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2 1. INTRODUCTION: HYBRID HALIDE PEROVSKITES

1.1. HYBRID HALIDE PEROVSKITES AS NEXT-GENERATION SO-
LAR CELL MATERIALS

One of the most important challenges currently faced by the modern society is the rapidly
increasing need for energy. Until now this increasing need has been met by an increased
usage of fossil fuels, however, this is not a sustainable solution. Rapid decrease of avail-
able oil reserves and negative environmental impact of using fossil fuels, for instance
emission of green house gasses render fossil fuels unsustainable. The prime renewable
source of energy is solar energy, which, if exploited sufficiently could provide the major-
ity of our energy demands. This can be either by direct generation and use of electrical
energy and by intermediate storage in the form of batteries or fuels. The major part of
commercially supplied solar panels for direct energy conversion in the form electricity
is based on silicon technology. However, silicon based solar cells have some important
drawbacks, including relatively high production costs and a maximum efficiency that
has not significantly improved over the last decades. Therefore, there is a continuing
search for alternative materials and processes to reach higher conversion efficiencies,
lighter and more flexible devices and lower production costs.

Hybrid halide perovskites (HHPs) are currently the most studied new materials for
solar cell applications. In 2009 the first device using a HHP as the active material was
constructed and had a overall power conversion efficiency of 3.8%. [1] In the ten years
following this initial demonstration the efficiency has steadily increased and currently
the best HHP-based cells have an efficiency of 24% [2] in single junction architectures.
In addition, perovskite materials are also widely explored in the context of tandem archi-
tectures where an HHP-based cell is combined with another, more common, cell, most
notably silicon-based. For such HHP-silicon tandem cells efficiencies have been reached
up to 28%, surpassing the maximum reached efficiency of the best silicon-based single
junction cells.[3] The development of HHP-based cells constitute the fastest increase in
efficiency in photovoltaics, and the continuing improvement suggests that there is still
room for substantially higher efficiencies. The high efficiencies, combined with the low
processing costs already make HHP cells commercially interesting, especially in tandem
configurations. While their application in photovoltaics is the main driver for research
on HHP materials, they are also of interest as versatile, tunable semiconductors for other
applications, for instance X-ray detectors and light emitting diodes (LEDs)[4–6]. In these
application they can be either applied in the bulk solid 3D form, but in many case they
are also used in the form of quantum dots or two-dimensional materials. For all these ap-
plications, it is of considerable interest to establish a detailed insight between the struc-
ture of HHP materials and their electronic properties, which is the central aim of this
thesis. In the following sections, some of the basic properties of HHP materials are dis-
cussed, together with a brief outline of the contents of this thesis.
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Figure 1.1: Schematic crystal structure of the ABX3 perovskite structure. In hybrid halide perovskites, A repre-
sents the organic cation (e.g. MA+, FA+), B the divalent metal (e.g. Pb2+, Sn2+) and X the halide (e.g. Cl-, Br-,
I-).

1.2. GENERAL STRUCTURE AND STABILITY OF PEROVSKITE MA-
TERIALS

Perovskites are crystalline materials that have the same crystal structure as calcium ti-
tanium oxide (CaTiO3) with a general the chemical formula ABX3, in which A and B are
cations and X represents an anion. They are named after the Russian mineralogist L.A.
Perovski who discovered the mineral form of CaTiO3 in 1839.[7] Approximately two thou-
sand of such perovskite materials are currently known to exist and theoretically many
more have been predicted to be stable.[8] These materials exhibit a range of physical
properties that are interesting in materials science, including superconductivity, magne-
toresistance and a range of dielectric properties, making them valuable for application
in electronic devices.[9–11] The sub-class of perovskites that we are interested in in this
thesis, the hybrid halide perovskites (HHPs) have a general structure where the B ion
is a doubly charged metal cation (Pb2+, Sn2+), X is a halide anion (I−, Br− or Cl−) and
A is a singly charged organic cation. The most studied example is methylammonium
lead iodide (MAPI), which was the first perovskite to be considered for photovoltaic ap-
plications. The first synthesis of HHPs can be dated back to 1882[12]. Research on the
fundamental optoelectronic properties of the crystalline three-dimensional HHPs was
initiated by Weber and co-workers.[6, 13] The general crystal structure of HHPs is shown
in Figure 1.1 and consist of a cubic lattice in which the monovalent cation A occupies the
interstices formed by BX6 octahedra. The possibility to form a stable cubic perovskite
structure depends on the ionic radii of A, B and X according to the Goldsmith tolerance
factor given in Equation 1.1. In this equation the r A , rB and rX are the ionic radii of the
species A, B and X , respectively.
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t = r A + rX�
2∗ (rB + rX )

(1.1)

In terms of this Goldsmith factor[14], an undistorted crystal structure exists if t ≈
1, resulting in a cubic structure with a B-X-B angle of 180◦. If t < 1, somewhat dis-
torted tetragonal and orthorhombic phases arise. Transitions between the cubic, tetrag-
onal and orthorhombic phases can be induced by changes in temperature, pressure
and surrounding electric field. These low symmetry structures often have distorted BX6

octahedra.[15]
If the A cation becomes too large, resulting in t > 1, no stable three-dimensional

structure can be formed. In many case for t > 1 stable crystalline structures are found
but they are of lower dimensionality. A major class of such lower dimensional materials
are the two-dimensional HHPs. The group of Mitzi have pioneered the synthesis and
characterization of such 2D HHPs in the 1990s and has explored their applicability in
devices, for instance field effect transistors.[16] When combining large organic cations
such as butylammonium with small ones (e.g. methylammonium) that fit into the metal-
halide lattice it is possible to form multilayered structures where multiple layers of inor-
ganic small-A layers are separated by the large organic cations. This leads to quantum
confined systems where the electronic properties depend on the layer thickness.[17–
19] In some cases, depending on the size and nature of the organic cations used, one-
dimensional or zero-dimensional structures can be formed where the metal-halide oc-
tahedra are connected in one-dimensional chains or are fully disconnected.

Figure 1.2: Model of MAPbI3 with MA+ cations at the interstices of PbI6 octahedra
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1.3. ELECTRIC AND OPTICAL PROPERTIES

As discussed above, perovskites can exhibit a wide range of properties that are of inter-
est for opto-electronic applications. These properties can be tuned to a large extent by
changing the composition of the materials. This is also true for the sub-class that we are
interested in this thesis, the hybrid halide perovskites and their properties can be varied
to achieve optimal properties for specific device applications. In the following sections,
the electronic properties of hybrid halide perovskites are briefly summarized, both for
the three-dimensional bulk materials and the low-dimensional materials.

1.3.1. 3-DIMENSIONAL HHPS: ELECTRONIC STRUCTURE AND CHARGE TRANS-
PORT

The electronic (band) structure of hybrid halide perovskites can be calculated using den-
sity functional theory (DFT) as implemented in a variety of electronic structure software
packages. Typically, periodic boundary conditions are applied as such crystalline ma-
terials are characterized by electronic states that are delocalized over the whole three-
dimensional structure. The value of the band gap calculated for MAPbI3 using such DFT
methods is 1.7 eV.[20] Experimentally, the first excitation peak in the optical absorption
spectrum at room temperature is found at 1.6 eV, making it a good absorber for solar
cell applications.[21] The calculated band diagram for MAPbI3 in its cubic structure is
shown in Figure 1.3 left.[22] The bands in green are the valence bands, while the ones
in red are conduction bands. As can be seen in the band structure that the minima of
direct conduction bands are slightly shifted from R-point. This splitting of conduction
band leading to a slight indirect character in the band gap is due to Rashba-Dresselhaus
spin-orbit coupling.[23, 24]

Figure 1.3: Bandstucture of methyalmmoniumleadiodide from reference [22] and charge density of this mate-
rial from reference [25].
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Photoexcitation of a semiconductor leads to the generation of an electron-hole pair.
This pair can exist as two individual ’free’ charges or they can be present as an exciton
in which they are bound by Coulomb forces. Whether the charge exist as free charges or
as a bound exciton depends on the exciton binding energy (EB). In materials with a high
dielectric constant, the Coulomb interactions are effectively screened, resulting in low
exciton binding energies and hence efficient formation of charges. In the case of a low
dielectric constant, the screening is much less and a bound state is formed, which can
easily decay back to the ground state radiatively. For MAPbI3 in the tetragonal phase the
exciton binding energy has been determined using magneto-optical measurements and
a value of only 12meV has been found, explaining the exceptionally efficient formation
of free charges on photoexcitation.[26] From DFT-based calculations for instance using
Bethe–Salpeter equation theory considerably higher values of 45 meV higher have been
found.[27–29] The exciton binding energy also depends considerably on the composi-
tion of the material. For MAPbBr3 a value of 35 meV has been found. This is consistent
with the trend in theoretical estimates and can be understood in terms of the reduced
screening due to the smaller polarizability of the bromide compared to iodide. [30]

A relatively simple description that connects the electronic band structure to the mo-
bility of charges in a semiconductor is the Drude model give in Equation 1.2.[31–33] In
this equation e is electronic charge, τ is scattering time, m∗ is effective mass and ω is
the angular frequency. This equation relates the (frequency-dependent) charge carrier
mobility to the effective mass of the charge and the scattering time. The effective masses
of the electrons and holes can be obtained directly from the electronic band structure
as the inverse of the curvature of the bands. The values of the effective mass can, at
least qualitatively be compared to the experimentally observed mobility of charge carri-
ers. Band structure calculations of different phases of MAPbI3 have resulted in effective
masses in the range of (0.1-0.15)m0, in which m0 is the rest-mass of a free electron.

µ(ω) = eτ

m∗

(
1− iωτ

1+ω2τ2

)
(1.2)

A detailed analysis on the charge density distribution over the valence bands and
conduction bands of MAPbI3 reveals that the valence band is dominated by the iodide
p-states, while the conduction band is mainly made up of the s-states in lead. This can
be seen in Figure 1.3. The valence band maximum and conduction band minimum in
cubic MAPbI3 are at a Brillouin zone boundary; i.e. the R-point. This is in contrast to the
sp3-bonded semiconductors where both the valence bond maximum and the conduc-
tion band minimum occur at the gamma point. The presence of heavy atoms in MAPbI3

results in significant spin-orbit coupling that has an effect on the band structure. This
effect is seen in the conduction bands that are dominated by the p-orbitals of lead. Spin-
orbit coupling results in reduction of theoretical band gap by approximately 1 eV and a
reduction of the effective masses.[34, 35] The contribution of states in the organic cation
(A) to the bands near the band gap are minor and these states have been reported to
be several eV’s below the valence band in the band structure. This shows that the direct
contribution of these organic cations to the band structure is negligible, however, the or-
ganic cation has an effect on the geometry of the Pb-I framework. Therefore, the nature
and dynamics of the organic cation has an indirect effect on the electronic properties.
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1.3.2. LOW DIMENSIONAL HHPS: STRUCTURE AND OPTOELECTRONIC PROP-
ERTIES

Figure 1.4: Schematic structure of the n=1,2,3 layered perovskite.

As discussed above, the formation of stable three-dimensional perovskite structure
depends strongly on the nature of the organic cation A. The size of this cation can only
be varied over a very small range since it has to fit into the metal-halide lattice. However,
in many cases, stable periodic crystalline materials are still obtained. These are typi-
cally two- or one-dimensional. Examples of larger cations that lead to two-dimensional
structures are n-butylammonium (BA+) and phenyl-ethyl-ammonium (PEA+) and can
be seen in Figure 1.4. PEA2PbI4, consisting of a single layer of inorganic lead iodide octa-
hedra capped by a layer of PEA+ cations on the either side, was first described in the early
1990s and is one of the most studied materials for exploring the structural and optoelec-
tronic properties of two-dimensional hybrid perovskites.[36, 37] The two-dimensional
hybrid perovskites, for example PEA2PbI4 are characterized by a much larger band gap
than their three-dimensional counterpart, 2.36 eV. Moreover, they exhibit high exciton
binding energies ( 200-400 meV), resulting in a low yield of charges on photoexcitation
and strongly excitonic behavior.[38, 39] This generally leads to high photoluminescence
quantum yields in these materials and hence makes them suitable for applications such
as light-emitting diodes (LEDs) or lasing.[40, 41] Quasi-two-dimensional perovskites are
obtained when the large organic cation PEA+ is mixed with a smaller organic cation that
is able to form 3-dimensional structures such as MA+. The thickness of the inorganic
sheets of PEA2MAn−1PbnI3n+1 can be tuned by controlling the relative stoichiometry of
MA+ and PEA+. In PEA2MAn−1PbnI3n+1 as the number of inorganic layers increase, the
band gap decreases from 2.36 eV for n=1 to 1.94 eV for n =∞, and with this the exciton
binding energy also decreases.[37–39]

A second widely studied class of two-dimensional hybrid perovskites is based on BA+
as the organic cation. For the pure two-dimensional material of BA2MAn−1PbnI3n+1
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with n = 1 a band gap of 2.24 eV has been reported.[42, 43] The band gap decreases
to 1.52 eV for the three-dimensional materials (n = ∞). The absorption spectra of the
BA2MAn−1PbnI3n+1 series of hybrid perovskites with n = 1−4 exhibit peaks mainly at-
tributable to electronic transitions inside the inorganic layers, i .e. from states that are
a mix of s-orbitals on lead and p-orbitals on iodide to states that mainly consist of p-
orbitals on iodide. The distortions of lead-halide octahedra, i.e. the Pb-X-Pb angles,
affect the valence and conduction band energies, leading to a widening of the band
gap and an increase in the exciton binding energy.[18, 43–45] The possibility to tune
the exciton emission by varying the number of inorganic layers allows the use of two-
dimensional perovskites for light emitting applications in the visible and near-infrared
spectral region. PMA2PbI4 and PEA2PbI4 have been used to construct green and violet
light-emitting devices respectively.[44]

The bulky organic cations BA+ and PEA+ have a very wide HOMO-LUMO gap, re-
sulting in a very high tunneling barrier for transport between the different inorganic lay-
ers. This means that the charge transport perpendicular to the two-dimensional layers is
very inefficient. Parallel to the layers, charge transport is much more efficient, although
the effective mass of electrons and holes has been shown to be larger than for the three-
dimensional materials because of the dielectric confinement.[46] These charge trans-
port characteristics have important consequences for the application of these materials
in devices. Solar cells based on two-dimensional perovskites require a good connection
of the perovskite layers with the electrodes and hence require the perovskite layers to
be aligned perpendicular to the electrodes. This vertical alignment of the inorganic lay-
ers is possible if the growth of the perovskite layers is guided in that direction. Another
approach to improve inter-layer transport is by modifying the organic layer and intro-
ducing different organic cations that reduce the tunneling barrier between the different
layers. This approach is explored in Chapter 5 of this thesis.

1.4. RESEARCH AIM AND OUTLINE OF THIS THESIS
In the preceding sections, the interesting properties of hybrid halide perovskites have
been outlined. The properties are intricately linked to the geometric structure of the ma-
terial. This is true for the crystal structure, but it is also clear that there are considerable
structural fluctuations and disorder that can markedly affect the electronic properties.
These fluctuations are in a large part due to the presence and mobile nature of the or-
ganic cations, however, the details of their effect on the electronic structure and on the
phase behavior and stability are not know in detail. Important questions include the re-
lation between the nature and dynamics of the organic cation and phase transitions; the
effect of the organic cation on the electronic structure; the possibility of the formation
of (localized) polarons stabilized by reorientation of the cations, and variations in the
structural dynamics with temperature. Answering these questions using experimental
approaches is rather difficult since in many cases the observed effects are due to the in-
terplay of several different sources. Moreover, it is known that the observed properties
are often strongly affected by subtleties in the preparation of samples and inclusion of
defects can determine the opto-electronic properties to a large extent.

Computational methods are a promising approach to address these questions since
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in computer simulations there is full control over the structure and specific interactions
can be switched on and off to disentangle their roles. Additionally, it is possible to an-
alyze the electronic structure and the geometric properties in detail, which is often (al-
most) impossible in experiments. In this thesis, two main computational techniques
are used. The first of these are electronic structure calculations based on density func-
tional theory (DFT). This allows to study the electronic band structure and the effect
that changes in the geometry have on this. Such DFT calculations are performed for in-
finitely large periodic systems and are generally very time consuming. In practice, this
means that it is impossible to use DFT methods to study large scale disorder in hybrid
halide perovskites as this would involve very large repeating units in the calculations.
The second approach used in this thesis involves molecular dynamics (MD) calcula-
tions, in which the interactions between atoms in the material are described in terms of
an approximate force field that can be used to simulate structural and dynamic proper-
ties. Using such MD methods, it is possible to study large disordered systems and obtain
ensemble properties that are averaged over relatively long time scales. This comes at
the disadvantage of losing all information on the electronic structure. Nevertheless, MD
simulations offer valuable insight in the dynamic properties, for instance in the context
of phase transitions.

Chapter 2: In this chapter the effect of the nature and mutual orientation of organic
dipoles in methylammonium lead iodide is investigated by DFT calculations. Several
possible organic cations with varying dipole moment are included at the A site in the
structure to replace methylammonium. It is shown, that for organic cations with a large
dipole moment the mutual orientation of the dipoles has a significant effect on the band
gap and the total energy of the systems. Importantly, the nature of the electronic states is
shown be be strongly affected by the mutual orientation and the formation of localized
states for electrons and holes is outlined.

Chapter 3: While in Chapter 2 the effect of alignment of organic dipole moments on
the electronic structure is studied on a microscopic scale in systems containing up to
four units cells as the repeat unit, such systems are too small to obtain a realistic insight
in the possible disorder in the alignment of the organic dipoles. Therefore, in Chapter 3,
the dynamics of organic cations in the perovskite structure and their role in the occur-
rence of phase transitions has been studied in detail by molecular dynamics simulations.

Chapter 4: Where Chapter 3 was dealing with details of the motion of organic cations
in ’pure’ hybrid halide perovskites, in practice, many of the best performing materials
in solar cells are based on mixed-cation materials where two or more A-site cations are
mixed, leading to more stable materials with optimal band gaps for solar cells. The or-
ganization of these cations when they are in the same materials is not understood and
an important question is the possibility of phase separation. In this chapter we inves-
tigate models systems of materials containing two different organic cations, methylam-
monium and formamidinium, using the same methods as in Chapter 3 to unravel their
behavior. The main conclusion is that the two types of cations have a preference for
phase separation.
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Chapter 5: As discussed in previous sections, increasing the size of the organic cation
can result in lower-dimensional perovskite-like structures, for instance two-dimensional
perovskites. The advantage of such materials is that the size of the organic cation is not
dictated by Goldsmith’s rule, offering the freedom to introduce (large) functional organic
cations that can add new functionality in hybrid halide perovskites. In Chapter 5 we
explore the introduction of such functional organic cations in two-dimensional halide
perovskites using DFT calculations. It is shown that introduction of strongly electron
donating or withdrawing organic cations leads to formation of localized states, either
in the organic or the inorganic part of the material. It is also shown that the organic
cation energy levels in the band structure can be tuned by changes in the structure of
the material.

Chapter 6: Finally, in Chapter 6, some unconventional lower dimensional hybrid per-
ovskites formed with large organic cations are explored using DFT calculations. Tin-
based one-dimensional structures are formed with dimethyl aniline where the eventual
structure depends very much on the synthesis conditions. Both in structures with and
without tin interesting electronic properties are observed, although very different from
those of two- and three-dimensional perovskites structures. A third one-dimensional
perovskite-like structure that has been studied by DFT method in this chapter contains
organic charge-transfer complexes. This is shown to result in the formation of charge
separated states on optical excitation, with the hole in the Pb-I framework and the elec-
tron on the organic acceptor.
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2
EFFECT OF THE MAGNITUDE AND

DIRECTION OF THE DIPOLE OF THE

ORGANIC CATION ON THE

ELECTRONIC STRUCTURE OF

HYBRID HALIDE PEROVSKITES

This chapter is about ab-initio calculations (DFT and SOC-G0W0) of the optoelectronic
properties of different hybrid-halide perovskites, namely X-PbI3 (X=methylamonimum,
formamidinium, guanidinium, hydrazinium, hydroxylammonium). These calculations
shed a new light on how the substitution of different organic cations in the material influ-
ences its optoelectronic properties. Our simulations show a significant modification of the
lattice parameter and band gap of the material upon cation substitution. These modifica-
tions are not only due to steric effects but also due to electrostatic interactions between the
organic and inorganic part of the material. In addition to this, we demonstrate how the
relative orientations of neighboring cations in the material modifies the local electrostatic
potential of the system and its fundamental band gap. This change in the band gap is ac-
companied by the formation of localized and spatially separated electronic states. These
localized states modify the carrier mobility in the materials and can be a reason for the
formation and recombination of the charge carriers in these very promising materials.

This chapter is based on S. Maheshwari, S. Patwardhan, G. C. Schatz, N. Renaud, and F. C. Grozema, Phys.
Chem. Chem. Phys. 2019, 21, 16564-16572
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2.1. INTRODUCTION
Hybrid halide perovskites are currently among the most studied new materials for appli-
cation in photovoltaic cells. The main driver for this is the rapid increase in the device
efficiency over the last decade, reaching values over 23%.[1–3] The high efficiencies that
have been obtained can be traced back to some of the basic properties of hybrid per-
ovskite materials, i.e. a high absorption coefficient, long carrier lifetimes and diffusion
lengths, a relatively charge carrier mobility, and the possibility to tune the properties by
modification in the composition of the materials. [4–10] An additional advantage of hy-
brid perovskites is that they potentially have a very low production cost.[11]

The general ABX3 structure of hybrid halide perovskite (HHP), materials allows for
substitution of the organic cation (A), inorganic cation (B) and halide anions (X). Hence
a large number structural variations have been reported, each leading to different op-
toelectronic properties of the materials. Among all the structures, methylammonium
lead iodide (CH3NH3PbI3) perovskites have been studied the most as it was the first to
be used as a light absorber in mesoscopic solar cells.[12] Several theoretical studies have
shown that the valence band of this material is mainly composed of p-orbitals of iodides
whereas the conduction band consists primarily of s-orbitals of lead.[13]

Recently the static and dynamic effects related to the organic cation have emerged
as a new avenue to understand and control the properties of HHPs. It has been shown
for example that if the methylammonium cation is replaced by a slightly larger formami-
dinium cation the band gap is reduced by 0.05 eV, whereas when replaced by a smaller
cesium ion, it increases by 0.16 eV.[14–16] Such modifications of the electronic struc-
ture stem from two main effects: steric hindrance for large organic cations that deform
the lead-iodide lattice[17] and electrostatic effects for cations presenting a significant
dipole moment. In addition, NMR and neutron diffraction studies have shown that these
cations are to some extent free to rotate in the lead-iodide cage.[18] This dynamic be-
havior can also lead to significant modifications of the dielectric constant, rate of charge
recombination and exciton binding energy of the material.[19]

We have demonstrated the role of the methylammonium cation dynamics in deter-
mining the mobility and lifetime of charge carriers.[20] Based on pulse-radiolysis mi-
crowave conductivity measurement we have shown that mobility and lifetime of charge
carriers are significantly affected by the dynamic disorder in the CH3NH3PbI3 perovskite.
The transition to orthorhombic phase leads to an increase in the mobility and the half-
lifetime of the charge carriers. This is attributed to the fact that in orthorhombic phase,
the motion of the MA cation ceases thus expelling the dynamic disorder from the sys-
tem. The free rotation of the cations also leads to a pronounced ferroelectric response
of the material to an external field. [21, 22] This ferroelectric effect leads to the polar-
ization of the whole lattice and promotes charge separation.[23] The similar orientation
of the dipoles in these domains leads to local variations in the band gap.[23] Theoretical
calculations have also shown that a random orientation of the dipoles can significantly
localize the valence and conduction bands of the material. [24]
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Table 2.1: The structures of the organic cations with the direction of their dipole moment. The dipole moment
are reported in Debye.
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In this chapter, we investigate the structure-property relationship of hybrid halide
perovskites with a special emphasis on the role played by dipole moment of the organic
cations. To understand the steric and electrostatic impact of the cation on the electronic
properties of the material, we have chosen five organic cations with different size and
dipole moment as shown in Table 2.1. We shown that, depending on the mutual orien-
tation of the dipolar organic cations, localized states can be formed where electrons and
holes are located in different parts of the material. This is expected to result in long car-
rier lifetimes, particularly at low temperatures where the organic cations are frozen in a
fixed orientation.

2.2. METHODS
For the calculation of dipole moment, an augmented correlation consistent polarized
valence (aug-cc-pVTZ) basis set was chosen along with BLYP functional combining the
Becke exchange functional and LYP correlational functional in Gaussian 09.[25] Opti-
mization of the different X-PbI3 structures (where X=methylamonimum, formamidinium,
guanidinium, hydrazinium, hydroxylammonium) were performed using projector aug-
mented wave (PAW) pseudopotentials with the Van der Waals corrected PBE exchange-
correlation functional as implemented in VASP 5.4.1.[26–30] An energy cut off of 500
eV and a gamma-centered Brillouin zone sampling grid of 8 X 8 X 8 were chosen for
these calculations. The ionic positions were relaxed while conserving the lattice shape
for continuous values of the lattice parameter. Band structure of the different X-PbI3

materials were then computed at DFT level of theory at a denser mesh containing 600
k-points. The band gap was again computed at the SOC-G0W0 level of theory including
local field effects.[26, 27, 29, 30] The electrostatic potential of the system was obtained
using VASP with ionic and Hartree potential. Atomic charges on the atoms were ob-
tained using Baders population analysis after DFT calculation.[31] The total energy of
point charge system was computed with GULP, using Ewald summation to account for
periodic boundary conditions.[32]

Figure 2.1: Band structure and optimized geometry of the X-PbI3 system with X as the organic cation. The
value of lattice constant is in Angström and value of band gap is in eV. The k-points in brillouin zone are M :
[ 1

2 , 1
2 ,0], R:[ 1

2 , 1
2 , 1

2 ], T: [0,0,0], X: [0, 1
2 ,0].
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Table 2.2: Total energy, structural parameters and band gap value for the optimized geometry of X-PbI3 per-
ovskite. The experimental data [*] is taken from references Weller et al. [18], Yin et al. [33] The lattice constant
and bond length are in Angström and energy is in eV.

In X-PbI3, X = GA FM MA HZ HA
Lattice Constant 6.47 6.42 [6.36*] 6.36 [6.33*] 6.48 6.35

169 168 172 172 166
Bond Angles∠Pb−I−Pb 169 174 169 167 168

169 175 169 166 167
Average Angle∠Pb−I−Pb 169 173 170 168 167

Band Gap (DFT) 1.73 1.62 1.63 1.76 1.76
Band Gap (SOC-G0W0) 1.68 1.50 [1.47*] 1.55 [1.53*] 1.84 1.79

2.3. RESULTS AND DISCUSSION

2.3.1. EFFECT OF CATION SUBSTITUTION ON LATTICE SIZE AND BAND GAP

The geometry of the different X-PbI3 (where X=GA, FM, MA, HZ, HA) structures was op-
timized to gain insight in the effect of cation substitution on the size of the unit-cell.
The optimized value of the lattice constant and the corresponding optimized geometry
are reported in Figure 2.1. The structural parameters of the optimized geometry and the
electronic band gap are reported in Table 2.2. As seen in this table, the lattice constant
computed at DFT-D3 level of theory for MA and FM are in good agreement with the ex-
perimental data. It is also seen that the lattice constant varies non-linearly with the size
of the cation suggesting that there are more interactions that play a role than just the
steric repulsion between the cation and lead-iodide framework. For example, despite
being the smallest cation, HZ leads to a larger lattice constant than other cations. How-
ever as seen in Fig. 2.1, HZ has a large dipole moment. GA being the biggest in size
among the five cations assumes unit-cell that is slightly smaller than HZ. This illustrates
how both electrostatic effects and specific interactions, together steric effects, signifi-
cantly influence the atomistic structure of these materials. Apart from affecting the size
of unit cell, these interactions also have a significant impact on the Pb-I-Pb angles as
seen in Table 2.2. The stronger are the steric and electrostatic interactions between or-
ganic cation and the Pb-I lattice, the larger the change in Pb-I-Pb angles from 180◦. As
seen in the Table 2.2 the average of the Pb-I-Pb angles deviates from the ideal 180◦ angle
in the order FM < MA < GA < HZ < HA .

The optimized geometries obtained at the DFT-D3 level of theory, were used to com-
pute the band structure of the materials. The resulting band structure and band gap are
shown in Fig. 2.1 and Table 2.2. As seen in this figure, the values of the band gap obtained
at the SOC G0W0 level of theory are in good agreement with the available experimental
data. The values of the band gap show an increase in the order FM < MA < GA < HA ≈
HZ. This trend of increasing in band gaps coincides with the trend in the deviation of the
Pb-I-Pb angle from the ideal 180◦. Here the HZ cation shows an abnormally high band
gap at the G0W0 level of theory, which is a result of larger lattice constant for the cation.
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These calculations show that the Pb-I-Pb angles and the lattice constant of the system
have a direct impact on the fundamental band gap of the material. The Pb-I-Pb angles
are determined by the steric and electrostatic interactions in the system, and therefore
indirectly affect the band gap of the system. This finding is consistent with the earlier
reports of Filip et. al. [34]

Figure 2.2: (a) Representation of the system considered to assess the impact of the dipole orientations. (b) The
variation of total energy computed at the DFT level of theory. Energy of the system is normalized to one unit
cell(c) Electrostatic energy variation computed point charge model (d) Band Gap variation with the rotation of
the cation.

2.3.2. EFFECT OF DIPOLE ORIENTATIONS
To understand how disorder in the orientation of the dipolar organic cations affects
the electronic properties of the perovskites we have studied variations in the electronic
structure induced by the rotation of a dipole in extended systems. To achieve this, we
have considered two neighboring unit cells as shown in Fig. 2.2. As seen in this figure, the
orientation of one cation was kept fixed while continuously rotating the cation located in
the neighboring unit cell. Throughout the calculations, the lead-iodide framework was
kept fixed in a perfectly cubic arrangement to address only the effect of dipole rotation
without any influence of lattice deformation. The values of the total energy obtained
for the different cation arrangement are reported in Fig. 2.2B. As seen in this figure, a
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considerable variation in the total energy of the system was observed upon rotation of
the cations with high dipole moment, i.e. MA, HZ, and HA. For these cations a maxi-
mum energy ranging from 80meV to 150meV was obtained for anti-parallel orientations
of the neighboring dipoles. These values are in good agreement with the ones reported
by Quarti et. al.[35] It is also observed that the variation of the total energy for low dipole
moment cations was much smaller, as expected.

To clarify whether repulsive dipole-dipole interactions are responsible for the trend
in the total energy obtained from the DFT calculation we have separate calculated the
electrostatic interactions in the systems using a point charge model. The variation of
electrostatic energy per unit cell with the rotation of dipoles is shown in Fig. 2.2C. As seen
in this figure, these variations follow the same trend as obtained from the DFT calcula-
tions, with a maxima in the anti-parallel configuration. This confirms the crucial role of
electrostatic interaction in determining the cation arrangement in HHPs materials. The
relatively low energy barriers for dipole rotation suggest that anti-parallel configurations
of dipoles may exist even at room temperature, albeit in small concentrations.

Figure 2.2d shows the variations of the band gap upon rotation of the cations. As seen
in this figure, a considerable reduction of the band gap was obtained for anti-parallel
configurations of high dipole moment cations. The relative change in the band gap from
a parallel to an anti-parallel configuration is 31% for MA, 38% for HZ and 53% for HA.
In. contrast, the low dipole moment cations show minimal variation of band gap with
change of mutual orientation of the cations. These calculations clearly show that even-
though organic cations do not participate directly in the valence and conduction band
levels, their orientations can significantly affect the energy of these bands via electro-
static interactions.

The band structures for the parallel and anti-parallel orientations of MAPbI3 in Fig-
ure 2.3a,c clearly show a dependence on the orientation of the MA cation. An anti-
parallel orientation of cations decreases the distance between the valence and conduc-
tion bands and is accompanied by a change in the curvature of the bands. These change
in the electronic structure can be related to changes in the electrostatic potential due
to the organic cation on rotation. The electrostatic potential is uniformly distributed
across the system consisting of two unit cells when both dipoles have the same direc-
tion, as shown in Figure 2.3b. However, when the dipoles are anti-parallel, the potential
distribution becomes non uniform between the adjoining unit cells. This variation is
shown by calculating the difference between the electrostatic potential of systems with
anti-parallel and parallel orientations of cations, Vnet = Vanti−par al l el - Vpar al l el and is
shown in Figure 2.3d. It can be seen here that the potential is lower at the interface of
the unit cells, where the positive ends dipoles point towards each other and is higher at
the interface where the tails of the dipoles are closer. The difference between the total
electrostatic potentials at the two spatial locations is 1.2 eV.

2.3.3. LOCALIZATION EFFECTS DUE TO DIPOLE ORIENTATIONS

To understand the impact of orientations of neighboring cations on the the electronic
states in the disordered perovskites, we have considered a system composed of four unit
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Figure 2.3: (a) Band structure for MAPbI3 parallel orientation, (b) electrostatic potential distribution in this ori-
entation of dipoles, (c) Band structure in anti-parallel orientation of dipoles and (d) difference of electrostatic
potential of anti-parallel and parallel orientations, Vnet = Vanti−par al l el - Vpar al l el . The k-points in Brillouin

zone are T : [0,0,0], X : [0,0, 1
2 ], M : [0, 1

2 , 1
2 ], A : [ 1

2 , 1
2 , 1

2 ], Z : [ 1
2 ,0,0],R : [ 1
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cells as represented in Fig. 2.4 and 2.6. As seen in these figures, two different configura-
tions of the organic cations were considered, one where the four cations are aligned in
the same direction and the other where two neighboring cations are rotated by 180◦, thus
creating domains. The electronic structure of these systems was then studied for two dif-
ferent cations, i.e. MA (Fig. 2.4) and FM (Fig. 2.6). In each case, the band-decomposed
charge density was extracted to visualize the electronic states corresponding to the va-
lence band maximum and conduction band minimum.

As seen in Fig. 2.4a the electronic states of valence band maximum and conduction
band minimum for MAPbI3 are completely delocalized over the unit cell when all four
dipoles are oriented in the same direction. The band gap of the system in this case is 1.43
eV. When the system with an anti-parallel orientation of dipoles is considered, the elec-
tronic states become localized at the interfaces between the newly created domains. The
band gap in this configuration decreases to 0.41 eV, even lower than for the anti-parallel
configuration of two unit cells in Figure 2.3. To understand the reason for this localiza-
tion of states and the decrease of the band gap, the electrostatic potential was plotted
again for the parallel and anti-parallel orientation of dipoles for the system consisting
of four unit cells. As seen in Figure 2.5 the electrostatic potential stays uniformly dis-
tributed when all dipoles are in a parallel orientation, but becomes non-uniform for the
anti-parallel orientation. It is important to note that the electrostatic potential in figures
2.3 and 2.4 were calculated for the full systems using the DFT electron density, and not
just that of the dipolar cations. The anti-parallel orientation of the MA dipoles polarizes
the electron distribution of the Pb-I framework, leading to an overall increase in electron
density at the point where the dipoles are pointing towards each other. The difference in
potential between the places of high and low relative potential increases from 1.2 eV to
2 eV when going from a system of two anti-parallel cations in a double unit cell to four
anti-parallel cations in a quadruple unit cell. This shows that increasing the size of the
organized domains leads to more pronounced electrostatic potentials at the interfaces
between the domains. From the localization of the conduction band in the region where
the MA dipoles point towards each other, it becomes clear that this is where an excess
electron will be localized, while and excess positive charge will become localized at the
negative end of the dipoles, as evident for the density for the valence band maximum, see
Figure 2.4a. Thus we can conclude that the local electrostatic environment ihas a pro-
nounced influence on the localization of the electronic bands in these materials, which
results in a variation in the band gap. It should be noted that the number of unit cells
that is at an interface between different aligned domains will be very small compared to
those inside the larger domains. This means that in an experiments the band gap will be
dominated by the states inside the domains that are characterized by a larger band gap.

To confirm the role played by electrostatic interactions in the localization of the elec-
tronic states we have performed the similar calculations with low dipole moment FM.
The results presented in Fig. 2.6 show that the delocalization of the electronic state here
is not affected by the rearrangement of the cations in this case. Furthermore, the band
gap of the system is almost independent of the orientation of the cation. This clearly
demonstrates that the rotation of cations with low dipole moment do not have a signif-
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Figure 2.4: Band gap and distribution of electronic states of MAPbI3 in case of (a) Parallel orientation of dipoles
(b) Anti-parallel orientation of dipoles.

Figure 2.5: (a) Electrostatic potential distribution in case of parallel orientation of MA. (b) Electrostatic poten-
tial distribution in case of anti-parallel orientation of MA subtracted from the parallel orientation.
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icant effect on the electronic structure of the material. Thus, only cations with signifi-
cantly high dipole moment can alter the local electrostatic potential in the system and
can significantly influence the electronic properties.

Figure 2.6: Band gap and distribution of electronic states of FMPbI3 in case of (a) Parallel orientation of dipoles
(b) Anti-parallel orientation of dipoles.

Table 2.3: The effective mass of electrons and holes for MA in bulk and in localized state in Figure 2.4b in three
perpendicular directions. The direction X corresponds to the direction of dipoles and the directions Y and
Z correspond to the two orthogonal directions. The effective masses are estimated from the respective band
structures using band fitting method.

Parallel dipoles Anti-parallel dipoles
X, Y and Z X Y Z

m∗
h 0.15 0.36 0.15 0.15

m∗
e 0.58 13.04 0.91 0.75

To gain insight in the effect of formation of localized electronic states on the effec-
tive mass of the charge carriers, we have calculated the effective mass in systems with
uniform dipole directions and for the anti-parallel domains as reported in Table 5.2. For
a uniform direction of dipoles the effective mass is the same in all directions and values
of 0.1 m0 and 0.58 m0 are found for the hole and the electron, respectively. The effective
masses for the system of four unit cells with anti-parallel dipoles were estimated by the
band fitting method in the three orthogonal directions for the localized states, in which
X corresponds to the direction of dipoles, Y and Z are two orthogonal directions. For the
direction perpendicular to the orientation of the dipoles, effective mass values that are
similar to those for the system without anti-parallel dipoles are obtained. This shows
that similar charge mobilities can be expected in these direction. In the X-direction, cor-
responding to the direction of the dipoles, the effective masses are considerably larger.
This shows that transport from one localized domain to the other is relatively inefficient
and hence the charges will remain separated in their respective domains. This may re-
sults in slower recombination of electrons and holes in this material if the dipole ori-
entations are static, as was found experimentally at low temperatures where the dipolar
dynamics are frozen.
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Different arrangements of cations of MAPbI3 were considered to understand the con-
ditions required for the formation of such localized states. A few of these conformations
are shown in Fig. 2.7. Configuration a, where all the dipoles have the same orienta-
tion, is the most energetically favorable conformation. The introduction of disorder in
the cation orientation without the creation of clear domains, such as in conformation
b and c does not significantly change the band gap, nor does it lead to the formation of
localized states. Only the creation of well-defined boundaries between domains, as in
conformation d induce the formation of localized states at the domain walls. Note that
the formation energy of such conformation is only 80 meV above the energy of confor-
mation a. This energy difference suggests that the formation of such local domains can
take place at room temperature.

2.4. CONCLUSIONS
The calculations presented in this chapter show that the substitution of cations with
varying size and dipole moment in the lead iodide framework has a pronounced effect on
the electronic structure of the material by modulating the bond angles Pb-I-Pb. The rela-
tive orientation of dipoles also significantly affects the electronic structure and band gap
of the hybrid halide perovskites. The larger, the dipole moment of the organic cation, the
larger its effect on the electronic structure. A larger dipole moment also leads to a larger
energy barrier for the rotation of the dipoles. In case of MA, the barrier is 80 meV, indicat-
ing that at room temperature the anti-parallel configuration of dipoles can be accessed
in small concentrations. Despite small concentrations of this configuration, significant
effects on local electrostatic environment and the local electronic properties can be ob-
served. The band gap of the system decrease upon the rotation of high dipole moment
cations in anti-parallel orientation. This decrease is attributed to the change in the local
electrostatic environment of the system. The anti-parallel orientation of dipoles results
in formation of localized electronic states of valence and conduction bands. The valence
band becomes localized in the region of higher electrostatic potential whereas the con-
duction band gets localized in the region of low electrostatic potential. This localization
leads to a decrease in band gap of the system. The creation of these local domains also
influences the effective masses of charge carriers as electrons and holes become heavier
in the direction dipolar axis.
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Figure 2.7: Distribution of electronic states of MAPbI3 in four configurations for valence band maximum
(VBM) and conduction band minimum (CBM). The total energy is normalized to one unit cell. High variation
in energy and band gap is observed only in configuration d. The charge density is delocalized in configurations
a, b and c but is localized in configuration d.
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3
THE RELATION BETWEEN

ROTATIONAL DYNAMICS OF THE

ORGANIC CATION AND PHASE

TRANSITIONS IN HYBRID HALIDE

PEROVSKITES

The rotational dynamics of organic cation in hybrid halide perovskites are intricately linked
to the phase transitions that are known to occur in these materials, however, the exact re-
lation is not clear. We have performed detailed model studies on methylammonium lead
iodide and formamidinium lead iodide to unravel the relation between rotational dynam-
ics 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 result 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 S. Maheshwari, M. B. Fridriksson, S. Seal, J. Meyer and F. C. Grozema, J. Phys. Chem.
C. 2019, 123, 23, 14652-14661
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3.1. INTRODUCTION
Hybrid halide perovskites are currently among the most studied emerging solar cell ma-
terials, with reported device efficiencies well over 20% within ten years after the first
demonstration of a halide perovskite-based cell. [2–4] Hybrid halide perovskites consist
of a general AB X3 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, methy-
lammonium, 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+.[5] It has also been proposed that the dipolar na-
ture 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.[6, 7] 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 (MAPI) 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 tempera-
tures below 170 K an orthorhombic phase is present where the rotational motion is fully
absent.[8] In previous experimental work we have shown that the rotational freedom
of the organic cation has a direct effect on the mobility and recombination kinetics of
charges in MAPI.[9] Therefore, the rotational dynamics of organic cations in hybrid per-
ovskites has received considerable attention, both experimentally and theoretically.[10–
13] 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 focussed on the rotation of the MA ion in MAPI as
this is the most investigated of the hybrid perovskites in solar cells. Experimentally
this includes solid-state NMR measurements,[14] single crystal x-ray measurements,[15]
Raman spectroscopy[15] and quasielastic neutron scattering.[11] Theoretically, Monte
Carlo simulations have been performed,[6, 16] as well as density functional theory studies[17,
18] and both ab initio molecular dynamics[19] and model potential molecular dynamics.[13]
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 tran-
sition 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 deforma-
tion of the lead iodide cage is caused by formation of ordered domains of dipoles at low
temperatures.[17]

For formamidinium lead halide perovskites (FAPI) there is a lot less information. The
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formamidinium (FA) cation is larger than MA, which may restrict its rotational motion
by steric interactions. 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. FAPI exhibits a high temperature cubic perovskite structure [20] and a low
temperature structure with octahedral tilting.[21] Carignano et al. have performed ab
initio molecular dynamics simulations on FAPI and reported that at high temperatures
there are preferential alignments of the FA ion due to hydrogen bonds with the cage.[22]
They also concluded that FA rotates preferentially around the N - N axis, which has later
been supported by other studies.[21, 22] Weber et al. reported that FA shows a certain
ordering at low temperature where they align perpendicular with respect to their nearest
neighbour do to the angle tilt of the cage.[23]

The time scale of the reorientation of the organic cation has been studied experi-
mentally, for instance by neutron scattering experiments. For MAPI it was shown that
the MA cation rotational dynamics is characterized by a timescale of 5 ps at room tem-
perature and rocking or "wobbling" around the C3 axis that is much faster (≈1 ps).[6, 24]
In a contradicting study, Leguy et. al. showed that the times scale for full reorientation
of MA is 14 ps at room temperature.[6] 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 approxi-
mately 7 ps has been obtained for both MA and FA.[19, 25, 26] For the FA cation in FAPI,
neutron diffraction measurements have shown reorientation times of 4.7 ps and 2.8 ps
for the long and short axis, respectively.[27]

In this chapter we have studied the relation between the reorientation dynamics of
MA and FA in MAPI and FAPI and their phase transition behavior. Apart from just per-
forming 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 calcu-
lations include on-lattice Metropolis Monte Carlo simulations to study domain forma-
tion in a system with only dipole-dipole interactions and molecular dynamics simula-
tions 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) inter-
action between the organic cation and the inorganic cage and deformation of the metal
halide cage.

3.2. METHODOLOGY

3.2.1. MOLECULAR DYNAMICS

The molecular dynamics (MD) simulations were performed on a super cell of 10x10x10
unit cells with periodic boundary conditions for MAPI and FAPI. 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 MAPI and FAPI
with lattice constant of 6.21 Å for MAPI and 6.36 Å for FAPI as observed experimentally
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at higher temperatures for both of these materials.[6, 28] The force field for the inter-
atomic potentials was adopted from the work of Mattoni et. al.[13] The interactions
in the force field are defined in form of three components i) inorganic-inorganic(Ui i ),
ii) inorganic-organic(Ui o) and iii) organic-organic(Uoo) interactions. The Ui i and Ui o

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. Uoo 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 forcefield using the SwissParam tool.[29–
32] MD simulations were performed using the LAMMPS molecular dynamics simulation
package.[33] The equations of motion were evaluated using time step of 1 fs and a cutoff
of 17 Å for Lennard-Jones interactions and 18 Å for the Coulombic interactions. Simu-
lations 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 MAPI and FAPI was analyzed by examin-
ing the rotation-autocorrelation function, C(t) as defined in Equation 4.1 in terms of the
dipole vectors µi 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.

C (t ) = 1

N

N∑
i=1

�µi (t ) · �µi (0) (3.1)

This autocorrelation function gives a measure of how fast the orientations of the or-
ganic cations change with time. By definition, C (t = 0) = 1 and decays to zero on average
once the direction of the dipole has become completely random.

3.2.2. MONTE CARLO
The Metropolis Monte Carlo (MC) simulations were performed on a system consisting
of 20x20x20 dipoles on a fixed grid with periodic boundary conditions. A cubic structure
is assumed for all temperatures with a lattice constant of 6.29 Å. The only energy consid-
ered in the simulation is the (electrostatic) dipole-dipole interaction given by Equation
3.2. In this equation, pi and pj are the dipole moment vectors for both dipoles consid-
ered, r is the distance between the dipoles and n̂ is a unitary directional vector between
the two dipoles. Permittivity of vacuum is assumed. 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 tempera-
tures ranging from 100 K to 350 K with a 10 K interval.

Edd = 1

4πε0

(
pi ·p j

r 3 − 3(n̂ ·pi )(n̂ ·p j )

r 3

)
(3.2)
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3.2.3. 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 in-
teraction. 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 be-
long 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 ap-
propriate 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.

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

3.3.1. METHYLAMMONIUM LEAD IODIDE (MAPI)
From the molecular dynamics simulation of MAPI, a trajectory of 100 ps is obtained after
equilibration of the system. The rotation-autocorrelation function over these 100 ps,
averaged over the 1000 MA dipoles in the system is shown in Figure 3.1a for temperatures
between 100 K and 350 K. The rotation-autocorrelation plots show the randomization of
the direction of the dipole moments with time.

At lower temperatures (100-250 K) the autocorrelation 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 mo-
tion 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 move-
ment takes place widens with temperature. In order to quantify the timescale of dipole
relaxation times, the autocorrelation curves were fitted with a bi-exponential function
given in Equation 3.3. A1 and A2 are the amplitudes of the two decay components char-
acterized by the decay times τ1 and τ2. 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 3.3 are summarized in Table 3.1.

y = A1 ·e−t/τ1 + A2 ·e−t/τ2 (3.3)
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Figure 3.1: (a) Rotation-autocorrelation of the dipole direction averaged over 1000 dipoles for MA cations in a
flexible lead iodide cage. (b) Rotation-autocorrelation of the dipole direction averaged over 1000 dipoles for
MA cations in a frozen lead iodide cage
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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 rotation-autocorrelation 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 autocorrelation 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. The observed changes in rotational
dynamics with temperature agree with experimentally observed phase dynamics and
with earlier molecular dynamics simulation.[14, 34, 35]

Table 3.1: Rotation-autocorrelation decay time constants in picoseconds obtained after fitting the decay curves
in Figure 3.1 using Equation 3.3. τ1 corresponds to the faster decay time whereas τ2 corresponds to the slower
decay time constant.

Flexible cage Frozen cage
T (K) τ1 (ps) (A1) τ2 (ps) (A2) τ1 (ps) (A1) τ2 (ps) (A2)
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) -

While the molecular dynamics simulations successfully describe the phase behavior
in MAPI, 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 or-
der to clarify the importance of these three effects, we have performed a series of model
simulations that are outlined below.

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
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positions of Pb and I are frozen in the initial cubic conformation. In this way we can ob-
tain 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 deforma-
tion of the cage. As evident from Figure 3.1b and Table 3.1, the rotation-autocorrelation
function decreases faster than for a flexible cage. The decay time of the autocorrelation
function 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.

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 the
dipole-dipole interaction energy is taken into account. Therefore, any formation of or-
ganized domains observed is solely due to these electrostatic interactions between MA
ions, and not because of cage deformation or, for instance, hydrogen bonding with io-
dide. 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 do-
mains based on close range dipole-dipole interactions. A large domain then represents
a certain long range ordering of dipoles. In Figure 3.2a 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 re-
sults 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 kB T becomes comparable to the dipole-dipole interaction en-
ergy the ions align together due to their interactions with one another.

Figure 3.2b 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 sim-
ulations. 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 inter-
action 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 3.2c. These systems
show a different behavior compared to the other two. First of all, the increase of the av-
erage domain size occurs at higher temperatures. Between 250 K and 200 K there is an
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Figure 3.2: Average domain size (Number of dipoles) vs temperature (K) for methylammonium dipoles sim-
ulated 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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abrupt increase in the average domain size whereas, for the other systems notable in-
crease was not seen until at roughly 150 K. Furthermore the nature of the increase is dif-
ferent 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 compara-
ble to the difference we saw between rotation-autocorrelation plots for the flexible- and
frozen-cage MD simulations. In the autocorrelation 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.

EFFECT OF SPECIFIC INTERACTIONS BETWEEN MA AND CAGE

Figure 3.3: Orientations of all methylammonium 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.

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 ob-
tained from 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 por-
trayed by blue points and even number layers are indicated in red. In these figures, the
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stars represent the directions that correspond to an MA ion pointing directly towards an
iodine molecule in a cubic cage. These plots are shown in Figure 3.3 for both MD simu-
lations 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 supporting information. For the MC simulations the align-
ments were completely random at all temperatures. This is not surprising as there is no
cage to affect the orientation of the MA ions.

Figures 3.3a-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 sur-
face 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
iodines, as one would expect if the MA forms hydrogen bonds with the iodine. Further-
more, no difference is seen between different layers in these simulations.

Figures 3.3d-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 orien-
tations, both where one would assume a hydrogen bond is formed. This is in agreement
with previous studies were this alignment is attributed to the low temperature orthorom-
bic phase.[13]

In order to get some insight on the dynamics of the specific interaction we have ana-
lyzed the timescale on which the hydrogen bonds are broken. These hydrogen bond life
times are shown in Figure 3.4b 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 life-
time 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.

3.3.2. FORMAMIDINIUM LEAD IODIDE (FAPI)
In a similar way as for MAPI, full molecular dynamics simulations were performed for
FAPI. A trajectory of the FA cations is obtained over 100 ps after equilibration of the sys-
tem. The rotation-autocorrelation function averaged over the 1000 FA dipoles is shown
as a function of time in Figure 3.5a. The simulations were performed at temperatures
starting from 100 K to 350 K in steps of 50 K. The trends observed for FAPI exhibit sub-
stantial differences compared to those presented above for MAPI. The decay of the au-
tocorrelation function 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 3.2. This is in
agreement with experimental results [21, 27, 36] and can, at least in part, be attributed
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Figure 3.4: (a) The hydrogen bonds formed in MAPI and FAPI 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 MAPI and FAPI.
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Figure 3.5: (a) Rotation-autocorrelation of the dipole direction averaged over 1000 dipoles for FA cations in a
flexible lead iodide cage. (b) Rotation-autocorrelation of the dipole direction averaged over 1000 dipoles for FA
cations in a frozen lead iodide cage
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to the larger size of FA compared to MA. The other factor that influences these rotation
times is the interactions of FA with the Pb-I cage in terms of hydrogen bonding. In order
to unravel the different contributions to the observed rotational dynamics of FA in FAPI
we have performed the same model calculations as for MAPI, as described below.

Table 3.2: Rotation-autocorrelation decay time constants in picoseconds obtained after fitting the decay curves
in Figure 3.5 using Equation 3.3. τ1 corresponds to the faster decay time whereas τ2 corresponds to the slower
decay time constant.

Flexible cage Frozen cage
T (K) τ1 (ps) (A1) τ2 (ps) (A2) τ1 (ps) (A1) τ2 (ps) (A2)
100 0.05 (0.02) > 1000 (0.98) 0.05 (0.04) > 1000 (0.96)
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 (0.86)
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)

EFFECT OF CAGE DEFORMATION

The rotation-autocorrelation function for the motion of FA in a fixed Pb-I cage structure
is shown as a function of time in Figure 3.5b. This figure and the rotation times in Table
3.2 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 3.5a shows that cage deformation leads to an overall slower dy-
namics, as was also the case for MAPI, however, the effect is not as pronounced as for
MAPI. Nevertheless, these simulations show that the deformation of the Pb-I cage also
plays a significant role in the rotation dynamics in FAPI.

EFFECT OF DIPOLE-DIPOLE INTERACTIONS

The effect of the dipole-dipole interactions on the FA alignment in FAPI was again eval-
uated 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 molec-
ular dynamics simulations. The average domain size for these three cases is plotted as a
function of temperature in Figure 3.6.

In the case of the MC simulations where only dipole-dipole interactions are consid-
ered 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 kB T at
the temperatures considered, and hence the thermal energy is high enough to prevent
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Figure 3.6: Average domain size (Number of dipoles) vs temperature (K) for formamidinium dipoles simulated
with (a) Monte Carlo only considering dipole-dipole interaction, (b) molecular dynamics with frozen lead io-
dide cage, (c) molecular dynamics with flexible lead iodide cage.
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the formation of domains. This implies that the phase transition in FAPI 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, espe-
cially 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.

EFFECT OF SPECIFIC INTERACTIONS BETWEEN FA AND CAGE

Figure 3.7: 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.

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 3.7.

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 iodines.
This can be explained through hydrogen bonding between iodine and the hydrogens on
the nitrogen molecules. If the dipole points between two iodines the nitrogens can point
towards the iodines, 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 obatined even though the dipole-
dipole interactions do not play any role in the alignment. One major difference is visible
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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 3.4b. The lifetimes observed for FAPI at low
temperature are considerably longer than for MAPI. One may interpret this as an indica-
tion of stronger hydrogen bonds, however, the life time 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.

3.4. GENERAL DISCUSSION AND CONCLUSIONS
It is clear from the simulations presented in this chapter that the phase behavior and
the rotational dynamics of the organic cation are intricately linked for both MAPI and
FAPI. For MAPI a very clear phase transition is observed at which the MA cation be-
comes 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 or-
dered, 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 al-
lowed 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 lat-
tice. 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.

For FAPI a very similar picture emerges, however, in this case the dipole-dipole inter-
actions 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 or-
dered 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 for-
mation of hydrogen-bond like conformations plays an important role in FAPI, which,
combined with increased steric interactions leads to slower rotation dynamics of FA in
FAPI.

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 re-
laxation 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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PACKING OF THE ORGANIC CATIONS

IN MIXED-CATION HALIDE

PEROVSKITES

The intermixing and dynamics of cations in mixed FAx MA(1−x)PbI3 perovskites is not ex-
plored in detail because of the difficult crystal formation of these materials. The positions
of cations methylammonium(MA) and formamidinium(FA) in the mixed FAx MA(1−x)PbI3

can severely affect the energetics of the system and reorientation motion of these organic
cations. The preference of the arrangement of the cations can also reveal the mecha-
nism of formation of mixed cation hybrid perovskites. Molecular dynamics model sim-
ulations of these systems are used in our study to gain insights in the energetics of the
system and dynamics of organic cations. These simulations are able to take into account
large system size of 12000 atoms. Simulations on seven different models of mixed cation
FA0.5MA0.5PbI3 perovskites are performed. The energetics of these systems are studied to
understand the preference of MA and FA cations to stay farther or closer to each other. It
is also found that the motion of the organic cations varies in these arrangements and may
include slowing down of reorientation in some cases.
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4.1. MIXED ORGANIC CATION HYBRID PEROVSKITES
Devices based on hybrid halide perovskite layers that contain only a single type of or-
ganic cation, for instance methylammonium (MA+), formamidinium (FA+) or cesium(Cs+)
have saturated in terms of efficiency around 20%.[1–4] The central problem that these
monocation perovskite materials suffer from is a lack of stability of their perovskite phases.
The solution for overcoming the lack of stability and improving the absorption at the
same time has been the introduction of mixed-cation and mixed halide perovskites.
These mixed perovskites contain combinations of two or three A-site cations (from )FA+,
MA+ and Cs+) with either one or two halides (bromide(Br−) and iodide(I−)). The pure
FA-based perovskites have a smaller band gap than the MA ones, but are unstable and
prone to form a yellow α-FAPbI3 phase. Mixing FA into a pure MA based lead iodide
perovskite leads to a material with a lower band gap than the pure MA material, but
with a stable perovskite phase.[5] It is also known that the mixed cation composition of
hybrid perovskites exhibit lower hysteresis and result in higher efficiency photovoltaic
devices.[6, 7]

Despite the successes in using these mixed cation MA/FA perovskite materials in so-
lar cells, their structural properties and associated dynamics of the organic cations are
not fully understood. This is due of the complicated crystallization process of these ma-
terials. The FAx MA(1−x)PbI3 is known to crystallize in a cubic phase at room tempera-
ture for x ≥ 0.2 and is tetragonal for x = 0−0.1. The lattice constant of the cubic lattice
is found to increase with increasing the fraction of FA+.[8] Kuno and coworkers have
shown that in the thin films of these materials, the organic cations have a heterogeneous
distribution.[9] Using magic angle spinning NMR, Emsley and coworkers have shown
that both MA+ and FA+ have a different reorientation time in FA0.67MA0.33PbI3. They
have also shown that the reorientation of MA+ is not isotropic and reorientation dynam-
ics of FA+ is also different from its pure phase. From these observations it was concluded
that MA+ exists in two different environments at lower temperature.[10] The structural
dynamics of mixed halide MAPbIx Br3–x and MAPbBrx Cl1–x perovskites were studied by
Gallop et al.[11] They concluded from molecular simulations that a long lived compo-
nent arises in the autocorrelation decay for the MA cation in the sub-ensemble of unit
cells, whereas most MA cations behave similar to pure MAPbX3. This was attributed to
the existence of asymmetry in the lattice as a result of the variety of halides. The resulting
asymmetric potential locks the organic cation in an energetic minimum, leading to re-
duced rotational dynamics. This illustrates the complexities in the rotational dynamics
of the organic cations in the mixed FAx MA(1−x)PbI3 perovskites.

The dynamics and electronic structure of mixed-cation perovskites are to a large ex-
tent determined by the distribution of the different organic cations over the material. As
discussed in the previous chapter, the organic cations markedly affect each others dy-
namics and orientation, forming oriented domains at low temperature. The formation
of these domains have direct consequences for the charge transport properties of mixed-
cation perovskites.

In order to gain insight in the dynamics and energetic of mixed-cation perovskites,
we have performed molecular dynamics simulations on different model systems of mixed
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cation FAx MA(1−x)PbI3 perovskites. Different model systems of FA0.5MA0.5PbI3 were
generated by placing the organic cations in an organized way in a 10x10x10 lattice. Seven
of these arrangements were studied for energetics and cation dynamics. It is found that
the motion of the organic cations varies in these arrangements. The effect of anisotropy
of the organic cation is not restricted to just one unit cell but is experienced by several
surrounding cations. This includes the slowing down of the rotational motion of the or-
ganic cations. An analysis of the different interaction energy component sheds a new
light on the arrangement and preferred organization of cations in these mixtures.

4.2. METHODOLOGY

The molecular dynamics (MD) simulations were performed on a super cell of 10x10x10
unit cells with periodic boundary conditions. The different initial configurations for the
50% mixture of MA and FA were generated with a cubic unit cell size of 6.34065 Å. The
unit cell size was computed using the already available knowledge of the lattice con-
stants of MAPI and FAPI. The system size was chosen sufficiently large to obtain suffi-
cient statistics and independence of the motion of dipolar cations in different parts of the
system. The force field for the interatomic potentials was adopted from the work of Mat-
toni et. al.[12] The interactions in the force field are defined in form of three components
i) inorganic-inorganic(Ui i ), ii) inorganic-organic(Ui o) and iii) organic-organic(Uoo) in-
teractions. The Ui i and Ui o 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. Uoo interactions are defined as bonded interactions with param-
eters for bond stretching, angle bending and dihedral rotations for the organic cations.
These parameters were obtained from the CHARMM forcefield using the SwissParam
tool.[13–16] MD simulations were performed using the LAMMPS molecular dynamics
simulation package.[17] The equations of motion were evaluated using time step of 1 fs
and a cutoff of 17 Å for Lennard-Jones interactions and 18 Å for the Coulombic interac-
tions. Simulations were performed in a sequence of three steps in which first step was
annealing of system. The annealing was performed from a higher temperature to the
temperature required for the system over 3 nanoseconds. The second step was the equi-
libration of the system at the required temperature of further simulation. The third step
was the production run from which a trajectory file over 100 ps was obtained along with
the total energy and its components for the system. The rotational dynamics of the or-
ganic cations was analyzed by examining the rotation-autocorrelation function, C(t) as
defined in Equation 4.1 in terms of the dipole vectors µi 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.

C (t ) = 1

N

N∑
i=1

�µi (t ) · �µi (0) (4.1)

This rotation-autocorrelation function gives a measure of how fast the orientations
of the organic cations change with time. By definition, C (t = 0) = 1 and decays to zero
on average once the direction of the dipole has become completely random.
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Figure 4.1: The model configurations for mixed cation MA0.5FA0.5PbI3 system. The configurations indicated
as Films, Logs and Blocks consist of large domains of the same cations whereas Planes, Pillars and Dots consist
of a more inter-mixed configuration.
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4.3. DISCUSSION

4.3.1. MIXED MA0.5FA0.5PbI3 CONFIGURATIONS
In order to gain insight in the effect of the mutual organization of MA and FA cations
seven different configurations have been constructed as illustrated in Figure 4.1. The
configurations consist of sets of two similar types of arrangements which vary in the
intermixing of MA and FA. In case of films the system consists of five layers of FAPbI3

separated by five layers of MAPbX3 and these layers are repeated in periodic fashion. In
case of ’planes’ each layer of FAPbX3 is separated by a layer of MAPbX3 and thus the or-
ganic cations are more inter-mixed. In the same way, other sets of configurations such
as logs/pillars and blocks/dots have been generated. The trends in these configurations
are compared with the random configuration of organic cations that may be closer to
the experimental situation.

Figure 4.2: (a,d) Total energy of all the systems at 200 K and 300 K respectively. (b,e) Coulombic energy of all
the systems at 200 K and 300 K respectively. (c,f) Van der waals energy of all the systems at 200 K and 300 K
respectively.

Molecular dynamics simulations were performed for all the configurations shown in
Figure 4.1 and an analysis of the different energy components was performed. The ob-
tained energy trends are summarized in Figure 4.2 at temperatures of 200 K and 300 K. As
is seen in Figure 4.2(a,b), the arrangement of the organic cations in the lattice results in
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large variations in the total energy of system. Upon increase of temperature from 200 K
to 300 K the absolute difference between the energy of different configurations increases
but the overall trends remain the same. The ’film’ configuration has the lowest energy
whereas the ’dots’ configuration is highest in energy. At room temperature, the average
energies for different configurations cover a range of ≈ 1000 Kcal/mol for the 1000 unit
cell system, or 1 Kcal/mol for each unit cell. This variation in energy is not very high, sug-
gesting that all of these configurations can exist within the working temperature range
of hybrid perovskites. An important thing to note here is that the ’film’ configuration
has the most ’phase-separated’ arrangement of the two organic cations, whereas the
’dots’ configuration represents the most uniformly mixed arrangement of the cations.
The lower energy of the ’film’ configuration indicates that a phase-separated configura-
tion is most stable for these mixed-cation films.

4.3.2. ENERGY ANALYSIS OF CONFURATIONS

To understand the effect of the arrangement of the organic cations on the total energy
of the system, the individual components of energy that lead to the interaction between
the two organic cations are compared. The Coulomb and Van der Waals components of
the interaction energy are summarized in Figure 4.2 c, d, e and f at 200 K and 300 K. The
total electrostatic energy is negative, indicating attractive interactions. This is easily un-
derstood since the electrostatic interactions keep the Pb-I lattice together. The trend in
the electrostatic energy changes somewhat from 200 K to 300 K. At 200 K, the Coulomb
interactions are more favorable for the mixed configurations of ’planes’, ’pillars’ and
’dots. as compared to their counterparts of de-mixed configurations i.e. ’films’, ’logs’
and ’blocks’. As the temperature increases and the cations gain enough energy to reori-
ent in the octahedral voids of PbI6, the de-mixed configurations become most stable. At
300 K the electrostatic interactions are most favorable when similar cations are together
when the cations are free to reorient. The Van der Waals interactions are also compared
for these systems and the overall energy is always positive. This shows that repulsive
Van der Waals interaction balance the strongly attractive electrostatic interaction in the
Pb-I lattice. At 200K, in Figure 4.2 c it can be seen that the Van der Waals interactions
are least repulsive when the organic cations are optimally mixed. This trend is partially
retained at higher temperature, 300 K. The overall observation from these comparisons
of the total energy for different configurations is that the phase-separated structures are
most stable, indicating that strongly intermixed structures that are expected in experi-
ments are meta-stable at best.

4.3.3. DEFORMATION OF Pb-I CAGE

In order to gain insight in the effect that the distribution of the organic cations has on
the deformation of the Pb-I cages the radial distribution function for the lead and iodide
atoms was calculated and shown in Figure 4.3. It is clear that the differences between
different configuration are rather small. In the case of films the maxima and minima in
the peaks of the radial distribution exhibit the least variation. This variation increases in
case of other arrangements and is highest in case of pillars. This shows that in the ’pil-
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Figure 4.3: Radial distribution function plotted as distance of iodide (I−) atoms as function of distance from
lead Pb(2+)atoms at 300 K

lars’ arrangement the iodide-lead distance varies the least whereas in films the variation
is largest. This variation suggests increased motion of the Pb-I atoms in the demixed
configurations than in the mixed ones.

4.3.4. ROTATIONAL-AUTOCORRELATION OF MA AND FA CATION MOTION

The different organization of the two organic cations in the perovskite structure may
also have an effect on the rotational dynamics of the organic cations. This can be char-
acterized by the rotation autocorrelation function shown in Figure 4.4a,b. The rotational
decay of MA is similar for all configurations, which shows that the motion of MA cation
is minimally affected by the surrounding cations. The small variation that is observed is
consistent with the average hydrogen bond lifetimes shown in Figure 4.4c. The rotational
decay pattern for FA cations is in general slower than that for MA, as also observed for the
pure systems in Chapter 3. For films and pillars a particularly slow autocorrelation de-
cay pattern is observed for FA here, consistent with longer hydrogen bond lifetimes. The
observed small differences are likely to be caused by interactions with the (deformed)
lattice.

4.4. CONCLUSION
In conclusion, we have modeled seven different configurations for MA0.5FA0.5PbI3 with
a motivation to assess the effects of the degree of mixing of MA and FA on the energy of
system and on the energy of the system and rotational dynamics of MA and FA. From
these calculations it can be seen that the mixed organic cation configurations are ener-
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Figure 4.4: At the temperatures of 300K (a) Rotation autocorrelation plotted for all MA in the system, (b) Rota-
tion autocorrelation for all FA in the system, (c) Hydrogen bond lifetime for all the MA cations in the configu-
rations and (d) Hydrogen bond lifetime for all the FA cations in the configurations
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getically less favourable than the demixed configurations. This can in part be traced back
to the specific interactions between the different components in the system but a more
detailed analysis is required in the future to draw definite conclusions on the origins.The
system of mixed cation MA0.5FA0.5PbI3 will thus tend to form in a de-mixed configura-
tion. The motion of the MA cations is affected less by the surrounding cations but for FA
cations, some configurations can make the motion of this cation slower.
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5
COMPUTATIONAL DESIGN OF 2D

PEROVSKITES WITH FUNCTIONAL

ORGANIC CATIONS

Two-dimensional halide perovskites are a class of materials in which two-dimensional
layers of perovskite are separated by large organic cations. Conventionally the two-dimensional
perovskites incorporate organic cations as spacers but these organic cations also offer a
route to introduce specific functionality in the material. In this work we demonstrate, by
density functional theory calculations, that the introduction of electron withdrawing and
electron donating molecules leads to the formation of localized states, either in the organic
or the inorganic part. Furthermore, we show that the energy of the bands located in the
organic and inorganic parts can be tuned independently. The organic cation levels can be
tuned by changing the electron withdrawing/donating character, while the energy levels
in the inorganic part can be modified by varying the number of inorganic perovskite lay-
ers. This opens a new window for the design of 2D perovskites with properties tuned for
specific applications.

This chapter is based on from S. Maheshwari, T. J. Savenije, N. Renaud, and F. C. Grozema, J. Phys. Chem. C
2018, 122 (30), pp 17118–17122.
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5.1. INTRODUCTION

The two-dimensional versions of hybrid halide perovskites are an emerging class
of opto-electronic materials displaying robust environmental stability as compared to
their 3D counterparts.[1] These materials have not been studied as extensively as the
3D equivalents but they have been considered for applications such as photodetectors
[2], lasers[3], field effect transistors[4] and light emitting devices[4, 5]. They structurally
differ from the 3D perovskites because the organic cation in these materials is not lim-
ited in size by Goldschmidt tolerance factor. This allows for the introduction of a wider
choice of bulkier organic cations, including aromatic and divalent ones. Previous the-
oretical studies on the 2D perovskites with varying organic cations, have predicted that
a change in the structure of the organic cation can result in a modulation of the steric
effects, electronic structure and electronic properties of the material.[6] In a separate
study with similar systems it was shown that the 2D perovskites assume similar effective
masses for the charge carriers in both valence and conduction bands.[7]

2D A2M X 4 or B M X 4 perovskites consists of bulky monovalent cation A+ or divalent
cation B2+ as the organic component. MX4 is the tetrahalogenide or inorganic compo-
nent of the material consisting for instance of Pb2+ (M) and I− (X) atoms. The basic crys-
tal packing of these hybrid materials is a self-assembled, layered structure where single
sheets of corner shared MX6 octahedra and bilayers of organic cations are stacked alter-
nately, held together by Coulombic and Van der Waals forces.[8] The interest in these ma-
terials is not new as their quantum-well structure has been studied for over two decades.
In 1988 Goto and coworkers first reported a high exciton binding energy for one such
material. The exciton binding energy for (C10H 21N H 3)2PbI 4 was found to be ten times
higher than that of PbI2.[9] This difference was attributed to the two-dimensional char-
acter of the exciton and the small dielectric constant of the long alkyl chains. The 2D per-
ovskites also display much more efficient photoluminescence than their 3-dimensional
counterparts because of the existence of bound excitons in the metal halide sheets. The



5.2. COMPUTATIONAL METHODS

5

65

quantum and dielectric confinement due to the organic cation strongly affects the exci-
ton binding energy of the material, which is generally in the range of 200 − 300 meV.[10]
Therefore, the charge carriers in these materials primarily exist in the form of bound ex-
citons at room temperature.[11] The chemical and physical properties of 2D perovskites
are highly tunable as compared to those of its 3D counterpart. This is because the layer
thickness of the 2D sheets can be modulated by introducing organic cations of different
size.[12, 13]

When the monovalent large organic cations are mixed with the small cations like
methylammonium and formamidinium, which are generally used to form 3D perovskites,
it is possible to create so-called Ruddlesden-Popper phases of hybrid perovskites. The
divalent large organic cations on the other hand form Dion-Jacobson 2D perovskites
which were recently developed by Mao et. al with composition of aminomethylpiperi-
dinium organic cations.[14] Within both Ruddlesden-Popper and Dion-Jacobson per-
ovskite structures the inorganic layers incorporate smaller organic cation and are sepa-
rated from each other through spacers of the bulky organic cations.[13–15] These quasi-
2D materials have been demonstrated to be useful as the active material in photovoltaic
cells, albeit with considerably lower efficiency than their fully 3D counterpart. [13, 16]
We have recently shown that the exciton binding energy strongly depends of the number
of inorganic layers in between the bulky organic cations. The binding energy was found
to decrease from 370 meV for the purely 2D materials to 80 meV for a material with four
inorganic lead-iodide layers between the organic part.[17] This shows that modifications
in the number of inorganic layers do not only affect the bandgap of the material, but also
the efficiency of charge generation.

Until now, most of the bulky organic cations used in 2D or quasi-2D perovskite ma-
terials mainly contribute in defining the physical attributes of the material including di-
mensionality of the system and their phase behavior.[18, 19] These organic cations have
large HOMO-LUMO gap and thus the electronic properties of the resulting materials is
fully determined by the properties of the inorganic layers.[20] In this chapter, we aim to
introduce new designs for the 2D layered perovskites by incorporating unconventional
organic cations between the inorganic layers of leadiodide. We have investigated the
electronic structure of these 2D and quasi-2D perovskites where the organic cations as
strong electron donor and acceptor are introduced. We show that this leads to either va-
lence band maxima or conduction band minima that are localized in the organic spacer
layer. The positioning of these localized bands with respect to the bands in the inorganic
part can be tuned by introducing additional electron donating or electron withdrawing
substituents. Such materials are expected to exhibit enhanced formation of free charges
upon photoexcitation, even for pure 2D systems where the exciton binding energy is very
high.

5.2. COMPUTATIONAL METHODS
We have investigated the electronic structure and charge transport properties of 2D per-
ovskites in which the the organic cation contains 2,7-Dibutylammonium[1]benzothieno[3,2-
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b][1]benzothiophene (BTBT), N,N-Bis(n-butylammonium)perylene-3,4,9,10-tetracarboxylic
diimide (PDI) and N,N-Bis(n-butylammonium)naphthalene-1,4,5,8-tetracarboxylic di-
imide (NDI) chromophores as the functional component. These organic chromophores
are well-know from organic electronics and offer a chance to combine the properties of
perovskites and organic semiconductors.[21–24] The optimization of the X-PbI4 struc-
tures was performed using projector augmented wave (PAW) pseudopotentials with van
der Waals corrected PBE-sol exchange correlation functional as implemented in VASP
5.4.1.[25–30] Relativistic effects were included fully for the core electrons for each atom
and the scalar relativistic approximation was applied for the valence electrons. An en-
ergy cutoff of 500 eV and a gamma centered brillouin zone sampling grid of 4 X 4 X
2 were chosen for the calculations. The ionic positions were relaxed while conserving
the tetragonal lattice shape for continuous values of lattice parameter. Band structures
of the different X-PbI4 geometries were then computed at the DFT level of theory at a
denser mesh in the direction of high symmetry.

Figure 5.1: (nBu-NH3)2BTBT as the organic molecule between the inorganic sheets of with PbI4 layer depicting
Pb-Pb distance as 6.05Åand the interlayer distance as 26Å. The molecular structure of BTBT, PDI and NDI
functional organic molecules and their electron affinity and ionization potential values.

Table 5.1: The lattice constants for the tetragonal unit cell of the optimised geometry of X-PbI4, where X =(nBu-
NH3)2BTBT, X =(nBu-NH3)2PDI and X =(nBu-NH3)2NDI.

BTBT PDI NDI
a (Å) 6.05 6.05 6.05
c (Å) 26.00 28.00 23.7

5.3. RESULTS AND DISCUSSION
To introduce organic cations with added functionality to the 2D perovskite materials we
have chosen electron donating and electron withdrawing compounds that are well-know
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from organic electronics. We have performed DFT calculations on 2D sheets of leadio-
dide where conjugated chromophores with amonium groups coupled by alkyl linker are
introduced. The structure of these organic cations together with their electron affinity
and ionization potential values are shown in Figure 5.1. As seen in this figure, the elec-
tron affinity is high for the electron acceptor molecules PDI and NDI and much smaller
for the electron donor molecule BTBT. The ionization potential is lowest for BTBT and
higher for the electron acceptors PDI and NDI.

5.3.1. (C4H9-NH3)2BTBT
The geometry optimization of X-PbI4 where X referes to the functional organic cation,
was performed to obtain the lattice constants for a tetragonal lattice. The system with
electron donating cation X = (nBu-NH3)2BTBT is referred to as BTBT further. The opti-
mised geometry for BTBT assumes a unit cell with lattice parameters a=6.05Åand c=26.00
Åas shown in Figure 5.1 and reported in Table 5.1. Here a corresponds to the in-plane
distance between the neighboring lead atoms and c corresponds to the distance between
the planes of the inorganic sheets of leadiodide. The lattice constant a is smaller as com-
pared to that of the reported Ruddlesden Popper phase 2D perovskites with butylammo-
nium as the organic cation and having Pb-Pb distance of 6.216Å. [15] A smaller distance
between the lead and iodide atoms in the inorganic sheet ensures stronger coupling be-
tween neighboring atoms, leading to improved charge transport. The band structure
computed for the optimized geometry of BTBT is shown in the Figure 5.2a. It is plotted
with different colors for the bands located on the organic molecule and the lead-iodide
perovskite sheet. A bandgap of 1.66 eV is obtained for this system, close to the band gap
for methylammonium leadiodide.[31]. The value of the bandgap is considerably lower
than that of the single layer lead iodide perovskite with butylammonium as the organic
cation and shows the effect of the organic cation on the bandgap tunibility of the 2D
system of lead iodide.[15] To visualize the valence band maximum and conduction band
minimum a band-decomposed charge density was extracted as shown in Figure 5.2b.
The highest valence band for BTBT is localized on the aromatic core of organic cation,
whereas the lowest conduction band is localized on the lead iodide layers. This clearly
shows that BTBT acts as a donor of electrons in this organic-inorganic system of 2D per-
ovskites.

The electron donating nature of the organic molecule can be modified by introduc-
tion of electron donating(-NH2) and withdrawing(-F) groups on the aromatic core, see
Figure 5.2c,d. The substitution of electron donating -NH2 groups leads to a shift of the
bands localized on the organic cation to higher energy whereas substitution of -F groups
leads to the shift of the bands of the organic cation to lower energy. These substitutions
have a negligible effect on the position of the perovskite bands. The bandgap of the sys-
tem decreases to 1.03eV with electron donating amine groups whereas fluorides lead to
increase in bandgap to 2.42 eV. This shows that the bands localized on the organic part
of the material can be modified, indepedent of the band on the inorganic part. Similarly,
we can modify the electronic structure of the inorganic part by changing the number of
inorganic layers. We have computed the band structure for Ruddlesden-Popper struc-
ture with multiple layers of perovskite (N=2 and N=3) in between the organic layers. The
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Figure 5.2: (a) The band structure of optimized geometry of X-PbI4 where X=(nBu-NH3)2BTBT. The bands in
blue are localised on PbI4 sheets whereas bands in red are localised on the organic cation. (b) Band decom-
posed charge density for valence band maximum and conduction band minimum for BTBT. (c) Band structure
for -NH2 substitution on BTBT. (d) Band structure for -F substitution on BTBT. (e) Band structure for n=2 in
(nBu-NH3)2BTBTPbn I3∗n+1. (f) Band structure for n=3 in (nBu-NH3)2BTBTPbn I3∗n+1.
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band structures for these materials are shown in Figure 5.2e,f. The bandgap of the sys-
tem decreases with increasing the perovskite layers which is 1.56eV for N=2 and 1.41eV
for N=3. This is caused by a movement of the conduction bands, localised on the inor-
ganic part, to lower energies.

Figure 5.3: (a) The band structure of optimized geometry of (nBu-NH3)2PDIPbI4. The bands in blue depic-
itng contribution from the inorganic PbI4 whereas bands in red depicting contribution from (nBu-NH3)2PDI.
(b) The band structure of optimized geometry of (nBu-NH3)2NDIPbI4. The bands in blue depicitng contri-
bution from the inorganic PbI4 whereas bands in red depicting contribution from (nBu-NH3)2NDI. Band de-
composed charge density for valence band maximum and conduction band minimum can be seen with each
bandstructure.

5.3.2. (C4H9-NH3)2PDI AND (C4H9-NH3)2NDI
To study the effect of the introduction of electron withdrawing groups the cations X =
(nBu-NH3)2PDI and (nBu-NH3)2NDI (referred to as PDI and NDI) were considered. The
optimized lattice constants for both of these compounds are reported in Table 5.1. The
in-plane Pb-Pb distance is the same for all the three structures investigated, indicating
that changes in the core of the organic cation have only a small effect on the distance be-
tween the lead atoms in the 2D inorganic sheets. In the optimized geometry for PDI and
NDI molecules π-stacked structures can be observed. Such π-stacking was not observed
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for BTBT due to the smaller size of its core. The formation of π-stacks is important in
these systems as it can introduce pathway for charge transport through the organic lay-
ers. The band structures computed for the optimized geometry of PDI-PbI4 and NDI-
PbI4 are shown in Figure 5.3. The band gap of these systems is much lower than for the
BTBT system, 0.11 eV and 0.32 eV, respectively. A band decomposition of the charge den-
sity for the PDI and NDI systems shows that the highest valence band is localised on the
lead iodide layer, while the lowest conduction band is localised on aromatic core of the
organic molecule. This is opposite to what was observed for the electron donating BTBT
cation above.

5.3.3. CHARGE TRANSPORT PROPERTIES

Table 5.2: The effective mass of electrons and holes for BTBT, PDI and NDI within the 2D sheets and perpen-
dicular to the sheets.

BTBT PDI NDI
m∗

h m∗
e m∗

h m∗
e m∗

h m∗
e

within sheets 3.88 0.12 0.32 7.83 0.24 1.83
perpendicular to sheets 209.9 293.1 64.5 49.3 21.7 27.7

To gain insight in the charge transport properties these systems with electron donors
and acceptor, the effective masses were calculated by a band fitting method for the high-
est valence band and lowest conduction band for the various combinations of organic
cations with leadiodide sheets in Table 5.2. The effective masses within the 2D sheet
are lower than those perpendicular to the sheet in all cases. This indicates, as expected,
that transport perpendicular to the inorganic layers is very inefficient as compared to
the in-plane transport. For the 2D system with BTBT the effective mass of the electrons
is 0.12 which is much lower compared to the effective mass for holes which is 3.88. This
is because of the localization of the respective bands. The electrons are in the inorganic
layers where they can move easily, while the holes are in the BTBT layer where trans-
port relies on coupling between the different molecules that are relatively far apart. For
PDI and NDI the effective masses are opposite to those for BTBT, the hole mass is lower
than the electron mass. As shown above, in PDI and NDI the hole is localized in the
inorganic layer where it can move freely, whereas the electrons are on the organic part
where transport relies on π-π-interaction between neighboring molecules. The elec-
tronic structure of these materials is considerably different than those previously pub-
lished for 2D Ruddlesden-Popper phases containing butylammonium as the organic
cation spacers. The effective masses for both electrons and holes in these phases is in
the range of 0.08me −0.14me . Also the organic cations here do not participate in charge
transport.[13] Thus the inclusion of novel organic cations in organic layers offers a pos-
sibility to improve the charge transport in the organic part by engineering the π-stacking
in this layer.



5.4. CONCLUSION

5

71

5.4. CONCLUSION
In conclusion of this chapter we have performed a DFT based study of 2D hybrid per-
ovskites where functional organic cations are incorporated that have strongly electron
donating or withdrawing capacities. We show that the energies of these organic molecules
can be such that either the valence band or the conduction band becomes localized on
the organic part of the materials. This is stark contrast to the commonly used organic
cations that only serve as a spacer layer that does not affect the electronic properties. We
also show that it is possible to tune the alignment of the energy levels in the organic part
by introducing additional donating and accepting groups such as amines or fluorines.
This tuning leaves the band energies in the inorganic part unaffected. A similar tuning
can be done in the inorganic part by varying the number of inorganic perovskite layers
between the organic part of the materials. These results illustrate that the properties of
two-dimensional halide perovskites can be tuned by introduction of functional organic
units. This offers a new approach to tune the properties of these materials to develop
stable 2D perovskites with specific functionality, for instance improved charge separa-
tion for photovoltaic applications.
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6.1. INTRODUCTION
The previous chapters in this thesis have dealt mainly with three-dimensional hybrid
halide perovskites that have the same basic crystal structure as the inorganic parent
compound CaTiO3. For the two-dimensional varieties of these discussed in the previous
chapter the crystal structure already deviates markedly from the basic perovskite struc-
ture, especially for the single layer derivatives. Nevertheless, the basic building blocks,
the PbI6 octahedra are still clearly recognizable in the structure, even if they organize in
two-dimensional layers separated by large organic moieties. Given a certain combina-
tion of lead, halide and organic cation, it is almost impossible to predict the structure
in which they will form crystalline materials. An excellent example of this is the work of
Kamminga et al. who reported a series compounds that are related to the widely stud-
ied two-dimensional material containing phenyl-ethyl-ammonium (PEA) as the organic
cation (see chapter 1).[1] It was shown that increasing the length of the alkyl linker be-
tween the ammonium and the phenyl leads to marked changes in the crystal structure.
While the basic PEA-based materials exhibits a structure where the lead-iodide octahe-
dra assemble in a perovskite-like corner-sharing structure, the longer organic cations
result in structure with edge-shared or face-shared octahedra. This effectively leads to
lower-dimensional structures which clearly emerges in their opto-electronic properties,
for instance a larger band gap.

In this chapter we explore the electronic properties of three compounds that can be
considered to be one-dimensional The first two stem from attempts to synthesize a tin-
iodide perovskite derivative with 2,5-dimethyl-aniline (DMA) as the organic ammonium
cation. Depending on the synthesis conditions, two different highly crystalline materials
may be obtained: 2,5-DMASnI3 that exhibits a one-dimensional perovskite-like struc-
ture or an organic charge transfer salt 2,5-DMAI3. The synthesis of both materials pro-
ceeds from the same starting compounds. The obtained product depends on the pres-
ence of H3PO2 and the experimental conditions. The presence of H3PO2 promotes the
formation of 2,5-DMASnI3 whereas the absence of it results in the non-perovskite mate-
rial 2,5-DMAI3.[1]

The third compound that will be studied in this chapter is a result of attempts to in-
clude a well-known organic charge transfer salt (pyrene-TCNQ (tetracyanoquinodimethane))
in the organic part in two-dimensional hybrid halide perovskites. Such charge transfer
salts known to posses exceptional optical and electronic properties including metallicity,
photoconductivity, ambipolar charge transport or (low temperature) superconductivity.[2,
3] This offers an attractive approach to incorporate novel functionality in two-dimensional
perovskites and it has recently been shown to be possible to make such two-dimensional
materials in thin films on a substrate.[4] Crystallization of these compounds, however,
results in a different structure in which lead-iodide octahedra organize in one-dimensional
structures that are surrounded by pyrene-TCNQ charge transfer complexes.

While these compounds are very different than the perovskites discussed in the other
chapters in this thesis, they are related in terms of structure and are formed as (un-
intended) by-products of the synthesis of two-dimensional perovskites. Additionally,
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they have interesting opto-electronic properties that may be of interest for applications.
Therefore, we have performed a theoretical study of several of these one-dimensional
compounds to explore their electronic properties.

6.2. COMPUTATIONAL METHODS
DFT calculations on the one-dimensional crystals were performed using the VASP ab
initio simulation package. The charge density of the structures was computed using
projector augmented wave (PAW) pseudopotentials with the Van der Waals corrected
PBE-sol exchange-correlation functional as implemented in VASP 5.4.1.[5–10] Relativis-
tic effects were included fully for the core electrons, and the scalar-relativistic approxi-
mation was applied for the valence electrons. An energy cutoff of 500 eV and a gamma
centered K-point grid in the Brillouin zone sampling with grid of 4 X 4 X 4 were chosen
for the calculations. Band structures of the different different crystal geometries were
then computed at the DFT level with a denser mesh in the direction of high symmetry.

6.3. 2,5-DMASnI3

6.3.1. STRUCTURE OF 2,5-DMASnI3

Figure 6.1: Crystal structure of 2,5-DMASnI3. (a) Polyhedral model of the full crystal structure, projected along
the [111] direction. (b) A single SnI6-octahedron, showing severe distortion. (c) A single inorganic ribbon.
Shading represents the strip of SnI6-octahedra that share edges. The total inorganic ribbon consists of three
such edge-sharing strips that are connected through corner-sharing.

The crystal structure of 2,5-DMASnI3 is shown in Figure 6.1a. It is characterized by a
one-dimensional rhombohedral structure, containing chains of SnI6 octahedra sharing
corners and edges along the [111] direction. After the refinement of the structure, the
polar space group was determined as R3c. These crystals do not exhibit phase transi-
tions between the temperatures of 100 K and 300 K as measured by thermogravimetric
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analysis (TGA) and differential scanning calorimetry (DSC). It was also observed that
these crystals grow as needles with [111] direction being the prominent growth direc-
tion. Figure 6.1b shows the distortion of the SnI6 octahedra. The I-Sn-I angles deviate
from 180° to 171°, 166.2° and 154.8°. The interaction between the lone pairs of the NH3+
groups in DMA with Sn2+ results in this considerable distortion of the SnI6 octahedra.
The the DMA molecules that are attached to the SnI6 octahedra arrange in a herringbone
structure that leads to a relatively small π−π interaction between neighboring organic
molecules.

6.3.2. ELECTRONIC STRUCTURE OF 2,5-DMASnI3

Figure 6.2: (a) Bandstructure of 2,5-DMASnI3 calculated along the high symmetry path along the brillouin
zone. (b) Charge density of 2,5-DMASnI3 in the valence band maximum along the 1d crystal. (c) Charge density
of 2,5-DMASnI3 in the conduction band minimum along the 1d crystal.

In Figure 6.2 the results of the DFT calculations on 2,5-DMASnI3 are shown. The
band structure shown in Figure 6.2a shows that both highest valence band and lowest
conduction bands are dispersive, although the valence band has a flatter structure. In
Table 6.1 basic electronic properties obtained from the DFT calculations are summa-
rized. The bandwidth of the valence band of 2,5-DMASnI3 is 0.16 eV, while that of the
conduction band is more than double (0.37 eV). The band gap as calculated at GGA-PBE
level is 2.37 eV, which is consistent with the color of the crystals. The charge density plots
for the highest valence band and the lowest conduction band are shown in Figure 6.2b,c.
Both of these bands are localized on the inorganic rods of SnI6 framework of octahedra.
This indicates that excess electrons and excess positive charges will both be localized on
the inorganic tin-iodide part of the material. This also means that photoexcitation of
this materials results in electron and holes in the same part of the material and hence
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the probability of charge separation is very low. The effective masses obtained from the
DFT calculations reveal that the electrons are slightly heavier in this material than the
holes, as summarized in Table 6.1.

6.4. 2,5-DMAI3

6.4.1. STRUCTURE OF 2,5-DMAI3

Figure 6.3: Crystal structure of DMAI3. The hydrogen atoms of the methyl groups are split over two positions
by symmetry and should be considered illustrative only.

Depending on the synthesis conditions, it is possible to form a crystalline organic
charge transfer salt from the same precursors as used for the synthesis of 2,5-DMASnI3

without inclusion of a Sn ion. This charge transfer salt, DMAI3 crystallizes in a columnar
structure as shown in Figure 6.3. The structure is characterized by columns of triiodide
ions that are separated from each other by the DMA cations. The DSC and TGA measure-
ments show no phase transitions between 100 K and 300 K for 2,5-DMAI3. The crystals
decompose at a temperature of 410 K. The distances between the two pairs of iodine
atoms in a triiodide ion are 3.1373(4) Å and 2.779(3) Å. This asymmetry suggests a strong
ionic character for the complex. The DMA molecules lie parallel to each other at a dis-
tance of 3.3026(6) Å, indicating good π−π overlap between adjacent aromatic rings.
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6.4.2. ELECTRONIC STRUCTURE OF 2,5-DMAI3

Figure 6.4: (a) Bandstructure of 2,5-DMAI3 calculated along the high symmetry path along the brillouin zone
showing dispersive conduction band minimum and considerably flatter valence band maximum. (b) Charge
density of 2,5-DMAI3 in the valence band maximum along the 1d crystal. (c) Charge density of 2,5-DMAI3 in
the conduction band minimum along the 1d crystal.

In Figure 6.4 the results from the electronic structure calculations on 2,5-DMAI3 are
shown. The calculated band structure in Figure 6.4a shows that the valence band is much
flatter than the conduction band. In Table 6.1 basic electronic properties obtained from
the DFT calculations on DMAI3 are summarized. The width of the highest valence band
(0.12 eV) is an order of magnitude smaller than that of the lowest conduction band (1.19
eV). This is also reflected in the effective masses. For the hole an effective mass of 60.88
m0 is found, while for the electron it is only 0.59 M0. The bandgap calculated for this
structure if 1.53 eV, which is considerably smaller than for 2,5-DMASnI3. Both the high-
est valence and the lowest conduction band are localized on the triiodide ions in the
structure as can be seen in Figure 6.4b,c.

Table 6.1: Band gap, band width and effective mass of charge carriers at the top of the valence band and bottom
of the conduction band for for 2,5-DMASnI3 and 2,5-DMAI3.

2,5-DMASnI3 2,5-DMAI3
Bandgap (eV) 2.37 1.53

HOMO band width (eV) 0.16 0.12
LUMO band width (eV) 0.37 1.19

Hole effective mass (m∗) 0.12 60.88
Electron effective mass (m∗) 1.06 0.59
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6.5. (PyrC4:TCNQ)Pb2I8

6.5.1. INTRODUCTION OF CHARGE TRANSFER COMPLEX PyrC4:TCNQ
As discussed in the introduction section of this chapter and in Chapter 5, it is of consider-
able interest to introduce additional functionality in the large organic cations. In Chap-
ter 5 the introduction of strong electron acceptors and donors was described, which
was predicted to result in improved charge separation, as compared to non-functional
cations such as butylammonium or phenyl-ethyl-ammonium. Another approach is to
introduce strong donors and acceptors in the same materials. An example of this is the
charge transfer salt pyrene:TCNQ, where pyrene is a moderately string donor with an
ionization potential of 7.47 eV[11] and TCNQ is a string acceptor with and electron affin-
ity of 2.33 eV.[11] It was shown recently that is is possible to incorporate such charge
transfer complexes in two-dimensional perovskite film appending an alkyl-linker with
an ammonium ion to the pyrene. In this way the pyrene can be incorporated in the
two-dimensional perovskite structure and in addition, molecular TCNQ can be mixed
in.[4] This was shown to result in a two-dimensional perovskite that exhibits the char-
acteristic charge transfer bands that are also found in the pyrene:TCNQ charge transfer
salt.[12, 13] When attempts are made to obtain single crystals of this compounds a dif-
ferent, one-dimensional structure is found, which by itself has interesting properties.
Among the expected properties are the formation of a charge transfer state where elec-
trons and holes localize on different part of the material, similar to the two-dimension
materials in Chapter 5.

6.5.2. STRUCTURE OF (PyrC4:TCNQ)Pb2I8
The crystal structure of the one-dimensional (PyrC4:TCNQ)Pb2I8 is shown in Figure 6.5.
The structure shows one-dimensional chains of PbI6 octahedra to which pyrene-alkylammonium
ions are coordinated. The TCNQ molecules are intercalated between the pyrene moi-
eties, as is characteristic for a charge transfer salt.

6.5.3. ELECTRONIC STRUCTURE OF (PyrC4:TCNQ)Pb2I8
The band structure calculated for (PyrC4:TCNQ)Pb2I8 is shown in Figure 6.6. The cal-
culated band gap for this crystal is 0.35 eV, which is considerably lower than the exper-
imental value, 1.1 eV. This is not unexpected as DFT usually underestimates the band
gap unless range-separated exchange correlation functionals are used. This is especially
true for the energy of states that have a pronounced charge transfer character. In Figure
6.6 bands are color-coded to indicate the major contributing species to the individual
bands. The bands marked in blue are localized mainly on the lead iodide part of the
crystal. The ones in red have the major density on the TCNQ molecule, while the ones
marked in green are mostly localized on pyrene.

It is clear from this color coding that the highest valence band is mainly localized on
the lead-iodide part of the materials, with states on pyrene only just below it. The lowest
valence band is localized on the string electron acceptor, TCNQ. This is also reflected in
the charge densities calculated at the gamma point in the Brillouin zone, as shown in
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Figure 6.5: Structure of (PyrC4:TCNQ)Pb2I8 on the left showing the 1d inorganic crystals separated from each
other by the charge transfer organic complex of PyrC4 and TCNQ. On the right are the structures of PyrC4 and
TCNQ
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Figure 6.6: (a) Bandstructure of (PyrC4:TCNQ)Pb2I8 calculated along the high symmetry path along the bril-
louin zone. (b) Charge density of (PyrC4:TCNQ)Pb2I8 in the valence band maximum along the 1d crystal. (c)
Charge density of (PyrC4:TCNQ)Pb2I8 in the conduction band minimum along the TCNQ.

Figure 6.6 b,c. The valence band maximum is dispersive in the direction of the repeating
units of lead iodide in Brillouin zone, while for the other (perpendicular) directions they
are relatively flat. This indicates that charge transport will be mostly along the lead io-
dide chains and not in other directions for these crystals. The lowest conduction band is
largely localized on the TCNQ molecules, with minor contributions on the pyrenes that
separate the TCNQ molecules in the stack. This band is dispersive in the direction of
the π-stack consisting of pyrene and TCNQ molecules. This means that charge transport
mainly takes place along this stacking direction.
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SUMMARY

Hybrid halide perovskites are currently the most studied optoelectronic materials. They
have been successfully employed as the active material in solar cells. Despite the achieved
success of these materials, the properties of these hybrid frameworks of an inorganic lat-
tice that includes organic cations are not fully understood. This is because of the multi-
ple complex processes that are operative in these materials and it is very hard to unravel
them just on basis of experiments. Therefore, computational studies of these materi-
als are important to gain insight in the material structure, the electronic structure and
the processes dictated by these properties. An additional advantage of computational
studies is that properties can be predicted without actually making the materials in the
lab. Such computational study thus give insights in the functioning of hybrid perovskite
materials and gives directions to their further development. Of particular interest in this
thesis is the role of the organic cation. In some earlier studies it has been pointed out
that he role and presence of the organic cations is just limited to stabilizing the structure
of hybrid perovskites without influencing the electronic energy states. In this thesis we
examine the role of the organic cation in detail, demonstrating that the organic cation
has a distinct effect on the electronic structure of hybrid halide perovskites.

In Chapter 2 the influence of the orientation or direction of the organic cations on
the electronic structure of three-dimensional hybrid perovskites is investigated. In a se-
ries of electronic structure calculations based on density functional theory it is shown
that the substitution of cations with varying size and dipole moment in the lead io-
dide framework can have a pronounced effects on the electronic structure of the ma-
terial. These modulations affect the size of the unit cell and also the Pb-I-Pb bond angles
and thus have a direct effect on the electronic coupling between the lead and iodide or-
bitals. The relative orientation of the dipoles of the organic cations also affects the elec-
tronic structure and band gap of the material significantly. These effect were found to be
stronger with organic cations having large dipole moment. The presence of antiparallel
dipoles in the material can lead to localized electronic states of valence and conduction
bands, induced by a non-uniform distribution of the electrostatic potential. These local-
ized states can lead to localization of electrons and holes in different spatial part of the
material. The localization of states is accompanied by an increase of the effective masses
of these charge carriers.

In Chapter 3 relation between the dynamics of the organic cation (methylammo-
nium) in methylammonium lead iodide and the phase transitions observed in this mate-
rials are investigated. This study was performed using molecular dynamics simulations
in which the interactions between the atoms a described using a simplified force field
model. This allows the use of much larger systems, and in this work a system consisting
of 1000 unit cells was considered. The simulations were performed at various temper-
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atures varying over a range where structural phase transitions occur in methyl ammo-
nium lead iodide. It was found that the force field model used gives a good description
of the phase transitions observed in this material experimentally. The rotational dynam-
ics of the organic cations were found to vary significantly with temperature and sharp
phase transitions are observed at distinct temperatures. Methylammonium cations are
shown to form organized domains in which the methylammonium cations arrange in an
ordered, energetically favorable structure. This domain formation is already observed
for model calculation including only dipole-dipole interactions. The domain formation
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 shows that the
phase transition is a concerted phenomenon of mutual alignment of the dipoles, both by
interactions with neighboring dipoles and specific interactions between the methylam-
monium cations and the Pb-I lattice. Formamidinium based models were also studied
and it was found that the contribution of dipole-dipole interactions in the non-dipolar
formamidinium cation are negligible. The formation of domains still takes place in for-
mamidinium based models and it is found that formation of hydrogen-bond like confor-
mations plays an important role in formamidinium lead iodide, which, combined with
increased steric interactions leads to slower rotation dynamics of formamidinium.

Experimentally, the materials that are most stable and result in the highest device ef-
ficiencies contain mixtures of multiple organic cations, for example mixtures of methy-
lammonium (MA) and formamidinium (FA). In Chapter 4 a molecular dynamics study
of mixed organic cation MA0.5FA0.5PbI3 hybrid perovskites is presented using the same
molecular dynamics approach as used in Chapter 3. In order to unravel the interactions
between the cations of different nature (MA vs. FA) seven different configurations of
mixed cation systems were considered. In these seven configurations, the mixing of the
two types of cations is systematically varied. The configurations range from fully mixed
systems where each MA is surrounded by only FAs to a system where they are fully phase-
separated. The simulations show that, based on these molecular dynamics simulations,
the organ ic cations prefer a conformation where they are fully separated, i.e. MA prefers
to be surrounded by other MA ions to minimize its energy. It is also shown that the dy-
namics of the organic cations is markedly affected by the mixing. This is, at least in part
due to the effect of the interaction between the organic cation and the lead-halide cage.

In Chapter 5 we explore the possibility to design novel two dimensional versions
of hybrid halide perovskites based on density functional theory calculations. The elec-
tronic structure is studied of several newly proposed two-dimensional hybrid halide
perovskites containing organic cations with specific functionality. Inclusion of organic
cations with strongly electron accepting or donating character is shown to result in ma-
terials where the lowest conduction band is located in a different part of the materials
than the highest conduction band. This may lead to enhanced charge separation upon
photoexcitation. This computational study indicates that the organic cations in these
materials can not just act as spacers separating inorganic layers but may effectively par-
ticipate in their electronic properties.
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In Chapter 6 a computational study is presented of one-dimensional perovskite deriva-
tives. DFT calculations have been performed on three different crystals. The first two are
based on a dimethyl-aniline cation combined with SnI. Depending on the synthesis con-
ditions, this can lead to a one-dimensional perovskite-like structure where SN-I octahe-
dra are surrounded by dimethyl-aniline ions. These compounds are shown to give band
structures where both the valence and conduction bands are mainly located in the Sn-I
framework. Under different conditions, a non-perovskite structure is formed that does
not contain SN but is a one-dimensional charge transfer salt, dimethy-aniline/triiodide.
This compound has interesting properties such as a relatively low band gap and both
the conduction bands and valence bands are mostly located on the triiodide. A third
compound is a lead iodide based materials that contains the organic charge-transfer
complex pyrene-TCNQ. This materials can form as a stable two-dimensional material in
thin films but attempts to crystallize it lead to the formation of one-dimensional chains
of Pb-I octahedra surrounded by the charge-transfer complexes. Interestingly, the top of
the valence band in this material is localized on the Pb-I framework, while the bottom of
the valence band is located on the TCNQ molecules.





SAMENVATTING

Hybride halogenide perovskieten zijn momenteel de meest bestudeerde opto-
elektronische materialen. Ze zijn met succes toegepast als het actieve materiaal in
zonnecellen. Ondanks het bereikte succes van deze materialen zijn de eigenschappen
van deze hybriden van een anorganisch rooster dat organische kationen bevat, niet
volledig begrepen. Dit komt door de vele complexe processen die in deze materialen
een rol spelen en het vrijwel onmogelijk om ze alleen op basis van experimenten.
Daarom zijn computer simulaties aan deze materialen belangrijk om inzicht te krijgen
in de materiaalstructuur, de elektronische structuur en de processen die door deze
eigenschappen worden bepaald. Een bijkomend voordeel van computer simulaties is
dat eigenschappen kunnen worden voorspeld zonder de materialen in het laborato-
rium daadwerkelijk te maken. Een dergelijke computerstudie geeft dus inzicht in het
functioneren van hybride perovskietmaterialen en geeft aanwijzingen voor hun verdere
ontwikkeling. Van bijzonder belang in dit proefschrift is de rol van het organische
kation. In sommige eerdere studies werd er op gewezen dat de rol en aanwezigheid
van de organische kationen beperkt is tot het stabiliseren van de structuur van hybride
perovskieten zonder de elektronische energietoestanden te beïnvloeden. In dit proef-
schrift onderzoeken we de rol van het organische kation in detail, wat aantoont dat het
organische kation een duidelijk effect heeft op de elektronische structuur van hybride
halogenide perovskieten.

In Hoofdstuk 2 wordt de invloed van de oriëntatie of richting van de organische
kationen op de elektronische structuur van drie-dimensionale hybride perovskieten
onderzocht. In een reeks berekeningen van de elektronische structuur op basis van de
dichtheidsfunctionaaltheorie wordt aangetoond dat de vervanging van kationen met
variërende grootte en dipoolmoment in het lood-iodide framework een uitgesproken
effect op de elektronische structuur van het materiaal kan hebben. Deze modulaties be-
ïnvloeden de grootte van de eenheidscel en ook de Pb-I-Pb bindingshoeken en hebben
dus een direct effect op de elektronische koppeling tussen de lood- en iodideorbitalen.
De relatieve oriëntatie van de dipolen van de organische kationen beïnvloedt ook de
elektronische structuur en band gap van het materiaal. Dit effect blijkt sterker te zijn
met organische kationen met een groot dipoolmoment. De aanwezigheid van antipa-
rallelle dipolen in het materiaal kan leiden tot gelokaliseerde elektronische toestanden
van valentie- en geleidingsbanden, geïnduceerd door een niet-uniforme verdeling
van de elektrostatische potentiaal. Deze gelokaliseerde toestanden kunnen leiden tot
lokalisatie van elektronen en gaten in verschillende ruimtelijke delen van het materiaal.
De lokalisatie van toestanden gaat gepaard met een toename van de effectieve massa’s
van deze ladingdragers.

In Hoofdstuk 3 wordt de relatie tussen de dynamica van het organische kation
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(methylammonium) in methylammonium-loodjodide en de fase-overgangen die in
deze materialen worden waargenomen onderzocht. Deze studie werd uitgevoerd met
behulp van moleculaire dynamica-simulaties waarin de interacties tussen de atomen
beschreven met behulp van een vereenvoudigd ’force field’. Dit maakt simulaties
veel grotere systemen mogelijk, en in dit werk werd een systeem bestaand uit 1000
eenheidscellen beschouwd. De simulaties werden uitgevoerd bij verschillende tempe-
raturen die varieerden over een bereik waar structurele faseovergangen voorkomen in
methylammonium-leadiodide. Er werd gevonden dat het gebruikte krachtveldmodel
een goede beschrijving geeft van de faseovergangen die in dit materiaal experimenteel
zijn waargenomen. De rotatiedynamica van de organische kationen bleek significant
te variëren met de temperatuur en scherpe faseovergangen werden waargenomen
bij verschillende temperaturen. Methylammoniumkationen blijken georganiseerde
domeinen te vormen waarin de methylammoniumkationen zich in een geordende,
energetisch gunstige structuur rangschikken. Deze domeinvorming is al waargenomen
in modelberekening waar alleen dipool-dipool interacties worden meegenomen. De
vorming van domeinen wordt veel sterker als de kationen worden ingebed in het
Pb-I-rooster, in het bijzonder wanneer het rooster de gelegenheid krijgt om te vervor-
men in reactie op de uitlijning van de dipolen. Dit toont aan dat de faseovergang een
samenspel is van de onderlinge uitlijning van de dipolen, zowel door interacties met
naburige dipolen als door specifieke interacties tussen de methylammoniumkatio-
nen en het Pb-I-rooster. Op formamidinium gebaseerde modellen werden eveneens
bestudeerd en er werd gevonden dat de bijdrage van dipool-dipool-interacties in het
niet-dipolaire formamidiniumkation te verwaarlozen is. De vorming van domeinen
vindt nog steeds plaats in op formamidinium gebaseerde modellen en er is gevonden
dat vorming van waterstofbrug-achtige conformaties een belangrijke rol speelt in
formamidinium-loodiodide, wat in combinatie met verhoogde sterische interacties
leidt tot een langzamere rotatiedynamica van formamidinium.

Experimenteel bevatten de materialen die het meest stabiel zijn en resulteren in
de hoogste zonnecel efficienties mengsels van meerdere organische kationen, bijvoor-
beeld mengsels van methylammonium (MA) en formamidinium (FA). In Hoofdstuk 4
wordt een moleculaire dynamica studie van gemengd organisch kation MA0.5FA0.5PbI3

hybride perovskites gepresenteerd volgens dezelfde moleculaire dynamica benadering
zoals gebruikt in Hoofdstuk 3. Om de interacties tussen de kationen van verschillende
aard (MA versus FA) te ontrafelen, werden zeven verschillende configuraties van ge-
mengde kationsystemen bestudeerd. In deze zeven configuraties wordt menging van de
twee soorten kationen systematisch gevarieerd. De configuraties variëren van volledig
gemengde systemen waarbij elke MA wordt omringd door alleen FA’s tot een systeem
waarbij de MA volledig is gescheiden van FA. De simulaties tonen aan dat, gebaseerd
op deze moleculaire dynamica-simulaties, de organische kationen de voorkeur hebben
voor een conformatie waar ze volledig gescheiden zijn, d.w.z. MA geeft er de voorkeur
aan omgeven te zijn door andere MA-ionen om zijn energie te minimaliseren. Er wordt
ook aangetoond dat de dynamica van de organische kationen duidelijk wordt beïnvloed
door het mengen. Dit is, in elk geval gedeeltelijk, vanwege het effect van de interactie
tussen het organische kation en de lood-halogenide-kooi.
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In Hoofdstuk 5 onderzoeken we de mogelijkheid om nieuwe twee-dimensionale
versies van hybride halide perovskieten te ontwerpen op basis van dichtheidsfunctio-
naaltheorieberekeningen. De elektronische structuur is bestudeerd van verschillende
nieuw voorgestelde tweedimensionale hybride halide perovskieten die organische
kationen met specifieke functionaliteit bevatten. Opname van organische kationen met
een sterk elektronenaccepterend of donerend karakter blijkt te resulteren in materialen
waarbij de laagste geleidingsband zich in een ander deel van de materialen bevindt
dan de hoogste geleidingsband. Dit kan leiden tot een verbeterde ladingsscheiding
bij foto-excitatie. Deze computerstudie geeft aan dat de organische kationen in deze
materialen niet alleen kunnen fungeren als spacers die anorganische lagen scheiden,
maar effectief kunnen bijdragen aan hun elektronische eigenschappen.

In Hoofdstuk 6 wordt een computationeel onderzoek gepresenteerd van eendimen-
sionale perovskietderivaten. DFT-berekeningen zijn uitgevoerd op drie verschillende
kristallen. De eerste twee zijn gebaseerd op een dimethyl-aniline-kation gecombineerd
met SnI. Afhankelijk van de synthesevoorwaarden kan dit leiden tot een eendimen-
sionale perovskietachtige structuur waarbij Sn-I-octaëders worden omringd door
dimethylaniline-ionen. Van deze verbindingen wordt aangetoond dat ze bandstruc-
turen geven waarbij zowel de valentie- als de geleidingsbanden zich hoofdzakelijk
in het Sn-I-framework bevinden. Onder verschillende omstandigheden wordt een
niet-perovskietstructuur gevormd die geen Sn bevat, maar een eendimensionaal
’charge-transfer complex’, dimethy-aniline / triiodide. Deze verbinding heeft interes-
sante eigenschappen zoals een relatief lage band gap en zowel de geleidingsbanden
als valentiebanden bevinden zich meestal op het trijodide. Een derde verbinding is
een op loodiodide gebaseerde materiaal die het organische ’charge transfer complex’
pyreen-TCNQ bevat. Deze materialen kunnen zich vormen als een stabiel tweedi-
mensionaal materiaal in dunne films, maar pogingen om het te kristalliseren leiden
tot de vorming van eendimensionale ketens van Pb-I-octaëders omgeven door de
ladingoverdrachtscomplexen. Interessant is dat de bovenkant van de valentieband in
dit materiaal gelokaliseerd is op het Pb-I-framework, terwijl de laagste valentieband
zich op de TCNQ-moleculen bevindt.
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A
APPENDIX TO CHAPTER 3

A.1. MOLECULAR DYNAMICS PARAMETERS
The force field used for the molecular dynamics (MD) simulations in Chapter 3 and 4
is composed of inorganic-inorganic interactions (UI I ) which are in between the Pb-I
atoms. These parameters are composed of Buckingham potential. The UI I parameters
are mentioned in Table A.1 described by Equation A.1. The hybrid interactions (UIO)
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 A.1 and A.2. The
hybrid interaction parameters are mentioned both in Table A.2 and A.1. Parameters for
UI I and UIO are taken from the previous work of Mattoni et. al. and Bischak et. al.
[1, 2] The UOO term contains the intermolecular and intramolecular interactions of the
organic cations and is described by the CHARMM force field that includes bonds, an-
gles, dihedrals and impropers where applicable.[3–5] UOO interaction parameters for
methylammonium are mentioned in Table A.4 and the parameters for formamidinium
are mentioned in Table A.6. The charges on each of these atoms are mentioned in Ta-
ble A.3 for methylammoniumleadiodide and in Table A.5 for formamidiniumleadiodide.
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 HC (connected to C) and HN (connected to N).

U (r ) = Ae−rρ − C

r 6 (A.1)

U (r ) = 4ε[(
σ

r
)12 − (

σ

r
)6] (A.2)
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Table A.1: Buckingham Pairing coefficients

Pairs A (K cal /mol ) ρ (Å) C (Å6 ∗
K cal /mol )

Pb-Pb 70359906.62970 0.13126 0.00000
Pb-I 103496.13301 0.32174 0.00000
I-I 22793.33858 0.48222 696.94954

Pb-N 32690390.93800 0.15095 0.00000
Pb-C 32690390.93800 0.15095 0.00000
I-N 112936.71421 0.34243 0.00000
I-C 112936.71421 0.34243 0.00000

Table A.2: Lennard Jones Pairing coefficients

Pairs ε (K cal /mol ) σ (Å)
Pb-HN 0.01400 2.26454
Pb-HC 0.01400 2.70999
I-HN 0.05740 2.75000
I-HC 0.05740 3.10000
C-HN 0.04140 2.23440
C-HC 0.04140 2.67980
N-HN 0.05170 2.15950
N-HC 0.05170 2.60500

HN-HC 0.01570 1.51450
C-N 0.13640 3.32480

Table A.3: Partial charges used for MAPI

Species Pb I HN N C HC
Charges 2.030 -1.130 0.540 -1.100 0.771 0.023
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Table A.4: Molecular parameters used for MA

Bond Coefficients
Bonds K (K cal /mol/Å2) r0 (Å)
C-HC 342.991 1.093
N-HN 443.528 1.028
C-N 276.638 1.48

Angle Coefficients
Angles K (K cal /mol/r ad 2) φ0

◦

HC-C-HC 37.134 108.836
HN-N-HN 41.596 107.787
HN-N-C 41.452 111.206
HC-C-N 62.754 106.224

Dihedral Coefficients
Dihedrals K (K cal /mol ) n d◦ weighing

factor
HN-N-C-HC 0.13 3 0 0

Table A.5: Partial charges used for FAPI

Species Pb I HN1 HN2 N C HC
Charges 2.030 -1.130 0.514 0.549 -0.759 0.515 0.238

Figure A.1: Model validation calculation, (left) Energy with change of lattice constant for MAPI and (right)
Energy with change of lattice constant for FAPI.
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Table A.6: Molecular parameters used for FA

Bond Coefficients
Bonds K (K cal /mol/Å2) r0 (Å)
C-HC 405.386 1.076
N-HN 485.340 1.014
N-C 520.100 1.319

Angle Coefficients
Angles K (K cal /mol/r ad 2) φ0

◦

C-N-HN 47.713 119.499
HN-N-HN 25.548 117.729

N-C-HC 48.505 116.747
N-C-N 61.531 126.476

Dihedral Coefficients
Dihedrals K (K cal /mol ) n d◦

HN-N-C-N
1 0.137 1 0
2 4.013 2 180
3 0.346 3 0

HN-N-C-HC
1 -0.134 1 0
2 4.038 2 180
3 -0.403 3 0

Improper Coefficients
Angles K (K cal /mol/r ad 2) φ0

◦

C-N-N-HC 2.735 0
HN-C-HN-N 1.439 0
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Figure A.2: Directional scatter plots of Methylammonium dipoles simulated with MC, MD with frozen cage
and MD with flexible cage. The temperature ranges from 100 K to 200 K with a 50 K interval.
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Figure A.3: Directional scatter plots of Methylammonium dipoles simulated with MC, MD with frozen cage
and MD with flexible cage. The temperature ranges from 200 K to 350 K with a 50 K interval.
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Figure A.4: Directional scatter plots of Formamidinium dipoles simulated with MC, MD with frozen cage and
MD with flexible cage. The temperature ranges from 100 K to 200 K with a 50 K interval.
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Figure A.5: Directional scatter plots of Formamidinium dipoles simulated with MC, MD with frozen cage and
MD with flexible cage. The temperature ranges from 200 K to 350 K with a 50 K interval.
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