layers.

In this chapter we have performed model potential molecular dynamics (MD) simulations

on 2D Ruddlesden-Popper perovskites with varying number of inorganic layers (n =1 -
4), as well as on the corresponding 3D perovskite. In all cases lead and iodide form the

46



Structural Dynamics of Two-Dimensional Ruddlesden-Popper Perovskites: A Computational Study

inorganic layer and where appropriate the large cation is BA and the small cation is MA.
We have studied the effect of the number of layers on the individual parts of the structure;
the inorganic layer, the small organic cation and the large organic cation. In this way we
gain insight in the rigidness of the inorganic layer, the mutual angles of the octahedra and
the rotational diffusion of the small and large organic cations. These simulations indicate
that the interplay between the dynamics of the inorganic lattice and the organic cations
is very subtle and that the behavior of the different parts of the materials are strongly
interconnected. The presence of the organic cations has a pronounced effect on the
structure of the inorganic lattice, but the motion of the organic cations is also strongly 3
correlated with distortions of the inorganic lattice. The results show that it is possible to
tune the distortions in the inorganic lattice by changing the organic cations but increasing
the layer thickness of the inorganic part generally makes the lattice more rigid. Both the
average structure and rigidity of the inorganic lattice and the rotational dynamics of the
organic cations will affect the electronic structure of the materials.**

3.2 Methods

All molecular dynamics simulations were performed using the LAMMPS software.”” We
have adopted the force field from the work of Mattoni et. al.*® on 3D methylammonium
lead iodide. In this force field the interactions between Pb and I are described with a
Buckingham potential, while the organic-organic, interaction are described by Lennard-
Jones terms which are derived from the standard Amber force field.* The inorganic-
organic interactions are described by either Lennard-Jones (when hydrogen is involved)
or a Buckingham potential. In order to make the force field transferrable between the
different materials that we consider, we deviate from the Mattoni force field in one respect:
the partial charges for the Coulomb interactions. We assign the full formal charges +2
and -1 to the lead and iodide ions (versus +2.02 and -1.13 in the Mattoni force field). In
addition, the organic cations have a full +1 charge that is distributed over all atoms as
obtained from an electronic structure calculation. This leads to small deviations as can
be seen if the results for 3D perovskite are compared to our previous work which did not
use full formal charges.” This leads to a decrease of the temperature at which the phase
transition is observed (Figure A3.1). We have explicitly chosen to adapt the way charges
are assigned to the individual ions because this leads to a straightforward transferrable
force field that can be adapted easily to structures for different n and other organic
cations. We recognize that this may affect the detailed description, for instance of phase
transitions, however, it does make it possible to make a direct qualitative comparison
between different related structures. The latter would not be possible if the force field was
optimized for each compound individually.

The partial charges on the individual atoms in MA and BA were obtained by fitting them to
the electrostatic potential from a density functional theory calculation (B3LYP/cc-pVQZ)
using the CHelpG approach® in the Gaussian09 software.*

The initial structures used for the 2D perovskites and the 3D perovskite were obtained
from experimental crystal structures.?"** In the case of the 3D perovskite the simulations
were performed on a super cell of 10x10x10 unit cells, while for the 2D perovskite a super
cell of 10x10 unit cells was used. The direction perpendicular to the lead-iodide layer was
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not replicated for the 2D systems, but it should be noted that the unit cell already contains
two Pb-I layers. In all cases periodic boundary conditions were used in all directions and
the volume is kept constant.

For all simulations an initial temperature of 400 K is used where the system is allowed
to equilibrate for 1 ns with a time step of 1 fs. This time step was used throughout all
simulations discussed. After the equilibration the temperature is lowered to the desired
temperature with a fixed annealing rate of 125 K/ns. Once the desired temperature is
reached, the system is again allowed to equilibrate for 1 ns before a 100 ps production
run is performed. Throughout the production run the positions of all atoms is recorded.

3.3 Results and discussion

In order to gain insight in the structural and dynamical properties of 2D Ruddlesden-
Popper perovskites we have performed a series of MD simulations as outlined above.
Following these MD simulations, we now analyze the trajectories that were obtained in
order to compare their structural features. More specifically we want to understand what
the effect will be on the rigidness of the lead-iodide layers and the orientation and motion
of the MA and BA ions. We start by focusing on the lead-iodide layer and its rigidness,
after which we discuss the dynamics of the organic component.

3.3.1 Structure and dynamics of the Pb-I lattice

In order to compare the rigidness of the lead-iodide layer between different structures we
compare the positions of the lead atoms throughout the simulations. For each simulation
the coordinates of every lead atom at every time step is extracted and a histogram of the
out of layer coordinate (the z-coordinate) is made. Depending on the initial structure, the
histograms will differ in number and positions of peaks. However, each peak will in all
cases represent a single layer of lead ions in the structure. Every peak is fitted with a simple
Gaussian function and the standard deviation extracted. The latter is an indicator of the
structural flexibility of the lead atoms in each layer. In a more rigid layer, the movement of
the lead atoms in the direction perpendicular to the layer will be diminished and therefore
give rise a narrower peak with a smaller standard deviation. This procedure is illustrated
in Figures 3.1a-c with an example of a histogram and a fit, while in Figure 3.1d the average
standard deviation of each structure is plotted as a function of temperature.

In Figure 3.1d it can be seen that lowering the temperature leads to the expected trend of
a reduced movement of the lead atoms around their equilibrium position. Furthermore,
at high temperatures the general trend is that the movement of lead atoms decreases on
increasing the number of lead-iodide layers. This shows that increasing the number of
stacked lead-iodide layers makes the structure more rigid. At 50 K, the lowest temperature
simulated, all the structures except for the n = 1 material exhibit a more or less identical
standard deviation of the position of the lead atoms.

While all the other structures have a similar change in standard deviation with temperature,
for the n = 1 the dependence on temperature is much stronger. This results in a substantial
difference between the n = 1 and the other structures at higher temperatures. Moreover,
the gap between the standard deviations in the Pb positions between n = 1 and n = 2
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each structure versus temperature.

is much larger than between all other structures. This shows that the n = 1 structure is
considerably less rigid than the n > 1 structures at all temperatures.

To obtain a more detailed understanding of the effects of temperature on the structure
of the inorganic framework of the different RP compounds we have examined the
average Pb-I-Pb angles as a function of the temperature (Figure 3.2). The Pb-I-Pb angle
corresponds to the mutual angle between two neighboring octahedra and will therefore
give an indication of the tilting of the octahedra in each structure. In a perfectly cubic
structure the Pb-I-Pb angle will be 180°, but any tilting will result in a smaller angle, and
the smaller the angle is the more tilted the octahedra are. Furthermore, due to thermal
motion, a cubic structure will show a slightly lower average Pb-I-Pb angle than 180°. We
make a distinction between the Pb-I-Pb angles that are present in the lead-iodide layers
(Figure 3.2a) and the Pb-I-Pb angles that are perpendicular to the lead-iodide layers
(Figure 3.2b) and we also show the standard deviations for both sets of angles in Figure
3.2c and Figure 3.2d. The Pb-I-Pb angles within the lead-iodide layer are two separate
angles, but as can be seen in Figure A3.3 in the Appendix there is no difference between
these two angles in the simulated structures.

The first clear trend observed from Figure 3.2a is that the average Pb-I-Pb angle in the
layer approaches 180° as the number of lead-iodide layers increase. It is also clear that
the tilting of the octahedra in the n = 1 structure is substantially more pronounced than
in their counterparts with n > 1. This can be seen from the large gap in average Pb-I-Pb

49



Chapter 3

a. b.
174 ’ 175
- - een=1 oo n=2
172 - oo n=2 e n=3
e-en=3 174 Y een=4
. - oo n=4 N e-e n=inf
2 e - ST e-e n=inf I o~
b - e e 3 .
5168 L1173 .
2 g T
g = " i
166 2 172y = N -
2 g . ~
< 164 < ‘ AN °
,,,,,,,,, 171 -
w2 .- - te
1 17
50 100 150 200 250 300 % 100 150 200 250 300
Temperature (K) Temperature (K)
C d.
6.0 5.0,
een=1 _ ) e n=2
i e n= m .. e n=
§ss e n=2 $as e sen=3
o . een=3 o . N oo n=4
2 5.0 Cwillio-y |een=4 2 = o-s n=inf
e . S 1 |e-e n=inf S 40 . - -
c ~. . c 4 -
Sast ) o e -
© - -1 © 35§ . -
> 4.0 - >
™ [ e
° e -] 300 T
° - © 30y .
» .
S35 . o
E E
&30 g 25
0 L & .
25 2.0
0 100 150 200 250 300 50 100 150 200 250 300
Temperature (K) Temperature (K)

Figure 3.2 Pb-I-Pb angles in the different simulated structures. (a) Average Pb-I-Pb angles in the
lead-iodide layer. (b) Average Pb-I-Pb angles perpendicular to the lead-iodide layer. (c) The standard
deviation of the Pb-I-Pb angles in the lead-iodide layer. (d) The standard deviation of the Pb-I-Pb
angles perpendicular to the lead-iodide layer.

angle for the n = 1 as compared to all other structures. As the temperature is lowered all
the 2D structures show a similar gradual decrease in the average angle. The exception to
this trend is the 3D perovskite where the average angle initially increases gradually before
decreasing significantly between 100 K and 50 K. The gradual increase can be due to
structural changes but can also be a result of statistical effects as noted above. The initially
decreasing temperature leads to a reduction in the thermal motion of the resulting in
an average angle closer to the optimal Pb-I-Pb angle of the structure, which is close to
180°. The sudden decrease in the average angle between 100 K and 50 K can however not
be explained by such statistical effects and must therefore be due to distinct structural
changes in the materials, a phase transition. This is well-known for 3D perovskites but
happens at higher temperatures than observed in these simulations.*

The Pb-I-Pb angle perpendicular to the lead-iodide layer for the 3D perovskite (Figure
3.2b) shows exactly the same behavior that in the lead-iodide layer. This is not surprising
since the 3D perovskite is not a layered structure and all three principle directions are
roughly equivalent. For the 2D structures, however, significant differences arise between
the perpendicular and the in-layer angles. Firstly, all compounds show a larger Pb-I-Pb
angle in the direction perpendicular to the lead-iodide layer than in the layer at all
temperatures. Secondly, decreasing the temperature has a very different effect. The n = 3
and n = 4 now behave more like the 3D structure, where at first the angle increases and
then at a specific temperature it decreases. For the n = 4 the decrease happens between 100
K and 50 K and is very small. Therefore, it is difficult to say whether this is due to a phase
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transition in the material or a slight alteration in optimal angles. In the case of the n = 3 the
decrease in the angle is more profound, starting with a slight decrease between 150 K and
100 K followed by a steeper decrease between 100 K and 50 K. This is very similar to the
behavior of the 3D perovskite and suggests that the n = 3 goes through a phase transition
at similar temperatures as the 3D perovskite. The n = 2 structure exhibits a very different
behavior. In this case, the Pb-I-Pb angle increases steadily with decreasing temperature,
indicating less tilting of the octahedra.

The n = 1 structure has no Pb-I-Pb angle perpendicular to the lead-iodide layer. In order
to show some comparison of the out-of-layer tilting of that structure versus the other
structures we define an angle between the lead iodide plane and the out-of-layer iodides,
see Figure A3.2 in the Appendix. This analysis shows that the n = 1 has the largest tilting
in the out-of-layer direction by some margin as it does in the in-layer direction (Figure
3.2a), i.e. the structure is more flexible overall.

From Figures 3.2c and 3.2d it can be seen that the standard deviation of the angles decreases
in most cases with the temperature, as we would expect from the decreased motion of the
atoms. There are however some notable exceptions. For instance, the standard deviation
for the 3D perovskite becomes slightly larger when the material goes through its phase
transition. This can be explained by the definition of the angle adopted here. Since the
Pb-I-Pb angle is defined in the range form 0 - 180° the distribution of angles is one-sided
when the optimal angle is close to 180°. If the optimal angle shifts to a slightly lower angle
the distribution will become two-sided and therefore a bit broader.

3.3.2 Rotational dynamics of the methylammonium

The structure and dynamics of the inorganic Pb-I lattices are intricately linked to the
presence and dynamics of the organic cations. Therefore, we now turn to the MA ions
and their dynamics in the different structures. To compare the rotational dynamics of
the MA ions we evaluate the rotational autocorrelation function (ACF) of the MA ions
averaged over the number of MA ions (N, ) and over all possible initial times t, during
the simulation time (N,).

1 1
AQ) = (RO RO) = 5= 7= D ) k)

N
ton ti=t+to 3.1

The ACF gives an indication of whether the MA ions can rotate freely and on the time scale
at which they reorient. If the MA ions are fully free to rotate and can obtain any orientation
the ACF value will decay to zero, indicating a random distribution of directions, on
average. The time scale on which this happens is the rotational diffusion time. However,
if the rotational motion is restricted, for instance by directional interactions with the Pb-I
lattice, the ACF will not fully decay to zero but saturate at a certain value. This saturation
value indicates how much freedom the MA ion has to move around. In Figure 3.3 the
ACF of the MA ions in the structure that include MA ions is shown at the following
temperatures: (a) 300 K, (b) 150 K, (c) 100 K, and (d) 50 K. The reason we focus more
on the lower temperatures is that at high temperature there is no significant change in
behavior with temperature.
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Figure 3.3 Rotational autocorrelation function for MA ions in the different structures. (a) 300 K,
(b) 150 K, (c) 100 K and (d) 50 K.

As can be seen from Figure 3.3a, the ACF reaches a plateau within the first 5 ps for all
structures at 300 K. The most interesting observation is that for the n = 2 structure the ACF
does not fully decay to zero. This means that at this temperature the rotation of the MA
ions in the n = 2 material is not completely free and some forbidden orientations exist. The
data in Figure 3.3 also shows that for all temperatures the n = 2 structure always has the
highest ACF value, by some margin. This indicates that the MA ions in this structure have
the least freedom to rotate as compared to the other compounds. This is interesting since
in the n = 2 structure the environment in which the MA ions rotate differs considerably
from the other structures. In this material, each MA layer is flanked by two BA layers on
each side, while the MA layers in the structures with n > 2 have at least one layer of MA
as a neighbor, at least on one side. This indicates that the neighboring MA layers increase
each other ability to move freely around.

At 150 K, shown in Figure 3.3b, we see that for the n = e structure the ACF decays to
zero within roughly 10 ps, while for n = 3 and n = 4 the decay is slower and saturates at a
value above zero, indicating some preferential orientations. Interestingly, the plateau value
of the ACF is almost identical at this temperature for n = 3 and n = 4. If the temperature
is lowered even more, to 100 K, we see that n = oo still decays fastest and reaches zero in
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roughly 40 ps. In addition, at this temperature the ACF of the n = 3 decays faster than the
ACEF for the n = 4 structure. This is the same temperature as we earlier saw changes in the
octahedral tilting of the lead-iodide lattice for the n = 3 structure. This indicates that this
structural change affects the motion of the MA ions in a positive way, giving them more
freedom to rotate than they would otherwise have.

When considering the results at 50 K in Figure 3.3d, we see that the ACF of n = 3 still
decays to a lower value than for n = 4 and is now also lower than the one for n = . The
n = oo structure has a significantly higher ACF plateau value at this temperature and the
MA ions seem now much more static than before. This occurs at the same temperature
where we previously saw the average Pb-I-Pb angle change and is consistent with a phase
transition occurring in the material.*® *° The structural changes of both n = 3 and « seem
to affect the motion of their MA ions but in opposite fashion. In the case of the n = 3 the
ACEF value decays faster compared to the n = 4 structure meaning more movement of the
MA ions while for n = oo the ACF gets higher and saturates at higher value than the n =
3 structure, indicating significantly less movement. This shows that the relation between
structural changes and MA movement is not straightforward.

In order to analyze the dynamics and behavior of the MA ions in the different structures
in more detail, we plot in Figure 3.4 normalized heat maps indicating the occurrence of
different directions of the MA ions in terms of the polar and azimuthal angles, throughout
a simulation at 300 K and 50 K. On the heat maps we have also plotted the relative
positions of iodides and leads with respect to the MA ions based on the initial structure
of the system. The normalization is done to compensate for the fact that we are plotting
spherical surface on rectangular grid, and results in all values larger than one to represent
higher density of MA ions than random distribution would predict and values lower than
one representing less density than if the ions were distributed randomly.

If we first focus on the 300 K simulation for n = « we see six high-density areas indicating
preferential orientations of the MA ions. These areas correspond to structures where the
CN axis of MA points to centers of the facets of the tetragonal lead-iodide surroundings.
The reason that these orientations are preferred over others is the possibility of forming
hydrogen bonding between the hydrogens on the MA nitrogen atoms and the iodides in
the Pb-I layers. At high temperatures these hydrogen bonds are short lived and after they
break up, the MA ion can jump to the next iodide forming a new hydrogen bond. These
jumps happen rapidly and seem to happen primarily within a lead-iodide facet, resulting
in a high-density of MA ions pointing toward each facet.

For n = oo the six tetragonal facets are roughly equivalent as the organic cation on the
other side of the facet is always another MA ion. This is not the case for the 2D structures
where the top and bottom facet have, either in all or most cases, at least one BA ion as a
neighbor. These structures also show different behavior than the n = e material at high
temperatures, where top and bottom facets are less occupied than the others. This becomes
increasingly visible when the number of layers is decreased. The n = 2 structure has even
less MA ions pointing to the top and bottom facets than random orientation predicts.
This is caused by the repulsion with the BA ions that are in a fixed global orientation
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Figure 3.4 Normalized heat maps of MA ion directions in the structures examined at 300 K (top
row) and 50 K (bottom row). (a) n =2 at 300 K, (b) n =3 at 300 K, (¢c) n =4 at 300 K, (d) n = = at 300
K,(e)n=2at50K,(f)n=3at50K, (g n=4at 50 K, (h) n = e at 50 K.

with respect to the Pb-I layers. As a result, the MA ions are prevented from taking certain
orientation and explains why the ACF for n = 2 does not reach a plateau at zero.

If we now focus on the 50 K heat maps, we see that the n = oo structure has a similar MA
ion distribution as at 300 K in the sense that still all the orientations are available for
the MA ions. What is different in this case is that we clearly see higher density of MA
ions next to the iodides where the hydrogen bonds are formed. This happens since at low
temperature, the thermal motion of the MA ions is reduced and the hydrogen bonds live
longer. Therefore, the MA will spend more time at the most preferred position, next to
the iodide.

For all the other structures the difference between the high and low temperature is clearer.
In all the cases the top and bottom facets are more or less unoccupied at 50 K, meaning
that almost no MA ions point in this direction at low temperatures. The high-density areas
next to the iodides are also clearer than for the n = oo and for the occupied facets not all
positions next to iodide have high density. For the n = 2 only the position next to the top
iodide is highly occupied with some minor occupation next to the lower iodides, meaning
that the MA ions are really fixed in a certain orientation and rarely move to another
orientation. This is consistent with the decay of the ACF for n = 2 structure at 50 K, which
showed very little decay, see above. For the n = 4 structure the preferred orientations are
very similar to the n = 2 material. The main difference is that the alignment next to the
bottom iodide is now roughly equally probable as the alignment next to the top iodide.
We also see that between these preferable areas there is a path with some occupancy, this
implies that over the course of the simulation all or some of the MA ions manage to jump
between these positions. This explains why the ACF of the n = 4 compound reaches a
plateau at a significantly lower value than for n = 2.
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Once again, the n = 3 structure shows a somewhat different behavior compared to the
others. For some reason the n = 3 structure only has MA occupancy in two tetragonal
facets. We attribute this to the observed structural changes in the Pb-Ilattice, accompanied
by octahedral tilting at low temperatures, as seen in the change in the average Pb-I-Pb
angles in Figure 3.2b. As the octahedra tilt, certain orientations of the MA ion become
preferable because of steric effects. As was the case for n = 4 the areas next to the top and
bottom iodide are the preferred areas and there is a path with some occupancy between
the two. The difference is that now there is an area on the path next to one of the middle
iodides, which also has an appreciable occupancy. This means that when the MA ion is
jumping between favorable positions next to the top and bottom iodide it can occupy an
intermediate orientation in the case of n = 3. This decreases the energy barrier needed
to make the jump and therefore allowing the MA ion to move more rapidly between the
preferred areas. This explains why the n = 3 structure has the lowest ACF plateau at 50 K.

3.3.3 Rotational dynamics of the butylammonium

Finally, we consider whether there is any difference in the behavior of the BA ions for
the different structures. To do this we compare the ACF of the N-C bond in BA for the
different structures at some of the simulated temperatures in Figure 3.5. It is important to
keep in mind that these ACF plots will differ from the ones for the MA ions. The MA ion is
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Figure 3.5 Rotational autocorrelation function for N-C bond in BA ions in the different structures.
(a) 300 K, (b) 150 K, (c) 100 K and (d) 50 K.
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small ion that can rotate relatively freely as long as nothing hampers it. The BA ion on the
other hand and is bulkier and is only surrounded by Pb-I on one side. Therefore, it cannot
reorient completely and ACF will not reach zero at any temperature.

When comparing the ACF for BA in the different structures the main observation is that
the n = 1 structure plateaus at significantly higher ACF value than the other structures,
and thus reorients less. This surprising observation is related to the lack of MA ions in the
structure. The BA ion interacts strongly with the Pb-I lattice for the n = 1 structure. When
the inorganic layer becomes thicker and MA ions are introduced, this leads to a screening
effect with a net repulsive interaction between the MA and BA ions. The overall result of
this is an increased rotational freedom for structures with n > 1.

3.4 Conclusions

In this chapter we have analyzed the structural dynamics of Ruddlesden-Popper
perovskites using model potential molecular dynamics simulations. Calculations were
performed for different thicknesses of the inorganic layer. The results show that the
dimensionality (layer thickness) of 2D Ruddlesden-Popper perovskites has a clear, but
not always a straightforward, effect on the structure and dynamics of both the inorganic
and organic part of the perovskite. In case of the inorganic part, we see that the rigidness
increases as the number of inorganic layers is increased and that the n = 1 structure is
substantially less rigid than the structures with n > 1. In addition, we clearly observe phase
transition where the tilting of the average Pb-I-Pb angles changes for then =3 and n = «
structures, but in the other structures this is not as clearly visible.

In the organic part certain orientations of MA ions are not as favorable in the case of
the 2D perovskite when compared to its 3D counterpart. This clearly shows the effect of
the edges of the perovskite structure where relatively static BA cations are present. This
non-uniform surrounding leads to restricted rotational freedom of the MA cations in
the 2D structures, as compared to the 3D material. The motion of the organic cations
is also directly linked to deformations in the inorganic lattice and clear differences are
observed for different thicknesses of the inorganic layer. The results presented highlights
the interplay between the inorganic and organic part in these materials, which is complex
and not necessarily uniform for all the different structures. An improved understanding
of the structural dynamics is essential for systematically engineering the electronic
properties of Ruddlesden-Popper perovskites as the electronic structure is directly linked
to the structure of the inorganic lattice and the rotational dynamics of the dipolar organic
cations.
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Appendix

Molecular dynamics parameters

The force field employed is based on the work of Mattoni et al.*® and uses both Buckingham
potential and Lennard-Jones potential to describe the interatomic interactions. The
Buckingham potential (Equation A3.1) is used for inorganic-inorganic interactions as
well as interaction between the inorganics and either a carbon or a nitrogen. All other
interatomic interactions are described by the Lennard-Jones potential (Equation A3.2).
The Buckingham potential parameters are obtained from Mattoni et al.*® and can be seen
in table A3.1. The Lennard-Jones parameters are obtained either from Mattoni et al.* or
from the standard Amber force field** and can be seen in table A3.2.

The intramolecular terms are obtained from the standard Amber force field.*” The bonds
and angles are described by the harmonic approximation (Equations A3.3 and A3.4) and
the parameters can be found in tables A3.3 and A3.4 respectively. For the dihedrals the
fourier approximation (Equation A3.5) is used and the parameters can be found in table
A3.5.

In this work we use full formal charges to the individual molecules. The partial charges
on the individual atoms in MA and BA were obtained by fitting them to the electrostatic
potential from a density functional theory calculation (B3LYP/cc-pVQZ) using the
CHelpG approach* in the Gaussian09 software.” The individual charges on each atom
in the simulation can be seen in table A3.6. The organic atoms are distinguished between
methylammonium and butylammonium with brackets containing either MA or BA. The
different carbons in the butylammonium are distinguished with numbers ranging from 1
to 4, where C is the carbon next to the nitrogen and C, is the carbon on the other end of
the molecule.

E=A4e /r - %
T

A3.1
Table A3.1 Buckingham potential coefficients for each atom pair.

Pairs A (Kcal/mole) p (A C (AKcal/mole)
Pb - Pb 70359906.62970 0.131258 0.00

Pb-1 103496.13301 0.321737 0.00

I-1 22793.33858 0482217 696.94954
Pb-N 32690390.93800 0.150947 0.00

Pb-C 32690390.93800 0.150947 0.00

I-N 112936.71421 0.342426 0.00

I-C 112936.71421 0.342426 0.00
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o\ 12 o\ 6
s=se[) -()] A32
Table A3.2 Lennard-Jones potential coefficients for each atom pair.
Pairs € (Kcal/mole) | o (A) Pairs € (Kcal/mole) | o (A)
Pb-H 0.01400 2.26454 N-H. 0.0517 2.60500
Pb - H. 0.01400 2.70999 C-C 0.10940 3.39970
I-H. 0.0574 2.75000 C-H, 0.04140 2.23440
I-H. 0.0574 3.10000 C-H. 0.04140 2.67980
N-N 0.17000 3.25000 H, - H, 0.01570 1.06910
N-C 0.13640 3.32480 H, - H. 0.01570 1.51450
N-H 0.0517 2.15950 H. - H. 0.01570 1.96000
E =K@ —r)* A3.3
Table A3.3 Bond coefficients.
Bond K (Kcal/mole/ A2) r. (&)
N-C 276.638 1.480
N - H, 443.528 1.028
C-C 306.432 1.508
C-H. 342.991 1.093
E =K(6 — 6,)* A3.4
Table A3.4 Angle coefficients.
Angles K (Kcal/mole/rad’) 60 )
H,-N-H 41.596 107.787
H,-N-C 41.452 111.206
N-C-C 84.848 106.493
N-C-H. 62.754 106.224
H.-C-H. 37.134 108.836
C-C-H 54.770 110.549
C-C-C 61.243 109.608
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A35
Table A3.5 Dihedral coefficients.

Dihedrals i K (Kcal/mole) n d()
H.-N-C-H. |1 0.13 3 0
H.-N-C-C |1 0.093 3 0
N-C-C-H. |1 0.346 1 0

2 -0.265 2 180

3 0.139 3 0
N-C-C-C 1 -0.324 1 0

2 0.275 2 180

3 0.295 3 0
H.-C-C-H. |1 0.142 1 0

2 -0.693 2 180

3 0.157 3 0
H-C-C-C |1 0.32 1 0

2 -0.315 2 180

3 0.132 3 0
C-C-C-C 1 0.051 1 0

2 0.341 2 180

3 0.166 3 0

Table A3.6 Charges of atoms.

Atom Charge Atom Charge
Pb 2.0000 C1 (BA) 0.0955
| -1.0000 H.. (BA) 0.0794
N (MA) -0.3301 C2 (BA) -0.1045
H, (MA) 0.3328 H.. (BA) 0.0534
C (MA) -0.0523 C3 (BA) 0.1411
H. (MA) 0.1280 H., (BA) -0.0037
N (BA) -0.4157 C4 (BA) -0.1659
H. (BA) 0.3366 H.. (BA) 0.0605

The effect of using full formal charges

Using full formal charges is a different approach than Mattoni et al.*® used. We do this in
order to have a transferrable force field where the parameters can be assigned independent
of the layer thickness of the inorganic layer and the nature of the large organic cation.
This however does affect absolute results of individual structures. Figure A3.1 show the
rotational autocorrelation of 3D perovskite with full atomic charges and if the charges are
kept constant with the work of Mattoni et al.*® that figure is obtained from our previous
work on 3D perovskite.*” As can be seen there is a substantial effect as the phase transition
occurs at roughly 50 K instead of occurring around 200 K. However, crucially the phase
transition is still visible.
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Figure A3.1 Rotational autocorrelation function of 3D methylammonium lead iodide using (a) full
formal charges and (b) using the charges from the original force field.*

Out-of-layer iodide angle

Since the n = 1 structure has no Pb-I-Pb angle in the direction perpendicular to the
lead-iodide layer we cannot compare the tilting of the octahedra in that structure to the
other materials using that angle. Because of that we define here the out-of-layer iodide
angle. The out-of-layer iodide angle is the angle between the lead-iodide plane and the
vector between the two iodides in the octahedra that are out of the lead-iodide plane,
as indicated in Figure A3.2a. As this is an angle between a vector and a plane it will
maximum be 90° if the vector between the iodides is perpendicular to the plane, as would
be the case for a perfectly cubic structure. However, due to motion of the atoms, even a
cubic structure will have a slightly lower average out-of-layer iodide angle than 90°. If
no structural changes occur in the material when the temperature is lowered, one would
expect the standard deviation of the angles to decrease and the average angle to approach
90°, due to fewer outliers. Figure A3.2b shows the standard deviation of the out-of-layer
iodide angles versus temperature, and Figure A3.2c shows the average out-of-layer iodide
angles for the different structures versus temperature.

The first observation is that there is a clear trend where, as the number of lead-iodide
layers is increased, the average angle approaches 90° and the standard deviation decreases.
Similar to what we saw for the Pb-I-Pb angles (Figure 3.2). This indicates that then =1
structure has the largest tilting of the octahedra in this direction as well as in the in-layer
directions. The behavior of the 3D perovskite and the n = 3 structure is very similar to what
we saw in Figure 3.2b where at lower temperature the angle gets smaller indicating more
tilted octahedra. The n = 2 structure has a different behavior for the out-of-layer iodide
angle than would have been expected from its Pb-I-Pb angle. The Pb-I-Pb angle increased
steadily as the temperature was decreased, which is not the case for the out-of-layer iodide
angle. This indicates that even though the Pb-I-Pb angle between the octahedra gets more
rigid at lower temperature there is still some freedom in the iodides that are not flanked
between the octahedra.
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Figure A3.2 Out-of-layer iodide angles. (a) A schematic showing what we define here as the out-of-
layer iodide angle. (b) The standard deviation of the out-of-layer iodide angles versus temperature for
all the structures. (c) The average out-of-layer iodide angle versus temperature for all the structures.
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Figure A3.3 Comparison of the two different Pb-I-Pb angles in the lead-iodide layers. (a) Average
Pb-I-Pb angles in x-direction in the lead-iodide layer. (b) Average Pb-I-Pb angles in y-direction in the
lead-iodide layer. (c) Standard deviation of the Pb-I-Pb angles in the x-direction in the lead-iodide
layer. (d) Standard deviation of the Pb-I-Pb angles in the y-direction in the lead-iodide layer.
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Tuning the Structural Rigidity of 2D Ruddlesden-Popper
Perovskites Through the Organic Cation

Two-dimensional (2D) hybrid organic-inorganic perovskites are an interesting class of
semi-conducting materials. One of their main advantages is the large freedom in the nature of the
organic spacer molecules that separates the individual inorganic layers. The nature of the organic
layer can significantly affect the structure and dynamics of the 2D material, however, there is currently
no clear understanding of the effect of the organic component on the structural parameters. In this
chapter we have used molecular dynamics simulations to investigate the structure and dynamics of
2D Ruddlesden-Popper perovskite with a single inorganic layer (n = 1) and varying organic cations.
We discuss the dynamic behavior of both the inorganic and the organic part of the materials as well
as the interplay between the two, and compare the different materials. We show that both aromaticity
as well as the length of the flexible linker between the aromatic unit and the amide has a clear
effect on the dynamics of both the organic and the inorganic part of the structures, highlighting the
importance of the organic cation in the design of 2D perovskites.

This chapter is based on Fridriksson, M. B.; van der Meer, N.; de Haas, J.; Grozema, F. C., ]. Phys.
Chem. C Accepted for publication.



Chapter 4

4.1 Introduction

In recent years two-dimensional (2D) Ruddlesden-Popper hybrid halide perovskite
materials have attracted interest as opto-electronic materials,'? in particular as a more
stable alternative for their three-dimensional (3D) counterparts.*® The use of 2D
perovskites has already been demonstrated in light emitting diodes (LED)®”, lasers®* and
solar cell devices'*'? with good results. The general structure of 2D Ruddlesden-Popper
perovskites is (R-NH,),A B X, ,"'* where B and X are a metal cation and a halide,
respectively; A is a small (organic) cation incorporated in the cavities of the metal halide
lattice and R is a larger organic amide which is responsible for breaking the perovskite
structure into 2D layers.

One of the main advantages of the 2D Ruddlesden-Popper perovskites compared to 3D
perovskites is the added design freedom introduced by the large organic cation. As is
the case with 3D perovskites, it is possible to vary the A, B and X ions, which affects
the electronic properties of the material.> > However, for 2D perovskites there is an
added freedom in choosing the large organic cation (R-NH,) where specific functional
organic moieties can be introduced. In addition, the number of inorganic layers (n) in
the structure can be varied by changing the ratio between the small (A) and large organic
cations. Altering these variables affects several properties of the material. For instance,
the number of inorganic layers has been shown to affect the bandgap,”” as well as both
the exciton binding energy' and the exciton diffusion length."” Additionally, changes
in the structure of the large organic cation have been shown to affect the dielectric
environment,”?! electron-phonon coupling,? the stability of the perovskite towards air
and moisture,” and the exciton diffusion length.*

Currently, the most common large organic cations for 2D Ruddlesden-Popper perovskites
are n-butylammonium (BA)'™ "% and phenylethylammonium (PEA).% %’ They differ
in the sense that PEA contains an aromatic phenyl group that can aid the packing of
the organic molecules through -1 interactions. 2D perovskites with a variety of larger
organic cations have also been made, including longer aliphatic chains such as hexyl-
and octylammonium®~° and large conjugated molecules.” *** These larger conjugated
molecules exhibit even stronger nt-m interactions than PEA and have been shown to result
in exceptional moisture-stability.?

The effects of changes in the organic component are known to be very subtle, and
depending on the nature of the organic component and the processing conditions,
often lower-dimensional structures are formed.**** In addition, the interaction between
the organic moieties in the side chains can have a distinct effect on the structure and
dynamics of the inorganic layers in the material, and in this way can indirectly affect
the opto-electronic properties of the material. A detailed understanding of the interplay
between the interactions in the layer of large organic cations and the inorganic layer
is essential in the design of new 2D perovskite materials. However, at present, the
understanding of these interactions is currently very limited, especially since theoretical
studies of the structural dynamics are largely limited to BA, PEA and some small organic
cations. It is especially interesting to consider the effect of the aromaticity and the length of
an aliphatic chain on the structure and dynamics of the inorganic layer. A large aromatic
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core will have stronger n-m interactions resulting in the molecules packing closer together
and moving less which could influence the motion of the inorganic layer and make it more
rigid. However, the length of the aliphatic chain could also play a role as a longer chain can
result in more movement independent of the aromaticity.

In this chapter we have performed classical molecular dynamics (MD) simulations on n

= 1 Ruddlesden-Popper perovskites with lead-iodide inorganic layer and three different

organic cations varying in the presence and size of the aromatic component and in the

length of the aliphatic chain connected to the amide. The organic cations considered are

BA, PEA and pyrene-o-butylammonium (POB). We then compare the dynamics of the

organic molecules, the dynamics and structure of the inorganic lead-iodide layer and

discuss the interplay between these two parts. We show that both the aromaticity as well as

the length of the aliphatic chain has a substantial effect on the structure and dynamics of 4
both the organic and the inorganic part of the system, highlighting the impact the organic

cations can have on the properties of 2D perovskites.

4.2 Methods

The MD simulations are performed using the LAMMPS software.”® A time step of 1 fs
is used for all the simulations and all the simulations start at 300 K, where the system is
equilibrated for 1 ns. Thereafter the temperature is decreased to the desired temperature
with a fixed annealing rate of 125 K/ns. When the desired temperature is reached the
system is again allowed to equilibrate for 1 ns before a 100 ps production run is performed.
Throughout the production run the positions of all the atoms is recorded.

The force field used in the MD simulations is based on the MYP force field”” and on our
previous work on 3D perovskites® and 2D Ruddlesden-Popper perovskites with varying
number of inorganic layers with BA as the large organic cation and. The intermolecular
potential for the lead and the iodide is taken from the MYP force field*”” and consists
of a Buckingham potential except for the interaction between either lead or iodide with
hydrogen where a Lennard-Jones potential is used. Both the inter- and intramolecular
parameters for BA are the same as in the previous chapter, while the additional parameters
for PEA and POB are obtained from the standard Amber force field, consistent with
the MYP force field. All intermolecular interactions between two organic molecules are
described be a Lennard-Jones potential. In order to make the force field transferable
between the different materials that we consider, we deviate from the MYP force field in
one respect: the partial charges for the Coulomb interactions. We assign the full formal
charges +2 and -1 to the lead and iodide ions (versus +2.02 and -1.13 in the MYP force
field). In addition, the organic cations have a full +1 charge that is distributed over all atoms
as obtained from an electronic structure calculation. The partial charges on the individual
atoms in the organic molecules were obtained by fitting them to the electrostatic potential
from a density functional theory calculation (B3LYP/cc-pVTZ) using the CHelpG
approach® in the Gaussian09 software."!

The initial structures were obtained from the experimental crystal structures of the
materials.'* 3" * The simulations are performed on a supercell of 10x10 unit cells where
the direction perpendicular to the inorganic lead-iodide layer is not replicated. Due to the
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size of the unit cells each simulation includes two lead-iodide layers. Periodic boundary
conditions are used in all directions and NPT ensemble is used.

4.3 Results and discussion

In order to analyze how the intermolecular interactions in the organic part of the material
affect the dynamics in 2D Ruddlesden-Popper perovskites we analyze the MD trajectories
of the materials at different temperatures. The analysis is separated into three parts. We
first discuss the dynamics of the organic part, after which we consider the structure and
dynamics of the inorganic layer. Finally, we examine the interaction between the organic
molecules and the inorganic layer.

4.3.1 Dynamics of the organic molecules

In Figure 4.1 the three large organic cations considered in this work are shown. As can be
seen, the molecular structures vary considerably, leading to differences in the interaction.
The structural differences make it also challenging to compare their dynamics. A common
structural element in all compounds is the amide group that coordinates with the inorganic
layer. An obvious way to monitor the motion of this linking amide group is to compare the
rotational dynamics of the C-N bond in the amide group in the different molecules. This is
achieved by comparing the rotational autocorrelation function (ACF) of the C-N bond for
the different materials. The rotational autocorrelation function is calculated according to
the following equation (4.1) where N, _is the number of organic cations, N,  is the number
of initial times (t,) considered and 7 is the unit vector in the direction of the bond.

1 1
A®) = RO AO) =5 7= Y At Aulta)

t1=t+ty 4.1

The ACF gives an indication of the extent of the rotational motion of the bond and of

a.

/\/\ N+H3
b. N*Hs
C.

O"‘ O\/\/\ N+H3

Figure 4.1 The large organic cations present in the examined structures. (a) n-butylammonium
(BA). (b) phenylethylammonium (PEA). (c) pyrene-o-butylammonium (POB).
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the time scale on which this motion occurs. Initially, the ACF is always equal to 1, but as
a function of time it will decay as the average direction of the bond will start to deviate
from the initial direction. For a freely rotating bond the ACF will decay to zero eventually,
indicating a random orientation on average. If the rotational motion is restricted, the
ACF does not decay all the way to zero but a plateau may be reached after some time.
Such restricted motion is found in the rotational dynamics in the present case since the
coordination of the amide group to the inorganic layer prevents full reorientation of the
C-N bond. Therefore, a plateau value is reached after some time. Higher plateau values
indicate a more restricted rotational motion of the bond compared to lower ones. The time
required to reach the plateau indicates the time scale on which the rotational motion takes
place and can be defined as a rotational diffusion time. In Figure 4.2 the ACF of the C-N
bond is shown for the three compounds at all simulated temperatures.

From Figure 4.2a we see that at high temperatures (300 K) the ACF reaches a plateau with
a significantly higher value for PEA than for the other two molecules, indicating a more
restricted rotational freedom for the C-N bond. This indicates a more rigid structure that
is likely to be related to the combination of n-m interactions and the short relatively rigid
ethyl linker. The BA and POB seem to reach a similar value after 100 ps, although for POB
no plateau is reached within the 100 ps simulation time. It is obvious that the rotational
diffusion of the C-N bond in BA is considerably faster than in BOP as its ACF decays
rapidly within the first 10 ps, after which it stays constant. This difference in the time scale
of the rotation can be attributed to the large bulky aromatic part of the POB that slows
down the rotational movement of the C-N bond in POB.

a. 300K b. 250K c 200K
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Figure 4.2 Rotational autocorrelation function of the C-N bond in the three organic molecules at
different temperatures. (a) 300 K. (b) 250 K. (c) 200 K. (d) 150 K. (e) 100 K. (f) 50 K.
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As the temperature is lowered the overall decay in the ACF is less for all compounds,
indicating a more rigid structure. For all temperatures the motion of C-N bond in the
PEA remains the most restricted. Apart from the simulations at 50 K (Figure 4.2f) where
BA has a slightly higher ACF plateau. However, at this temperature the ACF values remain
close to 1.0 for both molecules indicating that the bond is more or less fixed in both cases.
In the case of the POB, the bond rotation gradually becomes less as the temperature is
lowered, as reflected in the higher ACF values. The time scale of the rotation remains slow
as can be seen from the lack of plateau formation for POB at all temperatures within the
100 ps simulation time.

For BA the decay of the ACF at 250 K (Figure 4.2b) is similar to the behavior at 300 K
apart from a slightly higher plateau value. When the temperature is lowered further to 200
K (Figure 4.2¢) a large change in the decay of the ACF is observed, including a slower day
and a considerably higher plateau value. This indicates reduced rotational motion of the
C-N bond in the BA which is consistent with the occurrence of a phase transition in the
material. This agrees well with the experimentally known phase transition that occurs in
this material in the same temperature interval.”® As the temperature is lowered further the
ACEF plateau value of the BA becomes substantially higher than that for POB and reaches
a value similar to PEA.

In order to gain insight in the motion in the other parts of the organic layer we also consider
the rotation of bonds further away from the amide group. In Figure 4.3 the rotational ACFs
of the aromatic units in PEA and POB (defined by a vector through a phenyl group along
the axis of the aromatic part) are compared with the rotation of the terminal C-C bond in
BA. Not surprisingly, the terminal C-C bond in BA has substantial rotational freedom at all
temperatures, although the motion is strongly restricted at low temperature. In contrast,
the m-m interactions in PEA and POB lead to a rigidly packed structure at all temperatures
with ACF values very close to 1. Comparison of the ACF for PEA and POB shows that the
rotation of the aromatic part of POB is even more restricted than for PEA as a result of
the large aromatic unit. Overall, this shows that more rigid tightly packed organic layers
are formed when large aromatic units are attached to the amide. The formation of such a
tightly packed layer isolates that inorganic part from moisture, explaining the exceptional
moisture stability of the POB compounds reported experimentally.®! The extent to which

300K 200K 100K

— BA
PEA
POB

— BA
— PEA
POB

— BA
— PEA
POB

10

005

35 40 5 10 35 40 5 30 35 40

15_ 20 25 15_ 20 25 5_ 20 25
Time (ps) Time (ps) Time (ps)

Figure 4.3 Rotational autocorrelation function of the end C-C bond in BA and the vector across a
phenyl group in PEA and POB. (a) 300 K. (b) 250 K. (c) 200 K.
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Figure 4.4 Standard deviation of lead atom deviation from the lead plane.

the rigidity of the organic layer is transmitted to the amide group that connects with
inorganic layer depends strongly on the linker. For the short relatively rigid ethyl linker in
PEA this results in severely restricted rotational motion of the C-N bond, while the longer
flexible linker in POB allows a rotational freedom comparable to BA.

4.3.2 Structure and dynamics of the inorganic lead-iodide layer

In order to investigate the rigidness of the lead-iodide layer in the different structures we
analyze how much the lead atoms deviate from the lead-iodide layer plane throughout
the simulation. A detailed description of the procedure followed can be found in the
Appendix. The standard deviation of the lead atoms with respect to the lead-iodide layer
plane is shown as a function of temperature in Figure 4.4.

From Figure 4.4 it is clear that at all temperatures the lead atoms in the PEA structure
deviate the least from the lead-iodide plane. At high temperatures the BA structure
exhibits the largest deviation but between 250 K and 200 K it drops drastically. This is the
same temperature range as where a sudden jump in the ACF decays for BA was observed,
consistent with the claim that this is related to a phase transition in the material. The
deviation of the lead atoms in the POB structure decreases gradually as the temperature is
lowered similar to PEA. However, the deviation is substantially larger in the case of POB
indicating that the lead atoms are less restricted in the lead-iodide plane.

For a more detailed picture of the dynamics of the inorganic lead-iodide layer we have
calculated the average absolute distance of a lead atom from its position at a certain
reference time (t,) as a function of time in all directions. This movement is shown in Figure
4.5a and b for 300 K and 50 K, respectively. In Figure 4.5c the mean absolute distance
averaged over the time range 10-100ps is plotted as a function of temperature. These
curves give an indication of the fluctuations in the position of the Pb atoms, independent
on the direction of the movement.

Figure 4.5¢c shows that the lead atoms in the BA structure have the largest freedom to
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Figure 4.5 (a-b) Average distance of lead atom from its position at t = 0 versus time at (a) 300 K and
(b) 50 K. (c) Average distance in the range 10-100 ps versus temperature.

move around at high temperatures (250 K and 300 K). But lowering the temperature from
250 K to 200 K results in a sharp decrease in movement. At all temperatures below 200
K the lead atoms in the BA structure have the least freedom to move. This is consistent
with the occurrence of a phase transition in the BA material between 250 K and 200 K,
resulting in a more rigid structure.

Interestingly the PEA structure and the POB structure show more or less identical mean
average movement for the ions at all temperatures. This is in contrast to the observations
above for the movement of the Pb ions out of the inorganic plane. A substantially higher
out-of-plane movement was found for the POB structure than for the PEA structure.
This indicates that the overall movement is similar in both structures, but that in the
PEA structure the out-of-plane motion is significantly reduced, as compared to the POB
material.

To obtain a more detailed insight in the structural fluctuations in the different 2D
perovskite materials we have examined the tilting of the inorganic octahedra in two
different directions. Firstly, we examine the Pb-I-Pb angles within each lead-iodide layer.
The Pb-I-Pb angle corresponds to the mutual angle between two neighboring octahedra
and will therefore give an indication of the tilting of the octahedra in each structure. It
is defined in the range 0° - 180°, where 180° corresponds to a perfectly cubic structure.
Increased tilting of the octahedra results in a lower Pb-I-Pb angle. We distinguish between
the two different directions of the Pb-I-Pb angles within the layer since these are not
necessarily the same. The materials considered in this work all consist of a single inorganic
layer flanked between organics (n = 1), hence there is no Pb-I-Pb angle in the direction
perpendicular to the inorganic layer. To gain insight in the tilting of the octahedra with
respect to the inorganic plane we also examine the out-of-layer iodide angle. The out-of-
layer iodide angle is the angle between the lead-iodide layer plane and a vector between
the two iodides in the octahedral that are above and below the plane. The out-of-layer
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Figure 4.6 The out-of-layer iodide and Pb-I-Pb angles for all structures versus temperature. (a)
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iodide angle is defined in the range 0° - 90°. If the structure is perfectly cubic the out-of-
layer iodide angle will be 90° but any tilting of the octahedra will result in a smaller angle.
In Figure 4.6 the averages and standard deviations of both the out-of-layer iodide angles
and the Pb-I-Pb angles are shown.

From Figures 4.6a-c it is clear that the octahedral tilting in the PEA material is virtually
unaffected by temperature in all directions, indicating that no significant structural
changes take place as the temperature is lowered. In the case of the BA structure structural
changes are observed in all three angles as the temperature decreases from 250 K and 200
K. The out-of-layer iodide angle increases indicating less tilting of the octahedra in that
direction, while the Pb-I-Pb angles decrease in both x- and y-direction in a similar way,
indicating increased tilting of the octahedra in the layer. This change in the octahedral
tilting is consistent with our previous notions that we observe a phase transition in the
material between these temperatures. The POB structure also exhibits some structural
changes but they differ from what was observed for the BA structure. In this case, the
out-of-layer iodide angle decreases as the temperature is lowered from 300 K down to 200
K and remains fairly constant below that. It should also be noted that the POB structure
has the smallest out-of-layer iodide angle at all temperatures, and therefore the largest
octahedral tilt in that particular direction. The Pb-I-Pb angle in x-direction for the POB
structure hardly changes with temperature, while the same angle in y-direction increases
gradually as the temperature is decreased. The standard deviation of the out-of-layer
iodide angles and the Pb-I-Pb angles decreases steadily as the temperature is lowered for
all the different structures, as expected.

If we compare the three different structural parameters related to the inorganic lead-iodide
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layer considered here, there are some interesting observations. Even though the lead
atoms have similar freedom to move in the structures containing PEA and POB, the POB
exhibits more movement in the direction perpendicular to the lead-iodide layer. The
POB compounds also shows substantially more tilting of the octahedra than the PEA
structure in that particular direction. This indicates that is a relation between the tilting
of the octahedra in the direction perpendicular to the lead-iodide layer and the rigidity of
the same layer. Structures with less tilted octahedra (closer to a cubic structure) result in
reduced motion of the lead atoms perpendicular to the inorganic layer.

4.3.3 Interactions between the organic and the inorganic part of the
system

In preceding two sections we have separately considered the structural dynamics in the
organic and the inorganic parts. However, these two parts of the materials are intimately
connected. Therefore, we now turn to the interaction between the organic and the inorganic
parts. The connection of the two components is formed by the ionic bonding between
the amide unit and the Pb-I framework. Some structural insights of this interaction can
be derived from the radial distribution function for both lead & nitrogen and iodide &
nitrogen, shown in Figures A4.2 and A4.3 at 300 K and 50 K. The lead-nitrogen RDF
gives information about the proximity of the amide unit of organic molecules and the
lead atoms in the inorganic layers. The amide unit fills’ the cavity formed by the inorganic
octahedra and can therefore be interpreted as a penetration depth of the organic molecule
into the inorganic layer. The iodide-nitrogen RDF is related to the distance between the
amide and the iodide and can be seen as an indication of whether hydrogen bonds are
formed between the iodide and the amide hydrogens.

To ease the comparison of the RDFs at different temperatures for the different materials
we show in Figure 4.7 the position of the first RDF peak versus temperature for the
three materials. This gives an indication of the nearest neighbor distances between lead
& nitrogen and iodide & nitrogen. From Figure 4.7a we see that the Pb-N distance is
highest for the BA material at all temperatures and we can again see the the effect of
phase transition occurring in the BA structure as the temperature is lowered from 250 K
to 200 K. During this phase transition the lead-nitrogen distance decreases substantially
indicating a tighter incorporation of the amide in the cavities in the inorganic structure
(or a larger penetration). For the PEA and POB materials no sudden drop in Pb-N
distance is observed but they do show a gradual decrease in distance with temperature.
It is noteworthy that the PEA structure exhibits a significantly smaller Pb-N distance at
all temperatures, but particularly at 300 K. This shows that the average penetration of the
amide in PEA is largest.

The iodide-nitrogen distance shown in Figure 4.7b in the PEA structure is more or less
stable over all the simulated temperatures, while for the structures including BA and POB
there is a steady decrease as the temperature is lowered. This difference can be explained
by the difference in aliphatic chain length of the organics. BA and POB both have four
carbons in their chain while the PEA only has two. The longer the aliphatic chain, the
more freedom the nitrogen has to approach the the iodide in order to form hydrogen
bonds, resulting in the shorter distance at low temperatures.
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Figure 4.7 Positions of the first RDF peak. (a) lead & nitrogen and (b) iodide & nitrogen.

4.3.4 General discussion

The analysis above shows the the structural dynamics in 2D Ruddlesden-Popper
perovskites are considerably affected by the nature of the organic component. The influence
of the nature of the organic group connected to the amide is not restricted to the organic
layer alone but also significantly affects the inorganic layer. For the BA compound this is
clear in the phase transitions that take place in the materials. This phase transition leads
to structural rearrangements in the inorganic layer, which is accompanied by a reduced
rotational motion of the BA cation and a larger penetration of the amide into the inorganic
layer. Introduction of an aromatic unit in the organic layer leads to substantially reduced
structural fluctuations there. This reduction in fluctuations is transmitted to the inorganic
layer when the aromatic unit is coupled to the amide with a short rigid linker such as an
ethyl in the PEA-based material. This is consistent with experimental observations of the
differences in structural rigidity between PEA and BA.?** When the length of the linker
is increased such as in the POB compound, the flexibility of the amide is increased, but
the rigidity of the aromatic part of the material is maintained. The latter leads to a strongly
enhanced resistance to moisture, while leaving the the structural rigidity of the inorganic
part unaffected. These observations have some interesting implications for the design
of 2D halide perovskites. The results show that the structural softness of alkyl-based
perovskites, can be overcome by introducing aromatic side chains, however, the linker
between the aromatic unit and the amide plays an important role in this. A short linker
can transmit this increased rigidity to the inorganic framework while a longer flexible
linker will allow for substantial fluctuations in the inorganic part.

4.4 Conclusions

In this chapter we show that the nature of the organic component has a marked effect
on the structural rigidity of 2D Ruddlesden-Popper perovskites. Both the aromaticity of
the organic component and the length of the aliphatic linker connecting it to the amine
have a large influence on the structure and dynamics of the materials. Introduction of
aromatic units such as a phenyl or a pyrene in the organic component result in a more
rigid organic layer. The length of the aliphatic linker significantly affects the motion of the
amide group, with a longer chain allowing more movement. These effects are not limited
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to the behavior of the organic molecule itself but also directly affect the inorganic layer.
More rigidity in the organic part due to aromatic interactions combined with a short rigid
linker leads to less dynamic inorganic layers such as in the PEA structure considered.
The results presented indicate that there is a subtle interplay between interactions in the
organic and the inorganic parts of the material and that different aspects of the organic
component that is used should be considered when designing new 2D hybrid perovskites.
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Appendix

Molecular dynamics parameters

The force field employed is based on the work of Mattoni et al.”” and uses both Buckingham
potential and Lennard-Jones potential to describe the interatomic interactions. The
Buckingham potential (Equation A4.1) is used for inorganic-inorganic interactions as
well as interaction between the inorganics and either a carbon or a nitrogen. All other
interatomic interactions are described by the Lennard-Jones potential (Equation A4.2).
The Buckingham potential parameters are obtained from Mattoni et al.*” and can be seen
in table A4.1. The Lennard-Jones parameters are obtained either from Mattoni et al.”” or
from the standard Amber force field*” and can be seen in tables A4.2 — A4.4.

The intramolecular terms are obtained from the standard Amber force field.*” The bonds
and angles are described by the harmonic approximation (Equations A4.3 and A4.4) and
the parameters can be found in tables A4.5 - A4.7 and A4.8 - A4.10 respectively. For the
dihedrals the fourier approximation (Equation A4.5) is used and the parameters can be
found in tables A4.11 - A4.13.

In this work we use full formal charges to the individual molecules. The partial charges
on the individual atoms in BA, PEA and POB were obtained by fitting them to the
electrostatic potential from a density functional theory calculation (B3LYP/cc-pVQZ)
using the CHelpG approach® in the Gaussian09 software.*! The individual charges on each
atom in the simulation can be seen in tables A4.14 — A4.16. In all the tables hydrogens
connected to a carbon or a nitrogen are distinguished with a subscript with either a C or
an N. Aliphatic and aromatic carbons are distinguished with brackets containing either al
or ar. In the tables containing the atomic charges the carbons all have a number to separate
them. In Figure A4.1 the molecules are shown with the carbon numbers.

- C
E=A4e'lp——
r A4.1

Table A4.1 Buckingham potential coefficients for each atom pair, equivalent for all materials.

Pairs A (Kcal/mole) p (A) C (AKcal/mole)
Pb-Pb 70359906.62970 0.131258 0.00

Pb-1 103496.13301 0.321737 0.00

I-1 22793.33858 0.482217 696.94954

Pb-N 32690390.93800 0.150947 0.00

Pb-C 32690390.93800 0.150947 0.00

Pb-O 32690390.93800 0.150947 0.00

I-N 112936.71421 0.342426 0.00

1-C 112936.71421 0.342426 0.00

1-0 112936.71421 0.342426 0.00
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o\12 g\ 6

p=e|0) - ()] A4.2

Table A4.2 Lennard-Jones potential coefficients for each atom pair, BA.
Pairs € (Kcal/mole) o (A) Pairs € (Kcal/mole) o (A
Pb-H, 0.01400 2.26454 N-H. 0.0517 2.60500
Pb-H. 0.01400 2.70999 C-C 0.10940 3.39970
I-H, 0.0574 2.75000 C-H, 0.04140 2.23440
I-H. 0.0574 3.10000 C-H. 0.04140 2.67980
N-N 0.17000 3.25000 H.-H, 0.01570 1.06910
N-C 0.13640 3.32480 H,-H. 0.01570 1.51450
N-H, 0.0517 2.15950 H.-H. 0.01570 1.96000

Table A4.3 Lennard-Jones potential coefficients for each atom pair, PEA.
Pairs € (Kcal/mole) | o (A Pairs € (Kcal/mole) | o (A)
Pb-H, 0.01400 2.26454 C(al)-H.(al) 0.04144 3.39500
Pb-H. 0.01400 2.70999 C(al)-H.(ar) 0.04144 3.39500
I-H, 0.0574 2.75000 C(ar)-C(ar) 0.08600 3.81600
I-H. 0.0574 3.10000 C(ar)-H, 0.03675 2.50800
N-N 0.17000 3.68400 C(ar)-H.(al) 0.03675 3.39500
N-C(al) 0.13637 3.73200 C(ar)-H.(al) 0.03675 3.39500
N-C (ar) 0.12091 3.73200 H,-H, 0.01570 1.20000
N-H, 0.05166 2.42400 H,-H.(al) 0.01570 2.08700
N-H.(al) 0.05166 3.31100 H,-H.(ar) 0.01570 2.08700
N-H.(ar) 0.05166 3.31100 H.(al)-H.(al) 0.01570 2.97400
C(al)-C(al) 0.10940 381600 | H.(al)-H.(ar) | 0.01570 2.97400
C(al)-C(ar) 0.09700 3.81600 H.(ar)-H.(ar) | 0.01570 2.97400
C(al)-H, 0.04144 2.50800

Table A4.4 Lennard-Jones potential coefficients for each atom pair, POB.
Pairs € (Kcal/mole) | o (&) Pairs € (Kcal/mole) | o (&)
Pb-H, 0.01400 2.26454 O-H.(ar) 0.05166 3.17070
Pb-H. 0.01400 2.70999 C(al)-C(al) 0.10940 3.81600
I-H, 0.0574 2.75000 C(al)-C(ar) 0.09700 3.81600
I-H. 0.0574 3.10000 C(al)-H, 0.04144 2.50800
N-N 0.17000 3.68400 C(al)-H.(al) 0.04144 3.39500
N-O 0.17000 350770 | C(al)-H.(ar) 0.04144 3.39500
N-C(al) 0.13637 3.73200 C(ar)-C(ar) 0.08600 3.81600
N-C(ar) 0.12091 3.73200 C(ar)-H, 0.03675 2.50800
N-H, 0.05166 2.42400 C(ar)-H.(al) 0.03675 3.39500
N-H.(al) 0.05166 331100 | C(ar)-H.(al) 0.03675 3.39500
N-H.(ar) 0.05166 3.31100 H,-H, 0.01570 1.20000
0-0 0.17000 3.36740 H.-H.(al) 0.01570 2.08700
0-C(al) 0.13637 3.59170 H,.-H.(ar) 0.01570 2.08700
0-C(ar) 0.12091 3.59170 H.(al)-H.(al) 0.01570 2.97400
0-H, 0.05166 2.28370 H.(al)-H.(ar) 0.01570 2.97400
O-H.(al) 0.05166 3.17070 H.(ar)-H.(ar) 0.01570 2.97400
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E=K(r—mn)? A4.3

Table A4.5 Bond coefficients, BA.

Bond K (Kcal/mole/ A2) | r, (A) Bond K (Kcal/mole/ A2) | r, (&)
N-C(al) 276.638 1.48 C(al)-C(al) 306.432 1.508
N-H, 443528 1.028 C(al)-H.(al) 342991 1.093

Table A4.6 Bond coefficients, PEA.

Bond K (Kcal/mole/ 82) | r, (&) Bond K (Kcal/mole/ A2) | r, (A)
N-C(al) 365.42326 1.48942 [ C(al)-C(ar) 315.86042 1.48789
N-H, 421.96460 1.03880 | C(ar)-C(ar) 436.40302 1.38337

4 C(al)-C(al) 290.71051 1.51445 [ C(ar)-H.(ar) | 368.92606 1.08345
C(al)-H.al) [ 340.00000 1.09000

Table A4.7 Bond coefficients, POB.

Bond K (Kcal/mole/ A2) | r, () Bond K (Kcal/mole/ A2) | r, (&)

N-C(al) 36542326 1.48942 | C(al)-O 320.00000 1.41000

N-H, 421.96460 1.03880 | O-C(ar) 450.00000 1.32300

C(al)-C(al) 290.71051 1.51445 | C(ar)-C(ar) 436.40302 1.38337

C(al)-H.(al) | 340.00000 1.09000 | C(ar)-H.(ar) 368.92606 1.08345
E =K(0 — 6,)? Ad4

Table A4.8 Angle coefficients, BA.

Angles K (Kcal/mole/rad:) | 6o (°) Angles K (Kcal/mole/rad) | 6o ()
H.-N-H, 41.596 107.787 H.-C-H. 37.134 108.836
H,-N-C 41452 111.206 C-C-H. 54.770 110.549
N-C-C 84.848 106.493 C-C-C 61.243 109.608
N-C-H. 62.754 106.224

Table A4.9 Angle coefficients, PEA.

Angles K 6o () Angles K 60 (")
(Kcal/mole/rad:) (Kcal/mole/rad:)

H,-N-H, 36.37932 110.38305 | C(ar)-C(al)- 49.63642 110.27836
H.(al)

H,-N-C(al) 50.36054 108.47442 | C(al)-C(al)- 62.84255 112.57229
C(ar)

N-C(al)-C(al) | 79.97299 111.33933 | C(al)-C(ar)- 69.82042 120.38660
C(ar)

N-C(al)-H.(al) | 50.00000 109.50000 | C(ar)-C(ar)- 62.88385 120.05976
C(ar)

H.(al)-C(al)- 35.00000 109.50000 | C(ar)-C(ar)- 46.31522 119.62283

H.(al) H.(ar)

C(al)-C(al)- 50.00000 109.50000

H.(al)
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Table A4.10 Angle coefficients, POB.

Angles K 60 () Angles K 60 (")
(Kcal/mole/rad:) (Kcal/mole/rad:)

H.-N-H, 36.37932 110.38305 | O-C(al)-C(al) | 50.00000 109.50000

H,-N-C(al) 50.36054 108.47442 | O-C(al)-H.(al) | 50.00000 109.50000

N-C(al)-C(al) | 79.97299 111.33933 | C(al)-O-C(ar) | 60.00000 117.00000

N-C(al)-H.(al) | 50.00000 109.50000 | O-C(ar)-C(ar) | 80.00000 125.00000

H.(al)-C(al)- 35.00000 109.50000 | C(ar)-C(ar)- 62.88385 120.05976

H.(al) C(ar)

C(al)-C(al)- 50.00000 109.50000 | C(ar)-C(ar)- 46.31522 119.62283

H.(al) H.(ar)

C(al)-C(al)- 42.05979 109.66082

C(al)

E = Z K;[1.0 + cos(n;¢p — d;)]

A4.5
Table A4.11 Dihedral coefficients, BA.

Dihedrals i K (Kcal/mole) n d()
H,.-N-C-H. 1 0.13 3 0
H,-N-C-C 1 0.093 3 0
N-C-C-H. 1 0.346 1 0

2 -0.265 2 180

3 0.139 3 0
N-C-C-C 1 -0.324 1 0

2 0.275 2 180

3 0.295 3 0
H.-C-C-H. 1 0.142 1 0

2 -0.693 2 180

3 0.157 3 0
H.-C-C-C 1 0.32 1 0

2 -0.315 2 180

3 0.132 3 0
C-C-C-C 1 0.051 1 0

2 0.341 2 180

3 0.166 3 0
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Table A4.12 Dihedral coefficients, PEA.

Dihedrals i K (Kcal/mole) n d()
H,-N-C(al)-H.(al) 1 0.15600 3 0
H,-N-C(al)-C(al) 1 0.15600 3 0
N-C(al)-C(al)-H.(al) 1 0.15600 3 0
N-C(al)-C(al)-C(ar) 1 0.15600 3 0
H.(al)-C(al)-C(al)-H.(al) 1 0.15600 3 0
H.(al)-C(al)-C(al)-C(ar) 1 0.15600 3 0
C(al)-C(al)-C(ar)-C(ar) 1 0.30000 3 0
H.(al)-C(al)-C(ar)-C(ar) 1 0.30000 3 0
C(al)-C(ar)-C(ar)-C(ar) 1 3.18247 2 180
C(al)-C(ar)-C(ar)-H.(ar) 1 3.18247 2 180
C(ar)-C(ar)-C(ar)-C(ar) 1 3.18247 2 180
C(ar)-C(ar)-C(ar)-H.(ar) 1 3.18247 2 180

4 H.(ar)-C(ar)-C(ar)-H.(ar) 1 3.18247 2 180

Table A4.13 Dihedral coefficients, POB.
Dihedrals i K (Kcal/mole) n d()
H,-N-C(al)-H.(al) 1 0.15600 3 0
H,-N-C(al)-C(al) 1 0.15600 3 0
N-C(al)-C(al)-H.(al) 1 0.15600 3 0
N-C(al)-C(al)-C(al) 1 0.15600 3 0
H.(al)-C(al)-C(al)-H.(al) 1 0.15600 3 0
H.(al)-C(al)-C(al)-C(al) 1 0.15600 3 0
C(al)-C(al)-C(al)-C(al) 1 0.15600 3 0
C(al)-C(al)-C(al)-O 1 0.15600 3 0
H.(al)-C(al)-C(al)-O 1 0.15600 3 0
C(al)-C(al)-O-C(ar) 1 0.38300 3 0
H.(al)-C(al)-O-C(ar) 1 0.38300 3 0
C(al)-O-C(ar)-C(ar) 1 1.05000 2 180
0-C(ar)-C(ar)-C(ar) 1 3.18247 2 180
0O-C(ar)-C(ar)-H.(ar) 1 3.18247 2 180
C(ar)-C(ar)-C(ar)-C(ar) 1 3.18247 2 180
C(ar)-C(ar)-C(ar)-H.(ar) 1 3.18247 2 180
H.(ar)-C(ar)-C(ar)-H.(ar) 1 3.18247 2 180
Table A4.14 Charges of atoms, BA.

Atom Charge Atom Charge Atom Charge
Pb 2.0000 C1 0.0955 C3 0.1411
1 -1.0000 H. 0.0794 H., -0.0037
N -0.4157 C2 -0.1045 C4 -0.1659
H, 0.3366 H. 0.0534 H. 0.0605
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Figure A4.1 The molecules used with their carbons numbered in the same fashion as in the charge

tables.

Table A4.15 Charges of atoms, PEA.

Atom Charge Atom Charge Atom Charge
Pb 2.0000 H. 0.0277 H. 0.1177

| -1.0000 C2 -0.2240 Cs -0.0565
N -0.2645 H.. 0.0857 H.. 0.1066

H, 0.2925 C3 0.1671 Co6 -0.0601
C1 0.2061 C4 -0.1846 H. 0.1047

Table A4.16 Charges of atoms, POB.

Atom Charge Atom Charge Atom Charge
Pb 2.0000 H. -0.0457 C11 -0.2073
1 -1.0000 (6) -0.3899 H.. 0.1233

N -0.3974 Cs 0.1468 C12 0.2037

H. 0.3253 Ceé -0.1822 C13 -0.2312
C1 0.1477 H.. 0.1281 H., 0.1214

H., 0.0590 Cc7 -0.1819 C14 -0.0090
C2 0.0068 H. 0.1187 H.. 0.0923

H. 0.0200 C8 0.1413 C15 -0.0263
C3 -0.0869 Cc9 0.0735 C16 -0.0484
H., 0.0342 C10 -0.1372

C4 0.4057 H.. 0.1024
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Lead atom deviation from lead-iodide plane process

This is a method we use to examine the magnitude which the lead atoms are able to
deviate from the lead-iodide plane in the different structures at different temperatures.
This gives information about the rigidity of the lead iodide layer. For each simulation the
coordinates of every lead atom at every time step are extracted and a histogram of the out
of layer coordinate (the z-coordinate) is made. Since all the structures have two separate
lead-iodide layers in their unit cell each histogram will have two separate peaks that each
represent a single layer of lead ions. Every peak is fitted with a simple Gaussian function
and the standard deviation extracted. The standard deviation is an indicator of the
structural flexibility of the lead atoms in each layer. In a more rigid layer, the movement of
the lead atoms in the direction perpendicular to the layer will be diminished and therefore
give rise a narrower peak with a smaller standard deviation.

Radial distribution functions
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Figure A4.2 Radial distribution functions for lead & nitrogen for the different simulated structures
at 300 K and 50 K. (a) BA at 300 K. (b) PEA at 300 K. (c) POB at 300 K. (d) BA at 50 K. (¢) PEA at 50
K. (f) POB at 50 K.
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Figure A4.3 Radial distribution functions for iodide & nitrogen for the different simulated
structures at 300 K and 50 K. (a) BA at 300 K. (b) PEA at 300 K. (c) POB at 300 K. (d) BA at 50 K. (e)

PEA at 50 K. (f) POB at 50 K.
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Trapping and De-Trapping in Colloidal Perovskite

Nanoplatelets: Elucidation and Prevention of Non-Radiative

Processes Through Chemical Treatment

Metal-halide perovskite nanocrystals show promise as the future active material in photovoltaics,
lighting, and other optoelectronic applications. The appeal of these materials is largely due to the
robustness of the optoelectronic properties to structural defects. The photoluminescence quantum
yield (PLQY) of most types of perovskite nanocrystals is nevertheless below unity, evidencing the
existence of non-radiative charge-carrier decay channels. In this work, we experimentally elucidate
the non-radiative pathways in CsPbBr, nanoplatelets, before and after a chemical treatment with
PbBr, that improves the PLQY. A combination of picosecond streak camera and nanosecond
time-correlated single-photon counting measurements is used to probe the excited-state dynamics
over six orders of magnitude in time. We find that up to 40% of the nanoplatelets from a synthesis
batch are entirely nonfluorescent and cannot be turned fluorescent through chemical treatment.
The other nanoplatelets show fluorescence, but charge-carrier trapping leads to losses that are
prevented by chemical treatment. Interestingly, even without chemical treatment, some losses
due to trapping are mitigated because trapped carriers spontaneously de-trap on nanosecond-to-
microsecond timescales. Our analysis shows that multiple non-radiative pathways are active in
perovskite nanoplatelets, which are affected differently by chemical treatment with PbBr,. More
generally, our work highlights that in-depth studies using a combination of techniques are necessary
to understand non-radiative pathways in fluorescent nanocrystals. Such understanding is essential
to optimize synthesis and treatment procedures.

This chapter is based on: Vonk, S. J. W.I; Fridriksson, M. B.I; Hinterding, S. O. M.; Mangnus, M. J.
J.; Van Swieten, T. P; Grozema, F. C.; Rabouw, E T.; van der Stam, W,, J. Phys. Chem. C 2020, 124
(14), 8047-8054

|| These authors contributed equally to the work



Chapter 5

5.1 Introduction

Researchand development oflead-halide perovskite nanocrystals (NCs) hasalmostreached
the same maturity as more conventional II-VI and III-V semiconductor nanomaterials,
offering exciting properties such as narrow emission linewidths, fast excited-state decay,
and high material gain.'? Furthermore, synthesis protocols for high-quality perovskite
NCs of various compositions and shapes have been developed over the past five years.>
2 While the fluorescence of the conventional II-VI and III-V semiconductor NCs is
strongly quenched unless their surface is covered with a wide-bandgap shell material,
this is different for perovskite NCs.* 1*1¢ The optical properties of perovskite NCs are
less sensitive to (surface) defects than their II-VI and III-V counterparts, because
the localized electronic states due to defects often lie outside the bandgap.'”'® Even
simple synthesis procedures for single-component perovskite NCs, without shell, yield
fluorescence with a photoluminescence quantum yield (PLQY) as high as a few tens of
percent.*> Nevertheless, better synthesis methods," ligand-exchange procedures,"” and
other post-synthesis chemical treatments'® continue to be discovered that lead to even
higher PLQY values. Clearly, structural imperfections in the interior of perovskite NCs or
on their surface deteriorate the PLQY by opening non-radiative decay channels, but they
can be removed or prevented if the right chemical methods are used. Unity PLQYs have
been achieved for some compositions and shapes of perovskite NCs, but not yet for many
others.” The success of synthesis and treatment procedures in preventing non-radiative
losses is usually evaluated in terms of the PLQY and excited-state decay dynamics of the
resulting NCs. These parameters serve as feedback to optimize the chemical methods.
However, batches of NCs are typically heterogeneous with strong interparticle-property
variations. This complicates the ability of the community to identify the non-radiative loss
pathways in an ensemble of NCs and, consequently, to evaluate and optimize the chemical
procedures used.

In this chapter, we unravel the non-radiative processes in CsPbBr, nanoplatelets (NPLs),
before and after chemical treatment with PbBr, that improves the PLQY. We analyze
the excited-state dynamics over six orders of magnitude in time using a combination of
integrating-sphere PLQY measurements, streak camera experiments, and time-correlated
single-photon counting (TCSPC). We find that trapping of charge carriers occurs over a
wide range of timescales, from sub-picosecond to nanoseconds.'”® While some trapped
charge carriers recombine non-radiatively, another part is de-trapped on longer timescales
and contributes to delayed emission of photons up to several hundred nanoseconds after
photoexcitation. Chemical treatment of the CsPbBr, nanoplatelets with PbBr, removes
the picosecond-to-nanosecond trapping pathways, resulting in an increase of the PLQY.
However, our combination of spectroscopic techniques reveals the presence of a “dark
fraction” of entirely nonfluorescent NPLs that cannot be healed by chemical treatment
with PbBr,. Our results show that multiple non-radiative processes are operative in an
ensemble of CsPbBr, NPLs, each with a distinct signature in the excited-state dynamics
and with a distinct response to chemical surface treatment with PbBr,. More broadly, our
analysis method provides a framework to identify the effect of a chemical treatment on the
non-radiative pathways in fluorescent nanomaterials.
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5.2 Methods

5.2.1 Materials

Lead bromide (PbBr,, 99.999%), cesium carbonate (Cs,CO,, 99%), oleic acid (OA,
>99%), oleylamine (technical grade, 70%), anhydrous hexane, acetone and toluene were
purchased from Sigma- Aldrich and used as received.

5.2.2 Precursor solution preparation

A Cs-oleate precursor solution was prepared by dissolving Cs,CO, (0.1 mmol) in oleic
acid (10 mL) at 100°C.*> A PbBr, treatment precursor solution was prepared by dissolving
PbBr, (0.1 mmol) in a mixture of oleic acid (0.1 mL), oleylamine (0.1 mL) and hexane (10
mL) at 100°C. A PbBr, synthesis precursor was prepared by dissolving PbBr, (0.1 mmol)
in a mixture of oleic acid (0.1 mL), oleylamine (0.1 mL) and toluene (10 mL) at 100°C.
All mixtures were vigorously stirred and heated in order to dissolve the salts, after which
transparent, colorless precursor solutions were obtained.

5.2.3 Synthesis and treatment of CsPbBr, nanoplatelets

The CsPbBr, nanoplatelets (NPLs) were all synthesized following the protocol of Bohn
et al.' In brief, for the synthesis of 4 monolayer (ML) CsPbBr, NPLs, 150 uL Cs-oleate
precursor was injected into 1.2 mL PbBr, synthesis precursor, while continuously stirring
the reaction solution. After ~5 s, 2 mL acetone was swiftly added in order to initiate the
crystallization of the NPLs. After 1 min, the stirring was terminated and the solution was
centrifuged (3500 rpm, 5 min) in order to separate the NPLs from unreacted precursor.
For the synthesis of 6 ML NPLs, all synthesis steps are the same as described above, except
for the amounts of (precursor) solution (250 uL Cs-oleate precursor, 1 mL PbBr, synthesis
precursor with 0.3 mL acetone added, and 2.5 mL acetone). All syntheses were conducted
under ambient conditions. To treat the NPLs, 0.1 mL of the PbBr, treatment precursor
solution was added to diluted (10-8 M) NPL dispersions under vigorous stirring.

5.2.4 Steady-state optical spectroscopy

The absorbance of CsPbBr, NPL solutions was measured on a Perkin Elmer Lambda 900
UV/VIS/NIR Spectrometer. The steady-state photoluminescence (PL) was measured on
an Edinburgh Instruments FLS980 Fluorescence Spectrometer, using a 450 W Xenon
lamp as the excitation source (excitation wavelength 405 nm). PLQY measurements were
carried out in the same device, using an integrating sphere. Solutions were measured in
closed quartz cuvettes (pathlength 10 mm). Diluted solutions were prepared by adding
50-100 pL of the crude NPLs in hexane solution (concentration 10® M) to 3 mL hexane
in quartz cuvettes, in order to reach an optical density at the excitation wavelength of 405
nm around 0.1.22

5.2.5 Transmission electron microscopy and x-ray diffraction
Transmission electron microscopy samples were prepared by drop-casting a dilute solution
of NPLs in hexane on a carbon-coated copper TEM grid (400-mesh). TEM images and
electron diffraction patterns were measured on a JEOL JEM-1400 TEM, operating at 120
kV. X-ray diffraction samples were prepared by drying a concentrated solution of NPLs,
the dry powder was put on a silicon wafer. X-ray diffraction patterns were measured using
a Bruker D2 Phaser using a Co X-ray source (\ = 1.79 A).
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5.2.6 Streak camera measurements

The time-resolved photoluminescence streak camera measurements were performed
using a Hamamatsu C5680 streak camera setup. The samples were excited with a
Chameleon Ultra II (Ti:Sapph) oscillator combined with a harmonic generator producing
140 fs pulses with a repetition rate of 80 MHz at a fluence of ~1 pJ cm? corresponding to
an average number of excitons per pulse of <N> = 0.03-0.04. This range is obtained by
assuming an intrinsic absorption coefficient of CsPbBr, at 400 nm in hexane of 7.7x10*
cm’!, lateral dimensions of 8 nm x 8 nm and a NPL thickness of 2.4 nm (4ML) and 3.4 nm
(6ML) giving absorption cross sections of 1.2x10** cm? (4ML) and 1.7x10"* cm? (6ML).*
The NPL dispersion was stirred during the measurement to minimize sedimentation
and beam damage by the laser. An excitation wavelength of 405 nm was used in order
to match the settings of the TCSPC pulsed laser. The time ranges of the streak camera
measurements were 0.13 ns for the high-resolution measurement and 1.22 ns for the
low-resolution measurement. The time resolution of the setup is 3 ps.

5.2.7 TCSPC measurements

Nanosecond time-correlated single-photon counting (TCSPC) measurements were
performed on an Edinburg Instrument FLS920 fluorescence spectrometer, using a
PicoQuant pulsed diode laser (wavelength 405 nm) with a repetition rate of 0.5 MHz
at a fluence of ~0.1 nJ cm™ The NPL dispersion was stirred during the measurement
to minimize sedimentation and beam damage by the laser. Emission events were
time-correlated with the excitation pulses using an Edinburgh TCC900 computer card.

5.3 Results and discussion

5.3.1 CsPbBr, nanoplatelet synthesis and characterization before and
after PbBr, treatment

Colloidal CsPbBr, NPLs of two thicknesses (4 and 6 monolayers, ML) were
prepared following the procedure of Bohn et al.'® Sharp features are observed in the
photoluminescence (PL) spectra, indicating controlled NPL thicknesses (Figure 5.1a).
Surface treatment with a PbBr, precursor solution was performed on the NPLs,'* which
resulted in an enhancement of the PLQY (Figure 5.1b). Transmission Electron Microscopy
(TEM) confirms the platelet shape of our NCs (Figure 5.1c,d). The variations in side
length, which were also observed by Bohn et al.,'s have limited effect on the emission
wavelength because this is determined by the thickness of the NPLs. X-ray diffraction
confirms the CsPbBr, perovskite crystal structure of our NPLs (Appendix, Figure A5.1). In
total, four NPL samples were prepared and studied in this work: 4ML, 4ML-treated, 6 ML,
and 6ML-treated CsPbBr, NPLs. The main text will focus mainly on the data obtained for
the 4ML and 4ML-treated NPLs. All measurements in the manuscript were conducted
one day after synthesis, so that the picosecond-to-nanosecond excited-state dynamics and
the PLQY could be directly combined and compared without complications due to slow
degradation over the timescale of days to weeks.

5.3.2 Photoluminescence decay measurements on picosecond,
nanosecond and microsecond timescales

We studied the excite-state dynamics of the NPLs using picosecond streak camera (Figure
5.2a) and nanosecond TCSPC measurements (Figure 5.2b). By measuring the excited-
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Figure 5.1 Optical and structural characterization of CsPbBr, nanoplatelets. (a) Steady-state
absorption (dashed lines) and photoluminescence (solid lines) spectra of CsPbBr, nanoplatelets with
a thickness of 4ML (dark blue) and 6ML (green). The inset shows the perovskite crystal structure (blue
sphere; Cs*, black sphere; Pb*, light blue sphere; Br-). (b) Photoluminescence spectra normalized
to PLQY before (dashed lines, 4ML 10.2%, 6ML 50.8%) and after PbBr, treatment (solid lines, 4ML
44.2%; 6ML 68.8%). Transmission electron microscopy (TEM) images of (c) 4ML thick and (d) 6ML
thick CsPbBr, NPLs.

state decay with TCSPC as a function of the photon energy using a monochromator, we
obtain a 2D map of the excited-state dynamics vs. energy, i.e. time-resolved emission
spectra (TRES). Using both techniques—streak camera and TRES—we are able to
resolve the spectral position, linewidth and intensity over a wide range of delay times
(Figure 5.2a,b). We keep the laser excitation fluence low (estimated to yield on average
0.03 excitons per NPL per pulse for the streak camera measurement; see Appendix) to
minimize the creation of multiexcitons and the influence of Auger recombination on the
decay dynamics.

The peak emission energy and linewidth remain nearly constant over the entire
experimental time range (Figure 5.2¢,d). This indicates that radiative recombination of
the photogenerated charge carriers occurs always from the same exciton state irrespective
of the timescale. Because of the sub-picosecond cooling time of hot charge carriers,” this
must be the lowest-energy exciton state, whose energy is dependent on the thickness of
the NPLs through quantum confinement effects (Figure 5.1). We ascribe the small (~3
nm) shift of the emission peak over the first 20 ns to slight inhomogeneous broadening
and a wavelength-dependent density of optical states.*

Although the narrow linewidth in the TRES measurements (Figure 5.2b) indicates
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Figure 5.2 Picosecond streak camera measurements and time-correlated single-photon counting
on 4-monolayer CsPbBr, nanoplatelets. (a) Streak camera image measured over the first 1000 ps and
(b) time-resolved emission spectrum measured over the first 200 ns after photoexcitation for untreated
4ML CsPbBr, NPLs. Spectral slices measured with (c) the streak camera and (d) TCSPC show that the
spectral position (white line in panels (a) and (b)) and width remain nearly constant over the entire
time range. The constant 2 nm shift of the peak position between the two different measurements is
due to calibration differences between the TCSPC and streak camera setup. PL decay traces obtained
by (e) streak camera (from 0 to 1000 ps) and (f) TCSPC (from 0 to 1000 ns) measurements, showing
multi-exponential decay. Schematic representation of the radiative and non-radiative processes that
typically occur in nanomaterials: (g) radiative recombination, where an excitation is directly followed
by photon emission, (h) non-radiative recombination, which results in energy losses and shortens the
timescale of photon emission, and (i) temporary storage of charge carriers and subsequent release
leads to delayed emission of photons.

radiative recombination from identical 4ML nanoplatelets, the PL decay curves (Figures
5.2e,f) show multi-exponential excited-state dynamics. This suggests a variation in
non-radiative processes within subpopulations of NPLs in the sample. As reported
previously,' *» ¥ and as we investigate in more detail below, the radiative decay rate k_,
of the lowest-energy exciton state in perovskite NCs is on the order of k_,=0.1-1 ns™."
Based on this rate, we expect an average delay time of <t>= k_,'=1-10 ns (Figure 5.2g)
if no other recombination pathways are active. However, the PL decay curve measured
here clearly contains significantly faster (Figure 5.2e) as well as slower (Figure 5.2f)
decay components. The decay components faster than the radiative rate can be ascribed
to non-radiative trapping processes from imperfect NPLs in the sample, which are in
competition with radiative recombination. Non-radiative trapping at rate k__shortens the
timescale of emission (Figure 5.2h) to <t>=(k_,+k ). If the charge carriers recombine
non-radiatively after trapping, this lowers the PLQY. The decay components slower than
the radiative rate can also be due to non-radiative processes. Trapping of a charge carrier,
followed by de-trapping at rate k , and radiative recombination at rate k_, will increase
the timescale of emission to <t>=k_ '+ k_ ' (Figure 5.2i, Appendix for derivation).
However, since this sequence of processes yields a photon eventually, it does not affect the
PLQY. This photon emission following trapping and de-trapping is often referred to as
delayed emission and has been shown to influence the PL dynamics in perovskite NCs?*-*
as well as other materials.*** Below, we will study both non-radiative processes (trapping/
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non-radiative recombination and trapping/de-trapping) and characterize the influence of
the PbBr, surface treatment on these non-radiative processes.

5.3.3 Stitching the PL decay curves together and modeling of the
non-radiative processes

In Figure 5.3a we combine the streak camera and TCSPC measurements over six orders of
magnitude in time by stitching them together. This procedure is detailed in the Appendix.
In addition to the PL decay trace, the PLQY measured with an integrating sphere also
contains information about non-radiative processes. We combine the information from
all measurements by defining the “quantum yield density” ¢(t), which is obtained by
normalizing the stitched PL decay data such that the total area, i.e. the time-integrated
quantum yield density, equals the PLQY:

f @(t)dt = PLQY.
0 5.1

The quantum yield density has units of inverse time and represents the photon emission
probability per unit delay time per absorption event from the ensemble of NPLs. The
quantum yield density plot contains information about the fast trapping—even those
processes that are faster than the instrument response of our streak camera—as well as the
slow de-trapping processes.

Figures 5.3b-e illustrate how we quantify different non-radiative processes by analyzing
the quantum yield density plot ¢(t), under the assumption that all NPLs have the same
intrinsic radiative decay rate k_,. In the simplest scenario (Figure 5.3b, blue), radiative
recombination of the exciton is the only decay pathway and no competing non-radiative
processes in any of the NPLs in the ensemble are present. In this case, the PLQY would
be unity and the quantum yield density would follow single-exponential decay, i.e.
o=k _.exp(k_t).

In practice, batches of NCs typically contain a “dark fraction’* i.e. some NCs do not
emit any photons upon photoexcitation and are therefore not directly observable in
spectroscopic measurements.’**¢ This dark fraction of entirely nonfluorescent NPLs
that we identify below is qualitatively different from the “dark NPLs” with weak and fast
fluorescence that Bohn et al. discuss.'® The presence of a truly dark fraction has a large
influence on the quantitative analysis of the decay processes.”” Photogenerated excitons
in these dark NPLs are quenched by ultrafast non-radiative charge carrier recombination,
which may even outcompete the thermalization rate to the band edge. This subpopulation
is invisible in the PL decay traces but does show up in the PLQY measurements. Figure
A5.3 in the Appendix discusses the concept of a dark fraction in more detail and provides
an analysis strategy to identify if a dark fraction is present in a NC sample. Figure 5.3c
(green) shows the quantum yield density for the scenario that a fraction 1-f of NPLs is
dark, while the other NPLs (bright fraction f) exhibit exclusively radiative decay, which
follows @(t)=tk _, exp(-k_,t). From the amplitude ¢(0)=fk_, of the quantum yield density
plot we can thus estimate the bright fraction within the NPL ensemble:
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Figure 5.3 Stitching of streak camera and TCSPC measurements. (a) Example of the combination of
high- and low-resolution streak camera measurements with time-correlated single-photon counting
(TCSPC) measurements for a sample of untreated 4ML nanoplatelets (NPLs) in order to obtain a
photoluminescence (PL) decay trace over 6 orders of magnitude in time. The area under the PL decay
curve is normalized to the PLQY of 10.2%, yielding what we define as the quantum yield density ¢(t).
(b) Model of the PL decay trace on a double logarithmic scale (and semi logarithmic inset) in case all
generated charge carriers recombine radiatively (PLQY = 100%). (c) Model of the PL decay trace, in
case a fraction of the NPLs is dark, resulting in a decrease of the amplitude, since the extremely fast
dynamics of the dark fraction is masked by the instrument response function. (d) Model of the PL
decay trace, but in addition to the model in (c), part of the bright fraction NPLs exhibit non-radiative
recombination that is in competition with radiative recombination. (e) Model of the PL decay trace,
but in addition to the model in (d), delayed photons are taken into account, i.e. radiative recombination
of charge carriers after temporary storage in a non-emissive state. (f) Experimental PL decay traces
for untreated (dashed line) and PbBr, treated (full line) 4ML CsPbBr, NPLs. (g) Same, but for 6ML
CsPbBr, NPLs.
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Figures 5.3d,e illustrate the additional features that may appear in the quantum yield
density plots if a fraction of NPLs in the sample exhibit trapping of charge carriers
which can lead to non-radiative recombination (Figure 5.3d, yellow), or de-trapping and
subsequent delayed emission of photons on longer timescales (Figure 5.3e, red). These
processes introduce additional components in the quantum yield density plots that are
faster (non-radiative recombination) or slower (delayed emission) than the radiative
recombination, respectively (see Figures 5.2g-1).

Figure 5.3f shows the experimental quantum yield density plot ¢(t) of the untreated
and treated 4ML NPL samples, and Figure 5.3g for the untreated and treated 6ML NPL
samples. We see that the untreated and treated samples have very similar amplitudes ¢(0),
indicating that the treatment with PbBr, does not affect the dark fraction of NPLs (see
model in Figure 5.3¢). In addition, we observe that the treatment process makes the decay
dynamics on the picosecond-to-nanosecond timescales (< 10 ns) slower. This is consistent
with a suppression of non-radiative trapping pathways in imperfect NPLs by the PbBr,
treatment. Finally, we observe additional slow (> 50 ns) multi-exponential components
in the quantum yield density @(t) for all samples, associated with delayed emission of

98



Trapping and De-Trapping in Colloidal Perovskite Nanoplatelets

photons following trapping and de-trapping (Figure 5.2i). Interestingly, the contribution
of the delayed emission events to the total amount of emitted photons changes with
treatment. From these measurements, we conclude that the PbBr, treatment procedure
affects the non-radiative processes contributing to non-radiative recombination in the
bright fraction of NPLs, as well as those contributing to delayed emission, whereas the
dark fraction is unaffected by the treatment.

5.3.4 Identifying radiative and non-radiative processes in CsPbBr,
NPLs ensembles

For a more quantitative analysis of the non-radiative processes in our NPL samples, we
have to determine the radiative decay rates k _,. For example, the value of k_ is necessary
for a quantitative identification of the dark fraction (Equation 5.2) and the distinction
between charge-carrier trapping followed by non-radiative recombination (Figure 5.3d)
or delayed emission (Figure 5.3e).

We measured the excited-state decay of three independently synthesized samples of 4ML
NPL with slightly different PLQY (see Figure 5.4a). The fitted lifetime of the excited state
is constant (blue line) indicating that the synthesis procedure gives synthesis-to-synthesis
variations in the dark fraction. An alternative explanation—where the PLQY changes due
to a variation in non-radiative rates—would result in a positive slope of the lifetime of
the excited state vs. the PLQY (red dashed line, see Appendix for details) which does not
follow the data. From this, we conclude that the slowest decay dynamics of the treated
NPLs on the 1-10 ns timescale are predominantly due to k_,. From the measurements on
the treated samples, we extract k_,=1/(5.6 ns) for the 4ML NPLs and k_,=1/(5.7 ns) for
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Figure 5.4 Determination of the radiative decay rate. (a) Lifetime vs. PLQY for three independently
synthesized treated 4ML NPL samples. The lifetime of the excited state is approximately constant

k_,=1/(5.6 ns), independent of the PLQY, indicating variations in the dark fraction from sample to
sample (blue line). The red dashed line shows the expected trend if the non-unity PLQY were due
to non-radiative decay in each NPL (rather than a dark and bright fraction), with sample-to-sample
variations in PLQY due to sample-to-sample variations in k . (b) Decay curve for treated 6ML NPL of
one synthesis batch dispersed in hexane (n = 1.375, dark yellow), toluene (n = 1.5, orange) and CS, (n
= 1.63, red). The lifetime of the excited state decreases for increasing refractive index n showing that
the total decay rate is dominated by radiative processes.
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the 6ML NPLs. This is approximately a factor 2 faster than the radiative rate estimated by
Bohn et al.,'® since we take into account that the dark fraction of NPLs is the cause for most
of the losses in the ensemble, while most fluorescent NPLs show purely radiative decay.”
The absolute values for k_, for the two samples are determined by the electronic structure
of the NPLs, including the thermal occupation of various exciton fine structure states,*
and photonic effects, including a shape-dependent local field factor.! To further confirm
that the ns-component in the PL decay dynamics is due to radiative decay, we measured
the excited-state decay using TCSPC on 6ML NPLs in different photonic environments
by changing the solvent (see Figure 5.4b). We observe that the lifetime of the excited state
becomes faster for increasing the refractive index from n = 1.374 [hexane, dark yellow,
k_,=1/(6.8 ns)] ton = 1.63 [CS,, red, k_,=1/(5.2 ns)]. This is consistent with a change in
the radiative rate of the NPLs due to an increase of the local density of optical states.

Using these values for k_, and the concepts explained in Figure 5.3b—e, we identify and
quantify the different non-radiative processes at play in the sample of untreated 4ML
NPLs in Figure 5.5a. The red line is the experimental quantum yield density plot ¢(t)
obtained after stitching of the PL streak camera and TCSPC measurements. The yellow
line is a multi-exponential fit (to account for variations of non-radiative trapping rates
between subpopulations of NPLs) to the first 20 ns of which the slowest fit component is
fixed to k_,. This captures the excited-state dynamics due to picosecond-to-nanosecond
charge-carrier trapping from the band-edge exciton state (see Figure 5.3d) but excludes
delayed emission on timescales longer than 1/k _, (see Figure 5.3¢). The blue line (Figure
5.3b) is the hypothetical quantum yield density assuming a unity PLQY sample, i.e. no
dark fraction, decaying with the radiative rate k_,. The green line (Figure 5.3c) shows
the calculated quantum yield density we would measure if the bright fraction f suffered
no band-edge losses, in which case the excited-state dynamics would follow single-
exponential decay with the radiative rate k_,.

By integrating the appropriate areas between the curves in Figure 5.5a, we estimate the
probabilities of different decay pathways in our NPL ensemble and thus the influence
of the various non-radiative processes. Because the quantum yield density is normalized
to the PLQY (Equation 5.1), integration immediately yields the probabilities of decay
pathways per photon absorption event. Specifically, in this way we obtain the probability
of prompt photon emission (yellow-shaded area), the band-edge losses due to charge
carrier trapping (green-shaded area), and the losses due to the dark fraction of NPLs
(blue-shaded area). In addition, the red-shaded area represents the delayed emission on
timescales exceeding prompt emission. Figures 5.5b—d show the same plots and analysis
for the treated 4ML NPLs (Figure 5.5b), the untreated 6ML NPLs (Figure 5.5¢), and the
treated 6ML NPLs (Figure 5.5d).

From these plots, it becomes clear that in a fraction of NPLs charge carriers are ‘lost’
by trapping on the sub-picosecond timescale (blue-shaded area) and/or picosecond-
to-nanosecond (green-shaded area) timescale. Delayed emission (red-shaded areas in
Figures 5.5a-d) is due to de-trapping of charge carriers and subsequent photon emission
on long timescales compared to prompt emission. To determine the timescales of trapping
and release and how the treatment affects it, we plot the contribution of delayed emission

100



Trapping and De-Trapping in Colloidal Perovskite Nanoplatelets

02

Dark-fractio y 02 .
: 100 —losses — Ppodedoe " T—o] : 100 = ©®& s0
D~ 011 o 1 (VR —— -
5z 10 %0 02 o4 5z 10 0% o B|d 257 i
§ g Delay time (ns) § % Delay time (ns) B g /,\0\
g (€2~ T -7
10_8_4MLTrealed %:g 001z i
1073 100 103 a] 0 50
Delay time (ns)
c d 02 fe
10— <
- S =
EX €2 1074 £|a
22 22 oE
52 i
&go 3% 10-8 ] EML Treated %:‘5
0 10°3 100 102 e 0 50 100
Delay time (ns) Delay time (ns) PL quantum yield (%)
y

Figure 5.5 Identifying the radiative and non-radiative processes from the PL decay traces. (a-d)
Stitched experimental PL decay traces (solid red line) and the comparison to the model distinguishing
the contribution of prompt photons (yellow-shaded area), band-edge losses (green-shaded area),
the dark fraction (blue-shaded area) and delayed PL (red-shaded area) for (a) untreated and (b)
PbBr -treated 4ML CsPbBr, NPLs, and (c) untreated and (d) PbBr,-treated 6ML CsPbBr, NPLs. The
insets show a zoom of the first 400 ps. (e,f) Plots of the percentage of delayed photons with respect to
the total number of emitted photons versus the PLQY, before and after treatment for (e) 4ML NPLs
and (f) 6ML NPLs, and the comparison to the different possible models for temporary trapping and
how it is affected by chemical treatment (Appendix for details): hot-exciton trapping with a constant
rate (dotted lines), band-edge exciton trapping with a constant rate (dashed line) and band-edge
exciton trapping with a rate that changes to the same extent as the non-radiative recombination rate
(red solid line).

to the total emission, against the ensemble PLQY in Figure 5.5e (4ML NPLs) and Figure
5.5f (6ML NPLs).

As can be seen in Figure 5.5¢,f, the delayed-emission fraction (contribution of delayed
emission to the integrated quantum yield density) decreases as the PLQY increases by
PbBr, treatment. From this analysis, we have to conclude that surface treatment not only
suppresses non-radiative recombination pathways for the bright NPLs, but also has a
profound influence on temporary charge carrier trapping and de-trapping. There are three
possible scenarios that we consider for the effect of treatment on the rates of non-radiative
processes in our NPLs (detailed explanation in Appendix). If only the non-radiative
recombination rate k_ is suppressed by the chemical treatment, we can calculate the
delayed-emission fraction as a function of the PLQY assuming trapping from (1) a hot
exciton state (Figure 5.5e,f dotted line) or (2) from a band-edge exciton state (Figure 5.5¢,f
dashed line). Neither scenario reproduces the measurements of the delayed-emission
fraction before and after treatment. However, if we assume that the treatment suppresses
(3) non-radiative recombination k, as well as temporary trappingk from the band-edge
exciton to the same extent, i.e. both rates are reduced by the same factor, we reproduce the
delayed-emission fraction dependence on PLQY before and after treatment for both NPL
samples (Figure 5.5¢,f red lines).

We conclude from this analysis that trapping from the band-edge exciton state is
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the dominant mechanism contributing to delayed emission in perovskite NPLs.
Additionally, we identified that the process leading to non-radiative recombination (i.e.,
trapping followed by recombination) and temporary trapping (i.e., trapping followed
by de-trapping) is affected to the same extent by a chemical treatment with PbBr,. This
might indicate that the defects that are responsible for these two processes have the same
chemical nature. As charge-carrier trapping on these defects can be reversible (giving rise
to delayed emission), the defect probably acts as a “shallow trap state’, i.e. close in energy
to the conduction- or valence-band edge. Indeed, undercoordinated Pb may lead to such
shallow trap states, whose density is expected to decrease by chemical treatment of the
NPLs with excess PbBr,."?

5.3.5 Quantifying the contribution of non-radiative and radiative
processes

Figure 5.6a schematically summarizes the various excited-state decay pathways of an
ensemble of perovskite NPLs that we studied with our combined PL decay and PLQY
measurements. After excitation from the ground state (0) to a hot-carrier state (1), some
NPLs in the ensemble decay non-radiatively on sub-picosecond timescales leading to
dark-fraction losses (blue). In the other subpopulation of NPLs, charge carriers quickly
thermalize to form a band-edge exciton (2). From this lowest-energy exciton state, there
is a probability to recombine radiatively, yielding prompt photons (yellow). Alternatively,
in imperfect subpopulations of NPLs, radiative recombination can be in competition with
non-radiative trapping from the lowest-energy exciton state followed by non-radiative
recombination, leading to band-edge losses (green). Some of these trapping events from
the lowest-energy exciton state do not result in non-radiative recombination, but instead
the trapped charge (3) is de-trapped after some time. After de-trapping and restoration
of the lowest-energy exciton, radiative recombination can occur contributing to delayed
emission of photons (red).

We plot the contributions of the different decay pathways by subpopulations of NPLs for
the different batches (4ML and 6ML) in Figure 5.6b. The contributions of dark-fraction
losses (blue), band-edge losses (green), and prompt photon emission (yellow) add up to
100%, but the numbers are rounded to the nearest 1%. The emission of delayed photons
(red) compensates for part of the band-edge losses. Clearly, the main effect of PbBr,
treatment is enhancement of the prompt emission (yellow) and suppression of band-edge
trapping (green), while the dark-fraction remains similar. Therefore, to approach unity
PLQY values for CsPbBr, perovskite NPLs, an alternative post-synthetic chemical
treatment appears necessary that can heal the dark fraction.

The effect of PbBr, treatment on the absolute delayed-emission intensity is nontrivial:
the delayed-emission intensity increases for the 4ML NPLs, but decreases for the 6ML
NPLs. This can be understood by considering that delayed emission follows a multi-step
pathway: (i) a charge carrier is first trapped from the band-edge exciton state, (ii)
released, and then (iii) recombines radiatively. On the one hand, treatment suppresses
non-radiative recombination of the band-edge exciton, so that steps (i) and (iii) become
more efficient and delayed emission thus more likely. On the other hand, treatment also
suppresses trapping of carriers into temporary traps, as we have elucidated in Figures
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Flgure 5.6 Models for radiative and non-radiative processes in CsPbBr, nanoplatelets. (a) Schematic
summary of the radiative and non-radiative processes at play in subpopulations of an ensemble of
CsPbBr, NPLs. After photoexcitation from the ground state (0) to the excited state (1), hot charge
carriers are initially generated. In some NPLs—the dark fraction—non-radiative recombination is so
fast that it outcompetes thermalization to the band-edge exciton state. The hot charge carriers can also
cool to the band edge (2), from which there is a probability to recombine radiatively (prompt emission
of photons) or get trapped (band-edge losses). Some NPLs trap charge carriers temporarily (3), i.e. they
are subsequently de-trapped and eventually recombine from the lowest-energy exciton state (delayed
photons). (b) The contributions of radiative recombination (prompt photons, yellow area), band-edge
losses (green area) and dark-fraction losses (blue area) of our four samples of NPLs. The red-shaded
area denotes band-edge trapping that is followed by de-trapping and delayed emission. Comparing the
untreated and treated samples, it is evident that chemical treatment with PbBr, suppresses band-edge
trapping while the dark-fraction is hardly influenced.

4 ML Treated 6 ML Treated

5.5e,f, thus making delayed emission less likely. This balance between competing effects
is well captured by the model we show in Figures 5.5¢,f (see also Appendix Figure A5.4).
This model shows that while the delayed-emission fraction of the total emission always
decreases with treatment (Figure 5.5¢,f), the absolute intensity of delayed emission may or
may not increase if the NPLs become significantly brighter overall (Figure 5.6b).

We showed with our analysis method that the PLQY is increased because of reduced
band-edge losses. However, the treatment procedure still does not yield CsPbBr,
NPLs with unity PLQY. Our results indicate that the defect chemistry of perovskite
nanomaterials is complex, and that the main factor that needs to be tackled in order to
reach unity PLQY values for this interesting class of materials, is the dark fraction of NPLs
within the ensemble. Future research into the atomic-scale structural details”* of treated
and untreated NPLs may shed further light on the microscopic nature of the defects
responsible for the various distinct non-radiative pathways. Our approach of combining
picosecond streak camera and TCSPC measurements provides a platform to disentangle
and understand radiative and non-radiative processes in luminescent materials, which
serves as input for the rational design of highly emissive nanomaterials with unity PLQY.

5.4 Conclusions

We have elucidated the non-radiative processes in CsPbBr, nanoplatelets by probing
the excited-state dynamics with a combination of photoluminescence streak camera
and TCSPC measurements. This combination of spectroscopic techniques allowed
us to probe the excited-state dynamics of CsPbBr, nanoplatelets over six orders of
magnitude in time. We have found that chemical treatment with PbBr, suppresses the
non-radiative processes associated with charge-carrier trapping from the lowest-energy
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exciton state and therefore enhances the prompt emission. The dark fraction of NPLs—
the nonemissive subpopulation of nanocrystals within the ensemble—is unaffected by the
chemical treatment with PbBr,. Furthermore, we find that the contribution of delayed
emission due to trapping—de-trapping events to the total emission decreases upon surface
treatment. This is consistent with a reduction of band-edge trapping and non-radiative
recombination. We have identified charge-carrier trapping processes that limit the PLQY
(non-radiative recombination) and those that do not (delayed emission). Furthermore,
using the definition of quantum yield density provides a framework to test and optimize
synthesis procedures or post-synthetic chemical treatments on a variety of fluorescent
nanocrystals.
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Scattering vector g (nm™)

Figure A5.1 X-ray diffraction of CsPbBr, nanoplatelets. X-ray diffraction pattern of (a) 4ML and
(b) 6ML NPLs. The dashed lines show the characteristic lattice planes of a cubic perovskite crystal
structure with a lattice constant a = 5.897 A.”
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Figure A5.2 Stitching of streak camera and TCSPC measurements. (a) The high-resolution streak
camera measurement was fitted to a single-exponential function A(t) (red, dashed) for delay times t >
75 ps. (b) The low-resolution streak camera measurement was fitted to a single-exponential function
on the domain 0.1 ns < t < 0.18 ns (red, dashed) and to a second single-exponential function C(t) on
the domain t > 0.7 ns (black). (c) The TCSPC measurement was fitted to a single-exponential function
D(t) on the domain 0.5 ns < t < 3 ns. (d) We stitch the three measurements together by adjusting the
relative intensity scales such that A(133 ps) = B(133 ps) (red arrow) and C(1.43 ns) = D(1.43 ns) (black
arrow). (e) The stitching procedure yields the total decay curve ranging from the ps timescale of the
streak camera to the ps timescale of the TCSPC measurement. To obtain the quantum yield density
¢(t) we normalized the total area under the decay curve to the PLQY of the nanoplatelet samples.
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Figure A5.3 The dark fraction and determination of the radiative rate. Here, we consider two
scenarios in which a sample of emitters, e.g. perovskite nanoplatelets, have non-unity PLQY but a
quantum yield density ¢(t) that is qualitatively different. (a) The first scenario we consider is a sample
in which all emitters are identical. The quantum yield density is given by

¢)(t) = krade*(kradﬁLkgr)t

where the amplitude ¢(0) is equal to the radiative rate k_,, the non-radiative rate of the bright fraction
isk_"and the PLQY is equal to k _/k_.+k *). The red dashed line shows the quantum yield density
for a unity PLQY sample based on a radiative ratek _,=0.18 ns" andk_"=0ns". A decrease of the PLQY
(blue, k_"=0.42 ns"' and PLQY=0.3) in this scenario will make the excited-state dynamics faster but the
amplitude is unchanged. (b) The second scenario is a sample in which we have two subpopulations,
one with unity PLQY (k_"=0 ns™) called the bright fraction and one with zero PLQY called the dark
fraction. We can write the quantum yield density as

$(8) = flraae ™ot + (1~ f)kygqe™ (raathir)t

where f is the bright fraction and the PLQY equals the bright fraction f. The excited-state dynamics
of the dark fraction are completely masked by the instrument response function (IRF) of the TCSPC
and streak camera measurements because kmD>>kra » tIRF" which effectively lowers the amplitude of
the quantum yield density to $(0)=fk_,. The red dashed line shows the quantum yield density of a
unity-PLQY sample based on a radiative rate k_,=0.18 ns" and f=1. Here, a decrease of the PLQY (blue,

110



Trapping and De-Trapping in Colloidal Perovskite Nanoplatelets

f =0.3) corresponds to an increase of the dark fraction which lowers the amplitude of the quantum
yield density. (c) To verify which of the scenarios describe our nanoplatelet samples we measured
the lifetimes for three independently synthesized 4-monolayer nanoplatelet samples. The samples are
nominally the same but differ slightly in PLQY. Based on the assumption that we have a dark fraction
of nanoplatelets we expect that the measured lifetime T=1/k_, is constant (blue) for the three samples
and the PLQY is different only because of sample-to-sample variations of the bright fraction f. If we
assumed one population of imperfect nanoplatelets, the PLQY=k _,t would scale linearly (red, dashed)
with the radiative rate. We observe that the lifetime is constant with different PLQY and therefore we
assign the non-unity PLQY to the presence of a dark fraction which lowers the PLQY and identify the
fitted decay rate k_,=0.18 ns™ as the radiative decay rate.

Delayed emission mechanisms with varying non-radiative rates

Temporary storage and release of excitonic charge carriers can result in photon emission
with a relatively long delay time compared to direct radiative emission. From the quantum
yield density ¢(t) we observe slower and faster dynamics with respect to radiative
recombination. These observations can be explained by two qualitatively different delayed-
emission mechanisms. The first scenario is [1] hot-carrier trapping where one of the charge
carriers is trapped from a hot-exciton state. The second mechanism is [2] cold-carrier
trapping where the exciton cools down to the lowest-energy exciton state before a charge
carrier is trapped. Here, we will discuss the influence of a chemical treatment—which
changes the non-radiative processes—on the fraction of delayed emission to reveal the
predominant delayed-emission mechanism in perovskite nanoplatelets. We will assume
that radiative recombination from a stored charge carrier does not occur in our samples,
because no trap-state emission is observed in the emission spectra (Figure 5.2c-d).

[1] In the scenario of hot-carrier trapping (Figure A5.4a) the trapping rate ktmp‘“’t is in
competition with hot-exciton cooling k . The probability that an absorption event leads
to delayed emission

nhut — fkrad kglrzltp
delayed krad + knr khat + kc

trap

A5.1

is the product of the probability for hot-carrier trapping and the probability for photon
emission after release. Because cooling rates are typically very fast 0.3 ps’, in this case
k bt must be similarly fast in order to compete with cooling.* The probability that an

trap
absorption event leads to prompt emission

hot - fkrad kc
Tprompe kraa + Knr knot trap + ke A5.2

is the product of the probability for hot-exciton cooling and the probability for photon
emission after cooling. From the two expressions above we observe that lowering of the
non-radiative recombination rate k  increases bothn "' andn,, " However, both

decay pathways to the ground state experience the non-radiative quenching only once.
Therefore the contribution of delayed photons to the total emission
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hot hot
xhot _ ndelayed _ ktrap
delayed ™ _ hot hot ~ 1,hot
nprompt + r]delayed ktrap + k!: A53

is independent of k_. Figure A5.4b shows the contribution of delayed photons to the
total emission before (PLQY = 0.10) and after (PLQY = 0.44) treatment with PbBr,. The
constant contribution of delayed photons to the total emission for hot-carrier trapping
(red, dashed) does not match the measurements and therefore we exclude hot-carrier
trapping as the dominant mechanism underlying delayed emission.

[2] In the scenario of cold-carrier trapping (Figure A5.4c and e) the trapping rate ktrapc"ld
is in competition with radiative and non-radiative recombination. The probability that an
absorption event leads to prompt emission is

nmld _ fkrad
f=E—————————
promp kraa + knr + ktcﬁé_z A54

where ktrap‘:"ld is the trapping rate of cold charge carriers. Similarly, we can define the
contribution of delayed emission to the total decay. In this scenario charge carriers can
cycle an arbitrary number of times between the trap state and the lowest-energy exciton
state. To obtain the total probability for delayed emission we sum over all possible cycles
n > 1 and multiply with the probability that a photon is emitted from the lowest-energy
exciton state:

kcold

n
peold fkraa Z trap
detayed krad + knr + kcold krad + knr + kwld

trap ;= trap

A5.5

cold

The infinite sum is a geometric series which we can simplify writing n delayed | 1D terms of

all the rates as

cold
_ fkradktrap

- (krad + kyr + kffé%)(kraa + kny) A5.6

cold
ndelayed

Using the expressions of the prompt- and delayed-emission probabilities derived above
gives the fraction of delayed emission

cold kcold
xmld _ ndelayed _ trap
delayed ™ _ cold cold - cold
Nprompt T Ndelayed kraa + knr + kifop A5.7

We see that a large trapping rate k_ ¢ compared to radiative- and non-radiative
rap

recombination rates leads to a high fraction of delayed emission. Next, we distinguish
between two possibilities of how the treatment affects the non-radiative rates. In the first
possibility (Figure A5.4c), we assume that the treatment only affects the non-radiative
recombination rate k_nr. In the second possibility (Figure A5.4e), we assume that both
non-radiative recombination and the trapping rate are affected by the treatment.
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[2A] In the first possibility where only non-radiative recombination is affected by
the treatment (Figure A5.4c), we can use the relationship between the non-radiative
recombination rate and the PLQY

k
PLQY = M
Kraq + knr A5.8
to express the contribution of delayed photons to the total emission x,, . Min terms of
the PLQY:
1
Xielayea =
e 1+ fkra?‘old
PLQY k(fap A59

In Figure A5.4d we compare equation A5.9 to the experimental relation between PLQY
and x,, . For a fitted trapping rate of k  ©=5.6 us" we observe an increase of the
contribution of delayed photons to the total emission. Therefore we exclude this scenario

to contribute to delayed emission.

[2B] In the second possibility for cold-carrier trapping, we assume that both the trapping
rate k < and the non-radiative recombination rate k _change to the same extent, i.e. by
the same factor (Figure A5.4e). The contribution of delayed emission to the total emission
is given by

1

cold =
xdelayed -

L+ o A5.10

where a is the ratio between the trapping rate k  “'‘ and the non-radiative recombination
rate k . In Figure A5.4f we compare equation A5.10 to the experimental relation between
PLQY and X jetye .. For a fitted constant ratio a = 0.039 we observe a decrease of the
delayed emission fraction as a function of the PLQY consistent with the experiments.
We therefore conclude that cold-carrier trapping is the dominant trapping- and release
mechanism for excitons in 4- and 6-monolayer perovskite nanoplatelets and that both
trap states leading to non-radiative recombination and delayed emission are suppressed

by the chemical treatment.
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Figure A5.4 Mechanisms for delayed exciton recombination. (a) Scenario [1], in which hot-carrier
trapping from a hot-exciton state leads to delayed emission of photons. The treatment suppresses
non-radiative recombination from band-edge excitons. (b) Fraction of delayed emission x,, et for
4-monolayer perovskite nanoplatelet sample before (PLQY = 0.10) and after (PLQY = 0.44) treatment
with PbBr,. Assuming a constant trapping rate kmp“"t and varying non-radiative recombination rate k
(equation A5.3) yields a constant delayed emission fraction as a function of the PLQY. (c) Scenario
[2A], in which cold-carrier trapping from a band-edge exciton leads to delayed emission of photons.
The treatment suppresses non-radiative recombination from band-edge excitons. (d) Same as b, but
now plotting the calculated x delaye M in scenario [2A] (equation A5.9, k[rapc°ld:5.6 us™). (e) Scenario
[2B], in which cold-carrier trapping from a band-edge exciton leads to delayed emission of photons.
The treatment suppresses both non-radiative recombination from band-edge excitons as well as
non-radiative temporary trapping. (f) Same as b, but now plotting the calculated x,, M in scenario
[2B] (equation A5.10, a = 0.039)
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Timescale between trapping and emission
To determine the timescale between trapping and emission of a delayed photon we have
to solve the rate equations for the population of the excited state N (t) and the trap state
N.(t):

T

Ng(@®) = —(kraa + kerap )N (£) + kpetNp(2) A5.11a
Np(t) = —kpeNp(0) + ketrapNE (£) A5.11b

Here the excited-state population N (t) decreases in time due to radiative recombination
k ,and trapping k and the population increases by release of charge carriers k by the
trap state. The trap-state population N, (t) decreases in time by release of charge carriers
k , and increases by trapping k. We can calculate expressions for both populations in
time assuming that all initial population is in the trap state (N,(0)=0 and N_(0)=1). We
obtain the population dynamics of the exciton state

2kre K2 sinh (VK2 = dkpgqkye t/2)

VK = Akerggkre A5.12

Ng(t) =

where K=k _+k_ +k . We can use these dynamics to calculate the average time <t> for a

charge carrier to de-trapped

_Jy tNe(D)dt
NAGES

k trap

kradkrel A513

(1)

= kr_ald + k;ell +

where the average time between trapping and emission is equal to <t>=k_,"'+k * when
we assume that a charge carrier is only trapped once, ork <<k k .
trap rel

rad’
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Summary

During the last decade perovskite materials have rapidly emerged, and are currently
among the most promising candidates as materials for solar cells and other opto-electronic
applications. Although our knowledge related to these materials has advanced rapidly in
last few years there are still many unknown aspects and many challenges remain. These
challenges include a solid understanding of the relation between the composition of
the materials and their structural and the photophysical processes that occur on charge
excitation. In addition, there are many challenges related to the synthesis of pure-phase,
defect free materials, the stability in presence of oxygen and water, and the replacement
of toxic elements such as lead. In his thesis we try to shine a light on some of these
unknown aspects using a combination of computational techniques such as molecular
dynamics simulations and experimental techniques measuring photoluminescence. Using
molecular dynamics simulations, we study the relation between the composition of the
material and the static and dynamic structural properties of the individual parts of the
structures. This gives insight into the effect of reduced dimensionality or introduction of
aromatic molecules has on the structure. In addition, this also gives new insight in the
origin of the low temperature phase transition that occurs in some perovskite materials.
Experimentally we look at non-radiative pathways in perovskite nanoplatelets and how we
can overcome them. Ultimately, the results presented in this thesis give some new design
guidelines for perovskite materials to optimize their properties for specific applications.

In Chapter 2 we study the cause-effect relationship between the rotation of the small
organic cation in three-dimensional perovskites, and the low temperature phase transition
that occurs in these materials. This is done for both methylammonium lead iodide and
formamidinium lead iodide. In order to achieve this, we perform several model simulations
on both materials which differ in the interactions that are taken into account and in the
dynamic freedom of the structure. The simulations are performed at various temperatures
and for each simulation we track the rotation of the organic molecule, as well as their
preferred orientations. For both materials we see, as expected, that the flexibility of the
inorganic lead cage plays an important role, where the decreased rate of rotation observed
during the phase transition is severely hampered without it. However, even when the
inorganic lead-iodide layer is not allowed to deform, we see a slower rotation rate for the
organic molecules and that certain orientations of the molecules become favorable at lower
temperatures. This happens mostly due to hydrogen bonding between the molecules and
the iodides in the inorganic structure although in the case of methylammonium, dipole-
dipole interaction also play a role. This indicates that the low-temperature phase transition
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occurs due to a subtle interplay between a few factors: Dipole-dipole interactions between
the organic cations, specific (hydrogen bonding) interactions between the organic cation
and the lead-iodide lattice, and deformation of the lead-iodide lattice in reaction to the
reduced rotational motion of the organic cations.

In Chapter 3 we turn our attention to two-dimensional perovskite materials with
methylammonium as the small organic cation and n-butylammonium as the large organic
cation. We have performed molecular dynamics simulation with a varying number of
inorganic layers ranging from n = 1 to n = 4 at temperatures ranging from 50 K to 300
K. Our simulations show that changing the number of inorganic layers has a large effect
on the structure and dynamics of both the inorganic and the organic part of the material.
Some of these effects are predictable, such as increased rigidness of the inorganic layers
in the material when the number of inorganic layers grows. Other effects are more
surprising, for instance a low temperature phase transition with clear octahedral tilting is
observed for some of the materials, but not all. Furthermore, this octahedral tilting affects
the rotational freedom of the methylammonium ion negatively for some materials but
positively for others.

The attention stays on two-dimensional perovskite materials in Chapter 4 where we
study single layer perovskite structures (n = 1) with varying large organic cations to gain
insight in the relation between the intermolecular interactions in the organic and the
inorganic parts of the material. The large organic cations studied are n-butylammonium,
phenylethylammonium and pyrene-o-butylammonium. These organic cations differ
both in aromaticity and in the length of the flexible linker that connects the ammonium
group to the remainder of the molecule. As in previous chapters, the approach of choice is
classical molecular dynamics simulation performed at a range of temperatures. The results
show that both the aromaticity and the length of the flexible linker have a substantial effect
on the structure and dynamics of the materials. The introduction of an aromatic part
results in a more rigid organic layer. In the case of a short flexible linker consisting of an
ethyl bridge, this increased rigidity is transmitted to the inorganic framework. Expanding
the alkyl linker to a butyl is shown to introduce enough flexibility so that the effect of the
strongly interacting aromatic units is not transmitted to the inorganic layer. This highlights
the importance of the nature of the organic cation when designing a two-dimensional
perovskite.

With previous chapters all revolving around computational simulations on either three-
or two-dimensional perovskites, in Chapter 5 the attention switches to the photophysical
properties. In this chapter we experimentally investigate the non-radiative charge-carrier
decay channels in CsPbBr, perovskite nanoplatelets with and without additional chemical
treatment by PbBr,. These nanoplatelets are two-dimensional perovskite materials but
differ from the ones previously discussed in several ways. Instead of an organic cation
(methylammonium or formamidinium) there is a cesium, bromide is used instead
of iodide and instead of free large organic cations there are stabilizing organic surface
ligands consisting of a mixture of oleic acid and oleylamine. The photoinduced emission
from these nanoplatelets is studied by a combination of picosecond streak camera
measurements and nanosecond time-correlated single-photon counting measurements.
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This combination allows us to study the photoluminescence from the platelets over six
orders of magnitudes in time. From these measurements we conclude that 40% of the
nanoplatelets are nonfluorescent and cannot be turned fluorescent through chemical
treatment. The remainder of the nanoplatelets show fluorescence but charge-carrier
trapping occurs, leading to emission losses. This trapping can be partially prevented by
the chemical treatment. Interestingly, even without chemical treatment, some emission
losses due to trapping are mitigated because trapped carriers spontaneously de-trap on
nanosecond-to-microsecond timescales. This shows that there are multiple non-radiative
pathways in these nanoplatelets and furthermore shows the advantages of using multiple
techniques that cover a wide time-range when investigating processes such as this.
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Samenvatting

Gedurende de afgelopen tien jaar hebben perovskiet-materialen zich erg snel ontwikkeld
en ze behoren momenteel tot de meest veelbelovende nieuwe materialen voor zonnecellen
en andere opto-elektronische toepassingen. Hoewel de kennis met betrekking tot deze
materialen de afgelopen jaren snel is gegroeid zijn er nog veel onbekende aspecten en er
blijven veel uitdagingen. Een van deze uitdagingen is een gedegen begrip van de relatie
tussen de samenstelling van de materialen en hun structurele en fotofysische processen die
plaatsvinden bij ladingsexcitatie. Bovendien zijn er veel uitdagingen met betrekking tot de
synthese van materialen in een pure fase, het voorkomen van defecten, de stabiliteit in
aanwezigheid van zuurstof en water, en de vervanging van giftige elementen zoals lood. In
dit proefschrift proberen we een aantal van deze onbekende aspecten op te helderen met
behulp van een combinatie van computationele technieken zoals moleculaire dynamica
simulaties en experimentele technieken om fotoluminescentie te meten. Met behulp van
moleculaire dynamica simulaties bestuderen we de relatie tussen de samenstelling van het
materiaal en de statische en dynamische structurele eigenschappen van de afzonderlijke
delen van de materialen. Dit geeft inzicht in het effect van de dimensionaliteit van de
materialen of van de introductie van aromatische moleculen op de structuur. Daarnaast
geeft dit ook nieuw inzicht in de structurele faseovergang die optreedt bij sommige
perovskietmaterialen bij lage temperatuur. Experimenteel kijken we naar niet-stralende
vervalprocessen in zogenaamde perovskiet nanoplatelets en exploreren we hoe deze
vervalprocessen kunnen worden overwonnen. Uiteindelijk leiden de resultaten die
in dit proefschrift worden gepresenteerd enkele nieuwe ontwerprichtlijnen voor
perovskietmaterialen om hun eigenschappen voor specifieke toepassingen te optimaliseren.

In Hoofdstuk 2 beschouwen we de relatie tussen de oorzaak en het gevolg van het
effect van rotatie van het kleine organische kation in driedimensionale perovskieten
op de faseovergang bij lage temperatuur die optreedt in deze materialen. Dit doen we
voor zowel methylammoniumloodjodide als formamidiniumloodjodide. Om dit
te bewerkstellen, zijn een aantal modelsimulaties uitgevoerd, waarbij verschillende
interacties en verschillende vrijheidsgraden worden meegenomen. De simulaties zijn
uitgevoerd bij een aantal verschillende temperaturen en voor elke simulatie volgen we de
rotatiesnelheid van het organische molecuul, evenals de voorkeursoriéntaties. Voor beide
materialen zien we, zoals verwacht, dat de flexibiliteit van het anorganische loodjodide
rooster een belangrijke rol speelt. Hierbij blijkt dat de verminderde rotatiesnelheid van
het organische die wordt waargenomen tijdens de faseovergang een stuk minder is voor



Samenvatting

een rigide loodjodide structuur, in vergelijking met een flexibele structuur. Echter, zelfs als
de anorganische lood-jodide laag volledig rigide is wordt een lagere rotatiesnelheid voor
de organische moleculen waargenomen. Hierbij zijn er ook specifieke oriéntaties die bij
lagere temperaturen het meest gunstig zijn. Dit gebeurt voornamelijk door de vorming
van waterstofbruggen tussen de moleculen en de jodide-ionen in de anorganische
structuur, hoewel in het geval van methylammonium ook dipool-dipool-interactie
tussen de organische kationen een rol speelt. Dit laat zien dat de faseovergang die bij lage
temperaturen optreedt een gevolg is van een subtiel samenspel tussen een aantal factoren:
de dipool-dipool-interacties tussen de organische kationen, specifieke (waterstofbrug)
interacties tussen het organische kation en het lood-jodide-rooster, en de vervorming van
het loodjodide rooster als reactie op de verminderde rotatiebeweging van de organische
kationen.

In Hoofdstuk 3 richten we onze aandacht op twee-dimensionale perovskietmaterialen met
daarin methylammonium als het kleine organische kation en n-butylammonium als het
grote organische kation tussen de anorganische lagen. Om de dynamische eigenschappen
van deze materialen te bestuderen zijn moleculaire dynamica simulaties uitgevoerd bij
temperaturen tussen 50 K en 300 K, waarin het aantal anorganische lagen varieert van
n = 1 tot n = 4. Deze simulaties laten zien dat het aantal loodjodide anorganische lagen
tussen de organische lagen een groot effect heeft op de structuur en dynamica van zowel
het anorganische als het organische deel van deze materialen. Sommige van deze effecten
zijn voorspelbaar, zoals een grotere rigiditeit van de anorganische lagen in het materiaal
wanneer het aantal anorganische lagen toeneemt. Andere effecten zijn meer verrassend, zo
wordt bijvoorbeeld een faseovergang bij lage temperatuur met een duidelijke octaédrische
kanteling waargenomen voor sommige materialen, maar niet voor alle. Bovendien
beinvloedt deze octaédrische kanteling de rotatievrijheid van het methylammonium-ion
negatief voor sommige materialen, maar positief voor andere.

We blijven kijken naar tweedimensionale perovskietmaterialen in Hoofdstuk 4 waar
perovskietstructuren met één anorganische laag (n = 1) worden bekeken voor verschillende
grote organische kationen. Dit heeft als doel om inzicht te krijgen in de relatie tussen de
intermoleculaire interacties in de organische laag en de structuur en dynamica van de
anorganische delen van het materiaal. De grote organische kationen die zijn onderzocht,
zijn n-butylammonium, fenylethylammonium en pyreen-o-butylammonium. Deze
organische kationen verschillen zowel in aromaticiteit als in de lengte van de flexibele
linker tussen de ammoniumgroep en de rest van het molecuul. Net als in voorgaande
hoofdstukken wordt gebruik gemaakt van klassieke moleculaire dynamica simulaties die
worden uitgevoerd bij verschillende temperaturen. De resultaten laten zien dat zowel
de aromaticiteit als de lengte van de flexibele linker een substantieel effect hebben op
de structuur en dynamica van de materialen. Het introduceren van een aromatisch deel
leidt tot een stijvere organische laag. Wanneer er een korte flexibele linker aanwezig
is, bestaande uit een ethylbrug, wordt deze verhoogde stijtheid overgedragen op het
anorganische raamwerk. Het uitbreiden van de alkyllinker tot een butyl blijkt voldoende
flexibiliteit te introduceren om de overdracht van deze rigiditeit in het organische deel
van het materiaal op de anorganische laag te voorkomen. Dit benadrukt het belang van
de precieze details van de structuur van het organische kation bij het ontwerpen van een
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twee-dimensionale perovskieten.

Waar het in de vorige hoofdstukken steeds ging om computersimulaties van de structuur
van, ofwel voor drie- of tweedimensionale perovskieten, verschuiven we in Hoofdstuk
5 de aandacht naar de fotofysische eigenschappen. In dit hoofdstuk onderzoeken we
experimenteel het niet-stralende ladingsverval in CsPbBr, perovskiet nano-platelets,
met en zonder aanvullende chemische behandeling door PbBr,. Deze nanoplatelets zijn
tweedimensionale perovskietstructuren, maar ze verschillen van de eerder besproken
materialen. In plaats van een organisch kation (methylammonium of formamidinium)
is er een cesium ion in de structuur opgenomen, er wordt bromide gebruikt in plaats van
jodide, en in plaats van vrije grote organische kationen zijn er stabiliserende organische
oppervlakteliganden bestaande uit een mengsel van oleic acid en oleylamine. De
foto-geinduceerde emissie vanuit deze nanoplatelets wordt bestudeerd door een combinatie
van picoseconde streak camerametingen en nanoseconde ‘time-correlated single photon
counting’ metingen. Deze combinatie maakt het mogelijk om de fotoluminescentie
van de platelets over zes ordes van grootte in de tijd te bestuderen. Uit deze metingen
concluderen we dat 40% van de nanoplatelets niet fluorescerend is en niet fluorescerend
kan worden gemaakt door chemische behandeling. De rest van de nanoplatelets vertonen
fluorescentie, maar er kan ‘trapping’ van ladingsdragers optreden, wat tot verliezen leidt.
Deze ‘trapping’ kan gedeeltelijk worden voorkomen door de chemische behandeling. Het is
interessant dat een deel van deze emissieverliezen als gevolg van trapping worden beperkt
omdat de ‘getrapte’ ladingen spontaan weer vrijkomen op nanoseconde-tot-microseconde
tijdschalen. Dit laat zien dat er meerdere paden zijn voor niet-stralend verval in deze
nanoplatelets. Hiernaast worden de voordelen benadrukt van het gebruik van meerdere
technieken die samen een zeer breed tijdsbereik hebben bij het onderzoeken van het
verval van aangeslagen ladingen in zulke systemen.
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