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1 Introduction
The cost of our modern life style is energy. While technological advances continue to
improve the energy-efficiency of our devices, growing global population and modernization
in the developing countries ensure that the energy consumption will continuously increase.
With our current knowledge, we have not been able to solve the question of sustainable
energy production on the global scale. We must develop methods to produce renewable
and carbon-neutral energy, and to reduce our dependency on fossile fuels like coal and oil,
for ongoing prosperity of mankind.

Today, our most common sources of renewable energy are biomass, hydropower, geother-
mal, wind, solar and marine energy [3]. Of all the renewable energy forms, solar energy
lends itself to the widest scale of potential applications. Via photovoltaic (PV) technol-
ogy, abundant sunlight can be converted to energy in a vast variety of devices, ranging
from small-scale consumer electronics, such as mobile phones, to large-scale arrays of so-
lar panels or power plants. Unfortunately, most of the potential solar energy is currently
wasted due to inefficient PV materials.

The range of our present solar energy applications is dictated by currently known
PV materials. Traditionally, silicon (Si) technology has been the single viable option
regarding the lifespan, cost and efficiency of the devices [4]. This is understandable,
considering that consumer interest is mostly driven by the energy pay-back period of the
devices, excluding a relatively small number of early adopters of green technology. As an
example, the pay-back time of modern consumer-oriented solar panels, used typically in
the yards or on roofs of private houses, is ca. 3 years [5]. However, while solar energy is
becoming increasingly popular, the present Si-based devices are limited not only by their
inefficiency, but also by their relatively high cost due to their complicated manufacturing
process. Brittle materials like Si also restrict the form of PV devices, allowing only rigid
solar panels. Fortunately, due to active research, novel materials to replace Si are just
behind the corner. With superior properties, these materials have the potential to not
only increase the cost-efficiency of solar cells, but to completely revolutionize the way we
use solar energy in our society.

Hybrid perovskites (HPs) are the leading candidate among the novel PV materials [6].
Compared to Si, they have radically different materials properties, which opens up an
unprecedented range of potential applications for HP-based PV technology. For example,
flexible HP materials could enable their use in PV clothing, or possibly their application
as liquid PV coating, for example in construction elements. HPs are also relatively cheap
to manufacture, which makes them a low-cost alternative to the present Si technology [7].
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Today, light-to-energy power conversion efficiency (PCE) of HPs has already surpassed
cadmium telluride (CdTe) solar cells and is quickly approaching single-junction Si devices
(Fig. 1). Via active research, the increase in efficiency is expected to continue [8]. Unfor-
tunately, all is not well, as the current absence of cheap and efficient HP devices implies.
Present HP materials suffer from severe stability problems, which prevent their use in
practical devices [9]. The most efficient HP materials also contain lead (Pb), which is
problematic due to its toxicity (see for example [10]). This is the case with the material
of this study, methylammonium lead triiodide (CH3NH3PbI3, shortened as MAPbI3 here-
after). While its PV properties have been experimentally verified in numerous studies,
detailed knowledge of its atomic structure, and the processes within, is needed to solve
these problems. However, the complex atomic structure of HPs prevents the use of con-
ventional computational methods in their study. I have addressed this problem in my
research with a new computational model, which I have developed specifically for the HP
atomic structure.

Figure 1: Development of light-to-energy power conversion efficiency of different solar cell
types, showing rapid increase in hybrid perovskite photovoltaic (HPPV) performance [11].

With my model, I have analyzed MAPbI3, which has been the source of highest mea-
sured PCEs in HPs. I have analyzed charge migration in various MAPbI3 structures using
a custom-written site-to-site hopping model. My goal has been to improve the present
knowledge of the complicated MAPbI3 atomic structure with a model that is applicable
to other HPs as well. I have studied how changes in MAPbI3 structure affect the mobil-
ity of charge-carriers within the material. With my research I aim to contribute to the
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large-scale endeavour in HP research, that is to understand, how PV properties emerge
in HP atomic structure to then further increase the PV performance.

In the following, I will first introduce PV technology and research in general, after
which I will focus on HPs. I will provide a look into the present state of our knowledge
and the challenges in HP materials research. Then, I will introduce MAPbI3, its essential
PV properties and curious complexities of its atomic structure. In Sec. 2, I will introduce
my computational model and the methods I have used in my research. I will then discuss
my research results in Sec. 3 and finally conclude my findings in Sec. 4.

1.1 Photoelectric effect and solar cell devices

To give perspective on the recent advances in PV materials research, it is instructive to
briefly discuss the history of PV technology, its development and the wide range of dif-
ferent solar-cell device architectures in existence today. PV technology is based on the
photoelectric effect, in which electromagnetic radiation gives rise to emission of electrons
from a material. In a bulk semiconducting material, electromagnetic radiation can simi-
larly excite electrons into a higher energy state, which allows their conduction and results
in an electric current. While the effect was first demonstrated as early as 1839 by Edmond
Becquerel (who thus constructed the world’s first solar cell), the discovery of PV is com-
monly credited to Albert Einstein. Einstein published his hypothesis of light travelling in
quantized packets in one of his Annus Mirabilis papers in 1905 [12] and was subsequently
awarded the Nobel Prize for the discovery of the photoelectric effect in 1921. Another no-
table scientist in the early development was Robert Millikan, an American experimental
physicist, who tested Einstein’s quanta theorem in a decade-long series of experiments.
Millikan published his findings in 1914 in a paper about the experimental determination
of the Planck constant h and thus confirmed Einstein’s earlier predictions [13]. Likewise,
Millikan was awarded the Nobel Prize for his work on photoelectricity in 1923.

The first public demonstration of a solar cell powering an electronic device was pre-
sented by Bell Labs in 1954. In the demonstration a Si-based solar cell was used to power
a radio transmitter. While the achieved PCE was modest, ca. 6 %, the demonstration
sparked visionary predictions in the media. For example, The New York Times wrote that
the Si solar cell will mark a “beginning of a new era” and would eventually lead to har-
nessing the almost limitless energy of the sun [14]. Evidently, PV technology has evolved
from the early demonstrations into a common source of electricity in our modern society.
Via novel materials research, researchers and device manufacturers strive to widen the
scope of potential PV applications that utilize this supreme source of renewable energy.

Solar cell architectures are generally classified into three generations [15]. First-
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generation devices use PV semiconductor materials in one or more p-n junctions (discussed
below), and their basic functioning principle has remained largely unchanged since the
early devices. In second-generation devices, PV materials are applied as thin-film coating
on a substrate for reduced material cost. Finally, third-generation devices [16] employ
various emerging PV technologies, for example organic materials, such as polymers [17],
or organic dyes as light absorption layers in dye-sensitized solar cells (DSSC) [18]. Most
importantly, within the present decade, novel PV materials have risen into the center of
third-generation device development. Of these materials, HPs have been the spearhead
due to their exciting materials properties, such as low cost due to easy manufacturing and
rapid efficiency development.

Figure 2: Basic functioning principle of a single-junction solar cell, in which electrons
and holes, created via the photoelectric effect, generate a potential difference between the
electrodes. The resulting current can then be used in powering an electric device.

The basic functioning principle of a solar cell can be best summarized in a first-
generation single-junction device (Fig. 2). The bulk of the cell consists of two layers
of light-absorbing semiconducting material (thus, there is a single junction between the
layers). A difference in chemical potential has been introduced between the layers by
“doping” them, a process in which the chemical potential is altered by adding impurities
(i.e. atoms of a different material) into the material. For example, adding boron impurities
into Si causes a deficiency of electrons (so-called p-doping). Likewise, n-doping can be
achieved by adding for example phosphorous impurities [15]. Once electrons are excited
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via the photoelectric effect, they create charge-carrier pairs of electrons and holes. The
difference in chemical potential then drives the charge-carriers over the “p-n junction” in
opposing directions. The charge-carriers end up in electrodes, which are conducting layers
located at the top and bottom surfaces of the device. The charge transport generates a
potential difference between the electrodes, which can then be employed in powering an
electric device, not unlike with a conventional battery. In practice, recombination of
the charge-carriers and their scattering due to phonons or lattice defects will reduce the
efficiency of the device. Optimizing the PV properties of the material (see Sec. 1.2) is
therefore essential to achieve maximum performance. The theoretical maximum PCE of
single-junction cells, called the Shockley-Queisser limit, is ca. 33 % [19]. Higher efficiencies
can be achieved using a more complicated device architecture. For example, the range of
absorbed wavelengths can be increased by composing the cell of multiple semiconductor
materials of different absorption wavelengths, a so-called multi-junction solar cell. At
present, this is the architecture used in the most efficient devices [11].

1.2 Photovoltaic materials properties

By means of materials research, we aim to understand the functionality of PV materials
and how to optimize their properties. In practice, this often means maximizing the
PCE of the material while maintaining other crucial properties, for example structural
stability, non-toxicity or cost-efficiency. In novel materials, such as HPs, our primary
goal is to understand the atomistic origins of their PV properties, which is still not
resolved. We aim to solve the underlying atomic structure and the mechanisms within,
i.e. the structure-function relationship, that gives rise to the experimentally observed PV
properties. From the basic functioning principle of a solar cell, we can understand the
fundamental requirements to achieve optimal PCE: We have to maximize 1) the generation
of charge-carriers via the photoelectric effect, 2) their mobility and 3) lifetime, so that
they can reach the electrodes.

First, photon absorption in the photoelectric effect depends on the electronic structure
of the material. Particularly important is the band gap, which is an energy range in the
electronic band structure without any energy states. The gap is located between the
highest valence band and the lowest conduction band. The maximum PCE (i.e. the
Shockley-Queisser limit) in a single-junction device is reached at a band gap of 1.34 eV,
which corresponds to the radiation wavelength of 928 nm [19]. In addition to a suitable
band gap energy, the gap should be direct, which means that the valence band maximum
and conduction band minimum occur at the same crystal momentum. In a direct band
gap the photon absorption and electron excitation can take place without any change in
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crystal momentum (i.e. assistance from phonons), which eases the excitation process and
increases its frequency.

Second, the charge-carrier mobility µ describes how fast charge-carriers can move in
a material. Their average velocity, called the drift velocity vd, depends linearly on the
electric field E and charge mobility, according to the relation vd = µE. In semiconductors,
the mobility depends on numerous factors, for example doping of the material, concen-
tration of charge-carriers, defects in the atomic structure and lattice vibrations. Due to
this complex relationship, optimizing the charge-carrier mobility of a specific material is
a non-trivial task and requires detailed information about the atomic structure and the
processes within.

Third, for the charge-carriers to reach the electrodes, they need to have a sufficient
lifetime τ . This is commonly measured via charge diffusion length L, which is the average
distance from the generation of a charge-carrier to its recombination with another carrier
of the opposing charge. In addition to τ , the diffusion length depends also on the diffu-
sivity of electrons in the material D, according to the relation L =

√
Dτ . To generate a

sufficient voltage between the electrodes, the diffusion length should be of the order of
the transport layer thickness in thin-film devices, which is typically on a micrometer scale
[20]. Like charge mobility, the diffusion length depends non-trivially on the structural
and functional properties of the material. In modern material science, PV properties are
typically optimized by combining experimental measurements and computational models,
to produce a complete picture of the structure-function relationship of a material.

1.3 Computational materials research

In natural sciences, we aim to understand the underlying functionality of various systems
by combining theory with experiments. Via this understanding, we can then predict the
behavior of systems and possibly alter them to acquire specific features. In material sci-
ence, quantum mechanics (QM) is the theory that describes the behavior of matter on
the most fundamental level. The foundations of QM were laid in the early 20th cen-
tury by renowned scientists, such as Niels Bohr, Max Planck, Albert Einstein and Erwin
Schrödinger, to name a few. Its applicability has since been experimentally scrutinized
and verified in numerous experiments. In practice, the theory provides analytical solu-
tions to only a small number of model systems, for example the hydrogen (H) atom, the
quantum harmonic oscillator or the finite potential well. Fortunately, the theory itself has
contributed in the development of computational tools, which we use today to calculate
more complicated systems. Our understanding of QM has been vital in the develop-
ment of semiconductor technology, which in the late 20th century led to the invention of
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integrated circuits, microprocessors and modern computers.
In modern materials research, QM theory is applied via computational methods (albeit

with various approximations) to study physical systems outside the scope of analytical
solutions. Still, the large number of atoms in a macroscopic system, approximately of
the order of 1023, ensures that they cannot be computed accurately using QM with our
present computer technology. Instead, we choose to apply a specific method and the
approximations within, depending on the task at hand. The method can depend e.g.
on the atomic composition of the system, its size, or the required accuracy. Challenges
can arise, when for example electronic interactions are required to model the material
accurately, but the size of the model cannot be limited due to structural complexity of
the material. This is the case with HPs in this research, which I will discuss in detail in
Sec. 1.4. First, I will briefly outline the most common computational methods used in
materials research today.

Molecular dynamic (MD) simulations are used to calculate the deterministic time evo-
lution of a system of particles, based on forces that originate from electronic interactions
between particles [21]. The forces can be calculated either by using classical force-field
functions, by QM (called ab-initio MD), or by a combination of both. In systems where
long-range inter-atomic forces dominate over electronic interactions, classical force fields
can be used to simulate time periods up to nano- or even microseconds. Long simulation
times may for example facilitate the study of complex chemical reactions between materi-
als. Conversely, when electronic interactions are required to model the system accurately,
ab-initio MD limits the simulation time typically to picoseconds, depending on the system
size. In HP research, ab-initio MD has been used for example in the study of rotational
dynamics of organic cations in the material [22].

The time evolution of a system can also be studied with another popular class of
methods, the Kinetic Monte Carlo (KMC) methods [23]. Unlike in MD, in KMC the time
evolution of the system is not deterministic, but based on random sampling of different
system states. In material physics, the state of the system can for example consist of
the locations of each atom. According to the principle of minimum energy, the system
then evolves towards a state of lower free energy. (More precisely, at each simulation step
the system has a higher probability to transfer into a lower-energy state than a state of
higher energy). Statistically, the system will then eventually reach a minimum-energy
state, which may not necessarily be the state of global minimum energy. The energy of
the system can be determined either by classical force fields, by QM, or by some other
more specific method for a given system. The charge-migration model of this study (see
Sec. 2.5) is based on a random-walking algorithm, which resembles a KMC method in its
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undeterministic behavior and applies pre-calculated QM results in the walking process.
Density functional theory (DFT) methods are the most common QM methods at

present, capable of calculating electronic interactions in materials accurately. DFT meth-
ods are based on the Hohenberg-Kohn theorem [24]. The theorem states that the energy
of a given atomic configuration is a functional of its electron density. The ground state
energy and the corresponding electron density can then be found by minimizing this
functional. Important considerations are the approximations, specifically the choice of
the exchange-correlation functional and the way it approximates the electronic interac-
tions. At present, the list of different functionals is extensive, and the applicability of
each on a specific atomic composition is an ongoing debate. Depending on the choice
of functional, the results obtained by DFT can range from useless to highly accurate.
Therefore, the successful application of the method requires good insight from the user.
For HPs DFT functionals have been tested extensively and the accuracy of the standard,
numerically efficient, functionals has been verified [25–28]. In this study, DFT has been
applied in the optimization of HP atomic structure and their band-structure calculations.

Due to the computational limitations in the accurate QM modeling of large systems,
so-called multi-scale methods have been developed to tackle specific modeling tasks [29].
Typically, multi-scale models aim to transfer the accuracy of QM to larger system sizes.
This can be done, for example, by applying pre-calculated results from QM computations
in the model, to parametrize the atomic structure and the interactions within. Multi-
scale methods are often custom-developed for a specific material, which can limit their
applicability elsewhere. The multi-scale model in this study (see Sec. 2) targets specifically
the HP atomic structure and parametrizes it based on pre-calculated DFT results.

1.4 Hybrid perovskites

The original perovskite is a calcium titanium oxide (CaTiO3) mineral, named after Russian
mineralogist Lev Perovski. More generally, the term perovskite is used to describe atomic
structures of type ABX3, in which A is a large cation (positive ion), B is a small cation,
and X is an anion (negative ion, see Fig. 3a). Perovskites have been widely studied due
to their interesting electric and magnetic properties, for example superconductivity in
intermetallic MgCNi3 perovskite [30], or use of LaMnO3 in solid oxide fuel cells [31]. The
most commonly studied classes of perovskites are oxides and halides, in which the anion
site X is occupied by an oxygen (O) atom or a group VIIA halogen, respectively. In
oxide perovskites, the valence of the A and B site cations has to sum up to 6 to produce
a charge-neutral material. The possible combinations are therefore atoms of groups I
and V (for example KTaO3), II and IV (SrTiO3), or two group III atoms (GdFeO3). In
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halide perovskites, the valence of the cations has to sum to 3, in which case the only
option is to have group I and II atoms (for example CsSnI3) [32]. While the general
perovskite structure lends itself to a large variety of atomic compositions, in HPs the
structural complexity has been raised to a completely new level, via introduction of an
organic molecule in the composition.

In the HP unit-cell structure, the large cation site A in the middle of the inorganic
BX3 cage is occupied by a positively charged organic molecule. The molecule can re-
duce the symmetry of the structure via its own geometry and the possible structural
deformation that it can induce in the lattice. Furthermore, variation in the location
and orientation of the molecule in different unit cells can result in long-range structural
disorder. The lack of a well-defined periodic structure makes the disordered HPs very
challenging to study with conventional computational models (see Sec. 1.3). The most
renowned HP compositions are halide perovskites, which have gained much attention af-
ter the discovery of their PV properties [6]. Commonly studied organic cations in halide
HPs are for example ammonium (NH+

4 ), formamidinium (HC(NH2)+
2 ), and most impor-

tantly, methylammonium (CH3NH+
3 , hereafter shortened as MA), the main actor in this

study. In addition to iodine (I), commonly studied halides in HPs are also chlorine (Cl)
and bromine (Br). While the highest PCEs have been achieved with HPs containing Pb,
it can be replaced by non-toxic materials from the same group, for example tin (Sn) or
germanium (Ge). In search for optimal PV properties, combinations of aforementioned
compositions have also been studied, for example mixed-cation lead mixed-halide per-
ovskites, such as [HC(NH2)2]0.83Cs0.17Pb(I0.6Br0.4)3 [33]. This illustrates the complexity
that HPs offer in advanced materials design. The rapid increase in the PCE of HPs in
the present decade (see Fig. 1) can be attributed to extensive research on these materials,
milestones of which I will summarize in the following.

The first use of a HP material in a PV device was reported in 2006 by Kojima et al.,
in a study in which a PCE of 2.2 % was achieved using methylammonium lead bromide
(CH3NH3PbBr3) [34]. In 2009, the same authors replaced Br by I and used MAPbI3 as
a visible-light sensitizer in a DSSC device, managing to increase the efficiency to 3.8 %
[10]. A notable change in HP device architecture was introduced in 2012 by Kim et al.,
who used MAPbI3 nanoparticles as a solid-state hole-transporting material instead of a
liquid sensitizer, as in the earlier devices [20]. This resulted in a major leap in PCE up to
9.7 %, as well as improved stability of the device. In 2012, Lee et al. achieved a PCE of
10.9 % using mixed-halide methylammonium lead iodide chloride (CH3NH3PbI2Cl) [35].
Thereafter, the efficiency of HPPV devices has been improved in numerous Pb mixed-
halide compositions, such as variations of the aforementioned iodide-chloride mixture
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with a MA+ cation CH3NH3PbI3−xClx, or iodide-bromide mixture with a formamidinium
cation HC(NH2)2PbIxBr3−x, achieving PCEs of ca. 15 % and 14.2 %, respectively [36, 37].
As of today, the highest reported PCE in HP devices is 22.7 % [11]. This already exceeds
the performance of current cadmium-telluride (CdTe) or copper-indium-gallium-selenide
(Cu(In, Ga)Se2, or CIGS) single-junction devices, which have the highest reported PCEs
of 22.1 % and 22.6 %, respectively [11, 38]. HPs are also quickly approaching the efficiency
of the best-performing single-junction Si devices, which is ca. 27 % at present [11].
While the atomistic origins of HPPV performance are currently not well known, their
favorable PV properties, such as high charge-carrier mobility, long diffusion length and a
suitable band gap for visible-light photon absorption, have been verified by experiments
and computational models. I will introduce these properties specifically for MAPbI3 in
Sec. 1.5.

The ongoing triumph in the efficiency of HPs is currently shadowed by problems that
prevent their use in practical devices, namely the presence of toxic Pb in the most efficient
HPs and their structural instability [39]. Exposure to atmospheric water degrades HPs,
which rapidly reduces the PV performance. The rate of degradation depends not only on
the relative humidity of the air, but also on the structural properties of the material, for
example its grain size [40]. In general, significant degradation of a HP material exposed
to air is measured in hours, rather than days or months. While structurally stable and
Pb-free HP compositions do exist, they are still too inefficient for use in practical devices.
For example, a PCE of 5.7 % has been reported for non-toxic methylammonium tin iodide
(CH3NH3SnI3) in 2014 [41]. Various encapsulation solutions are currently investigated to
protect HPs from humidity. For example, coating a MAPbI3 device with thin aluminum
oxide (Al2O3) layers using atomic layer deposition has resulted in retainment of ca. 90
% of the initial unhindered PCE after 24 days of storage in air [42]. In another study,
graphene-polyaniline composite coating protected a MAPbI3 device from any degradation
for 2 days in 99 % relative humidity [43]. Despite the encouraging results, more work is
needed to extend the lifetime of HPs to meet the requirements for commercially viable PV
devices. In this endeavour, computational modeling can support experimental research
by expediting the research of stable and efficient HP compositions and novel coating
solutions. In order to study the detailed structure-function relationship in HPs, it is
instructive to start from the most famous material of its class, MAPbI3.

1.5 Methylammonium lead triiodide (CH3NH3PbI3)

Since the discovery of HPPV, MAPbI3 has gained the status of an archetypal HP material,
based on the sheer number of research and publications on it. While excellent PCEs
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have been achieved with various mixed-halide HP compositions (see Sec. 1.4), lead halide
MAPbI3 exhibits the fundamental source of the structural complexity in HPs, namely the
mobile MA+ cation. In a MAPbI3 unit cell (Fig. 3b), the MA+ molecule occupies the
large cation site A in the middle of the inorganic framework, formed by Pb2+ at the small
cation site B, and I− at the anion site X, with respect to the general ABX3 perovskite
structure. At present, much of MAPbI3 research is focused on the MA+ cation, their
rotational dynamics, long-range (dis)order and interactions between each other and the
inorganic PbI3 lattice (see for example [32, 44–46]).

(a) (b)

Figure 3: a) General perovskite ABX3 structure, and b) MAPbI3 unit cell, in which
an organic MA+ cation occupies the central A site in the middle of the inorganic PbI−

framework.

The MA+ cation is composed of a methyl group (CH3) and an ammonium group
(NH3), with a distance of d = 1.49 Å between the carbon (C) and nitrogen (N) atoms
[28]. The cation has a permanent electric dipole moment of p = 2.3 D (Debye) [32]. By
approximating the molecule to be a perfect dipole, the magnitude of the charge at both
ends of the dipole is q = P/d ≈ 0.3 times the elementary charge e. In a cation of +1 e total
charge, the difference of |0.3−(−0.3)| = 0.6 e corresponds to a relative charge distribution
between CH3 and NH3 groups of +0.2 e and +0.8 e, respectively. The charge distribution
corresponds to a dipole moment vector from C to N, parallel to the C-N axis of the
molecule. Importantly, the permanent dipole moment of MA+ gives rise to electrostatic
dipole-dipole interactions in the material. According to e.g. Frost et al. [47], dipolar
interactions could result in polarized dipole domains in the material, which in turn may
contribute to the observed hysteretic anomalies in MAPbI3. Lately, the role of dipolar
interactions in long-range MA+ order has been challenged by e.g. Lahnsteiner et al. [46]
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and Li and Rinke [28]. They argue that MA+ also interacts with the PbI−3 lattice via H-
bonding, which perturbs the PbI−3 cage surrounding the MA+ cation. This perturbation
has a ripple effect on neighboring cages, resulting in short range dipole orientation order.
Next, we look into this key feature in MAPbI3 atomic structure, the deformation of the
inorganic lattice.

The equilibrium atomic structure of several MAPbI3 configurations has been deter-
mined using DFT. In these energy-optimized structures, the ammonium end of the MA+

cation interacts with the lattice I− anions via H bonding. The bonding results in a dis-
placement of 3 I− anions in the lattice, pulling them towards the cation (i.e. inwards in
the unit cell). The bonding also causes a minor displacement of the MA+ cation from
the center of the unit cell, in the direction of its ammonium end. The magnitude of the
structural deformation depends on the MA+ orientation. An alternative way of thinking
is that the MA+ orientation is a consequence of lattice deformation in each unit cell.
This process was described as a chicken-and-egg paradox in a recent study by Li and
Rinke, in which they analyzed the MA+-lattice interplay and the resulting structures in
a MAPbI3 unit-cell energy-optimization study using DFT [28]. My multi-scale model
employs low-energy MA+ orientations observed in their study, which I will introduce in
detail in Sec. 2.1. Importantly, since each I− anion is shared by four neighboring unit
cells, I− displacements can affect MA+ orientation in each of the four neighboring cells.
The deformation can therefore trigger MA+ reorientations in the neighboring cells. As
a result, disordered structures lack the periodicity that is typically required in the usual
computational models in material physics. Modeling such a disordered structure can be
approached for example by supercell models (see Sec. 2.1) which can be the size of a
few tens of MAPbI3 unit cells with varying MA+ orientations and differing amount of
lattice deformation in each unit cell. Such supercell models are small enough to compute
with electronically accurate methods, such as DFT. However, they are still inherently
periodic and lack the true long-range disorder, which may exist in HPs. My multi-scale
model aims to tackle this issue by transfering DFT results from small supercell models
into large MAPbI3 structures of ca. 105 unit cells and above, using a coarse-grained ap-
proximation of the atomic structure. This scale is sufficiently large to study for example
charge migration in a truly disordered MAPbI3 without possible side-effects caused by
periodicity.

Three different MAPbI3 crystal phases have been identified in numerous experimen-
tal and computational studies (see for example [46, 48, 49]). In the low-temperature
orthorhombic phase, below ca. 150 K, MA+ cations are aligned antiparallelly in adja-
cent lattice planes and the inorganic lattice is heavily deformed (see Fig. 4a and Tab. 1).
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Crystal phase a b c (Å)
Orthorhombic 8.836 12.580 8.555

Tetragonal 8.849 8.849 12.642
Cubic 6.313 6.313 6.313

Table 1: Lattice constants of the orthorhombic (<150 K), tetragonal (150–300 K) and
cubic (>300 K) MAPbI3 crystal phases [48, 50].

The deformed lattice constricts the movement of the cations and prevents their reori-
entation [44]. Conversely, in the high-temperature cubic phase, above ca. 300 K, the
cations are able to rotate freely due to high thermal energy (Fig. 4c). Macroscopically,
the fully disordered rotating cations result in a cubically symmetric structure. Between
these temperatures is the tetragonal phase, in which the cations are not freely rotating,
but predominantly stay in fixed orientations (Fig. 4b). Still, the cations are able to reori-
ent via corresponding changes in the lattice geometry (i.e. I− displacement). Based on
experimental and computational studies using for example neutron scattering, infrared
spectroscopy and MD simulations, the characteristic time scale for MA+ reorientation
is ca. 4-6 ps [22, 44]. Considering that electronic interactions typically take place on
femtosecond timescales, they occur in a landscape of fixed MA+ orientations, to good
approximation. The key question in the room-temperature tetragonal phase is, what is
the orientational configuration of the MA+ cations on a large scale? Due to MA+-lattice
coupling, each MA+ reorientation can trigger further reorientations in the neighboring
unit cells. Such chain reactions result in a dynamically evolving structure, calculation
of which is outside the scope of conventional QM methods. While the structure of the
tetragonal-phase is challenging to study, it is also the most important regarding practical
PV applications at normal temperatures. In addition, the detailed dynamics of MA+

reorientation remains actively studied. Although the electronic properties of the material
and its PV performance have been experimentally verified, the research continues to solve
the atomistic details of the MAPbI3 structure.

MAPbI3 has a direct band gap of ca. 1.6 eV [51], which is close to the optimal single-
junction solar cell band gap of 1.34 eV (see Sec. 1.2). The top of the valence band
consists of mainly σ-antibonding states of Pb 6s and I 5p orbitals, and the bottom of the
conduction band of σ-antibonding states of Pb 6p and I 5s orbitals [52]. The energy states
of the MA+ cation are several eV away from the band-gap region, thus they do not directly
contribute to the band gap of the material [26]. However, the cation can affect the band
structure indirectly via I displacement, which alters the overlap of the Pb and I orbitals
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Figure 4: Three MAPbI3 crystal phases, which are a) low-temperature orthorhombic phase
(< 150 K), b) normal-temperature tetragonal phase (150–300 K), and c) high-temperature
cubic phase (> 300 K). (Figure by Lahnsteiner et al. [46]).

in the lattice. High photon absorption coefficients of over 104 cm−1 have been measured
in MAPbI3 using photocurrent spectroscopy [53]. Long electron-hole diffusion lengths
exceeding 175 µm have been observed, which result from high charge-carrier mobility (up
to ca. 160 cm2/Vs estimated for holes) and a long carrier lifetime of ca. 0.1 ms [54]. A
static dielectric constant of 25.7 has been calculated for MAPbI3 [26]. The high value
can be attributed to the flexible and easily polarizable atomic structure, with respect to
both the inorganic lattice and the mobile cations [47]. Still, the atomistic origins of these
properties remain debated due to the lack of electronically accurate computational model
of large-scale MAPbI3 atomic structures.

In this research, I address the problem of modeling large-scale disordered HP structures
with sufficient accuracy and low computational cost. Such modeling is required to study
structure-dependent atomic processes in HPs, for example charge migration. The model
needs to employ QM calculations to accurately incorporate electronic interactions in the
material. It must also be able to compute systems of thousands of unit cells and above
in size, to simulate a truly disordered structure without periodic side-effects. In the next
section, I will present my multi-scale model for HP structure, specifically for MAPbI3 in
this study, and my methods for applying the model in a charge-migration study.
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2 Computational models and methods
A computational model of the HP atomic structure needs to compute system sizes of the
order of thousands of unit cells to simulate the structural disorder that originates from
the mobile organic cations in each unit cell (see Sec. 1.4). In my model, this is achieved
with a coarse-grained description of the HP structure, in which the organic cations in
each unit cell are modelled as dipole vectors corresponding to the cation orientation. The
inorganic lattice enters the model only via parametrization, in which the lattice atoms are
described by pair-configurations of discretely oriented organic cations in neighboring unit
cells (Fig. 5). In MAPbI3, the orientation of the organic cations has minimal effects on
the location of the small inorganic cation at site B (Fig. 3a) [28, 46]. Instead, H-bonding
between the organic cation and site X anions causes displacements of the anions, whose
magnitude depends on the orientation of the cation, as described in Sec. 1.5. Similar
cation-lattice coupling effects are also expected in other HPs, as suggested by structural
studies for example with formamidinium cations [48, 55]. Since the changes in the MAPbI3
lattice constants between different crystal phases are small (Tab. 1), the coarse-grained
lattice is approximated to be cubic. The model therefore consists of evenly spaced dipole
vectors in three dimensions.

Figure 5: Coarse-grained MAPbI3 structure, in which the MA+ cations are modelled as
C-N dipole vectors, and a pair of neighboring unit cells, called a “pair mode” (PM).

In the coarse-grained MAPbI3 structure, the orientation of the dipole vector corre-
sponds to the dipole moment of the MA+ cation, which is along the C-N axis of the
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molecule (see Sec. 1.5). The cubic lattice constant is approximated to be ca. 6.3 Å, based
on the mean value of lattice constants in the room-temperature tetragonal phase (Tab. 1).
The discrete orientations of the cations are based on a previous MAPbI3 unit-cell struc-
ture study by Li and Rinke [28], in which they computed the low-energy orientations of
the MA+ cation with DFT (see Sec. 2.1). The discretized cation orientations inspired the
idea of cation pair-configurations, called “pair modes” (PMs, co-authored publication [1]).
In my coarse-grained model, these PMs parametrize the atomic structure of the inorganic
lattice. DFT studies in the same publication also show that the distribution of PMs in
the energy-optimized MAPbI3 supercell models differ from their “intrinsic” distribution,
that is, the PM distribution in a structure of randomly oriented MA+ cations. This
implies that a low-energy MAPbI3 structure can be described by its PM distribution,
and the PMs can be used to extract scale-independent information from electronically
accurate QM calculations. Furthermore, the PM concept allows me to generate new
coarse-grained structures with equally “optimized” PM distribution, which represent the
low-energy MAPbI3 structure on a large scale.

In this study, I generated coarse-grained MAPbI3 structures based on the optimized
PM distribution using a custom-written algorithm (see Sec. 2.3). I analyzed their charge-
migration properties with a hopping model and compared different types of disorder (see
Sec. 2.5). The hopping model applies a custom algorithm, in which the nearest-neighbor
(NN) electronic coupling energies, calculated from the DFT band structure of MAPbI3
(see Sec. 2.5.2), are applied in a random-walk. In the following, I will introduce the
previous DFT studies and the PM concept, that my multi-scale model is based on, and
the methods for the coarse-grained HP structure generation and the charge-migration
analysis.

2.1 MAPbI3 structure optimization in DFT

An accurate calculation of the electronic interactions is required for a viable model of the
HP atomic structure. For this, the most popular and efficient QM methods at present
are based on DFT (see Sec. 1.3). Despite their efficiency, DFT methods are still limited
to fairly small systems, of the order of 103 atoms. While these model systems are too
small to simulate the disordered HP structure on a large scale, they can be used to study
single unit cells and small supercell models, up to the size of ca. 4 × 4 × 4 unit cells.
The supercell studies provide detailed information on the atomistic structure of HPs, for
example the energy of a structure with respect to the orientation of the organic cation.
Also the chemical bonding interactions between the cation and the inorganic lattice can
be studied via structural optimization in DFT. Discrete low-energy orientations of the
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MA+ cation, observed by Li and Rinke [28], are the basis of my coarse-grained model of
the HP structure.

In their study, Li and Rinke analyzed MAPbI3, MAPbCl3 and CsPbI3 single-unit-
cell structures with the all-electron local-atomic-orbital DFT code FHI-aims [56, 57].
They used the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation as the
exchange-correlation functional for its accuracy and low computational cost [58]. They
also compared the effect of long-range van der Waals (vdW) interactions on the calculation
results, by incorporating vdW into the PBE functional using the Tkatchenko-Scheffler
pairwise dispersion scheme [59]. Starting from initially cubic unit-cell structures, in which
the organic cations are located in the center of the unit cells, they energy-optimized
the structures, varying the lattice size, and found the optimal lattice constant from the
minimum of the total-energy vs. volume curve. For each lattice constant, they observed
two different minimum-energy structures with different MA+ orientations. In the global
minimum-energy structure the cation is oriented along the [100] direction (face-to-face)
with a deviation angle of 23.2◦ from the lattice plane. In the local minimum-energy
structure (20.9 meV higher in energy) the cation is oriented diagonally along the [111]
direction. The diagonal structure exhibits a smaller lattice relaxation, i.e. displacement
of the I− anion via H-bonding, in agreement with its higher energy.

(a) (b)

Figure 6: Energy-optimized MAPbI3 unit cells with a) diagonal and b) face-to-face MA+

orientations. Hydrogen bonds between I− anions (red) and H atoms (gray) are shown as
black dashed lines. Pb, C and N atoms are colored in blue, green and orange, respectively.
(Figure by Li and Rinke [28])

Li and Rinke observed that the inclusion of the long-range vdW interactions in the PBE
functional resulted in smaller unit-cell volumes than with PBE alone, in good agreement
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with experiment. The importance of the vdW corrections in organic-inorganic hybrid
materials has also been reported previously by e.g. Wang et al. [27]. These studies imply
that the MA+-lattice coupling and the distortion of the inorganic lattice are key features
in HP structures. Since the displaced I− anions are shared by adjacent unit cells and their
displacement depends on the MA+ cation orientation in each unit cell (and vice versa),
solving the structure on a large scale requires modeling that goes beyond single unit cells.
This is accomplished with supercell models (Fig. 7), which are composed of multiple unit
cells with varying orientations of the organic cations. Such disordered HP structures can
be characterized by their PM distributions, which I will introduce in the following.

(a) (b)

Figure 7: a) Energy-optimized MAPbI3 4×4×4 supercell model, and b) a coarse-grained
model of the corresponding structure, showing the topmost layer of unit cells.

2.2 Pair mode description

To parametrize the structure of the inorganic lattice in HPs, we need to consider the ori-
entations of the organic cations in neighboring unit cells. As discussed in Sec. 2.1, each I−

anion in the inorganic framework is shared by neighboring unit cells, and its displacement
via H-bonding depends on the orientations of the neighboring organic cations. In the PM
description, this structural deformation is parametrized by pair-configurations of the or-
ganic cations in two adjacent unit cells. Hereafter, I will refer to the cations as “dipoles”,
in accordance with their description as C-N dipole vectors in the coarse-grained model.

Based on the previously observed low-energy structures [28], each unit cell has 32
discrete dipole orientations: 8 diagonal (Fig. 6a), at each corner of the unit cell, and
24 face-to-face (Fig. 6b), 4 at each side of the unit cell with different direction of the
deviation angle from the lattice plane. With these orientations, we can form 322 = 1024
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Figure 8: An example of the PM symmetry reduction, in which all of the 3 PMs on the
left are equivalent to the one on the right, via axial rotation or reflection.

different unit-cell pairs. However, the pairs have a high level of rotational and reflectional
symmetry (Fig. 8). After symmetry reduction, the number of unique PMs is 86 (see
App. A). From the symmetry reduction follows that the PMs with a high symmetry have
a higher probability to exist in a system of randomly oriented dipoles than the PMs with
a low symmetry. Hereafter, I will call this an “intrinsic” probability, which is a valuable
point of reference in the evaluation of PM distributions of various HP structures. A PM
distribution that corresponds to the intrinsic probabilities (see Fig. 13 and App. B) arises
in an infinitely large system of randomly oriented dipoles (that is, randomly selected
from the 32 low-energy orientations). The number of PMs can further be reduced by
disregarding the lattice-plane deviation angle, thus approximating all the 4 orientations
at each unit-cell face to be equal. In this 14-orientation framework, the dipoles have 8
diagonal and 6 perfectly face-to-face orientations in the unit cell. The number of unique
PMs after symmetry reduction is then 25 (Fig. 9). Via this approximation, I focused on
the general orientation of the dipoles with reduced number of PMs, thus simplifying the
analysis. The effect of the lattice-plane angle on the distortion of the inorganic lattice is
extremely complex in the supercell models. Since the variation between the NN coupling
energies on different lattice-plane angles is assumed small, I consider this approximation
justified for the purposes of this study.

I analyzed the PM distribution in the MAPbI3 supercell models with a custom-written
algorithm. Each unit-cell pair in the system is analyzed for their dipole orientations in
the 32-orientation framework, applying also periodic boundary conditions (PBC). In each
unit cell, the code evaluates the angle between the C-N dipole vector and all the 32
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Figure 9: 25 PMs in the 14-orientation framework. PMs 1-6 consist of two diagonal
dipoles, 7-17 of one diagonal and one face-to-face dipole, and 18-25 of two face-to-face
dipoles. Diagonal orientations are highlighted with a gray dotted line.

discrete low-energy orientations, and selects the one that has the smallest angle. The
corresponding PM is then picked from a pre-tabulated 32 × 32 matrix of PMs, in which
the rows and columns correspond to the orientations of the two dipoles. The program also
returns the original non-discretized dipole orientations in the structure, for a subsequent
analysis of the dipole-angle distribution between neighboring unit cells (see Sec. 3.1.2).
Finally, the PM distribution is converted to the 14-orientation framework with a simple
conversion table, in which each of the 86 PMs has its equivalent PM of the 25.

I have applied the PM concept to an analysis of the angular distribution of dipoles in
DFT-optimized MAPbI3 structures (see Sec. 3.1). Based on the PM distribution in the
optimized structures, I have then generated new large-scale structures, which represent
low-energy MAPbI3 structures (see Sec. 3.2). Subsequently, I have analyzed these struc-
tures for parallel-aligned dipole configurations (PADCs, see Sec. 3.2.1) and their charge-
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migration properties (see Sec. 3.4). Next, I will introduce the method for generating new
HP structures based on a given PM distribution.

2.3 Large-scale structure generation

While small supercell models can be employed for studying the HP structure with DFT,
they do not describe a truly disordered, non-periodic HP structure on a large scale.
Therefore, such DFT supercell models are not suitable in studying processes that occur on
a larger length scale, such as charge migration. I address this problem with my multi-scale
model, in which I generate new coarse-grained structures of a specific PM distribution. For
example, in an “optimized” low-energy structure, the PM distribution originates from the
energy-optimized supercell models (see Sec. 3.1). Via this method, I transfer structural
information, that arises from the electronically accurate DFT calculations, to a large scale.

I generated the structures using a self-developed Fortran code, in which the dipoles are
reoriented one-by-one in a random order to reach the given PM distribution (a “target”
distribution, hereafter). In this study, the target distribution corresponds to the optimized
PM distribution, shown in Fig. 13. The process is started from an initial state, in which
the dipoles are oriented randomly in the 24 face-to-face orientations. These orientations
correspond to the minimum-energy structures found in a previous study by Li and Rinke
(Fig. 6b) [28]. New dipole orientations are then determined by evaluating the change
that any of the other orientations would induce in the PM distribution. The dipole is
then rotated to the new orientation, that is the most favorable with respect to the target
distribution, and the algorithm proceeds to the next random dipole. Via this process, the
system evolves towards the target distribution, until a specified error threshold between
the distributions has been reached. Due to a noisy variation in the present distribution,
the threshold is evaluated with respect to the mean of the 10 previous root-mean-square
errors (RMSEs) between the present and the target distributions. In practice, the struc-
ture generation algorithm consists of an iteration loop, in which the following steps are
executed:

i) Select a random dipole

ii) Rotate the dipole through all 32 orientations to see, which one produces the most
favorable change towards the target PM distribution

iii) Reorient the dipole to the most favorable orientation

iv) Calculate the present PM distribution
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v) Calculate the RMSE between the present and target distributions. Stop if the spec-
ified accuracy is reached.

vi) Return to i)

In this process, I also analyzed the electrostatic dipole-dipole interaction energy of the
structure. The energy is

V = −
∑

i

∑

j 6=i
pi · Eij = − 1

4πε0εr

∑

i

∑

j 6=i
pi ·

3(pj · r̂ij)r̂ij − pj
|rij|3

, (1)

in which p is the electric dipole moment, Eij is the electric field at dipole i by dipole j, rij
is the distance vector from dipole j to dipole i, ε0 is the vacuum permittivity and εr is the
dielectric constant. The results of the structure generation are presented in Sec. 3.2. I also
analyzed the generated structures for the PADCs and their charge-migration properties,
methods of which I will introduce next.

2.4 Parallel-aligned dipole configurations

The existence of polarized dipole domains in MAPbI3 has been suggested in previous
studies, for example by Frost et al. [47] (see Sec. 1.5). While this notion has been
challenged in other studies [28, 46], the PADCs provide insight on the amount of dipole
(dis)order in the structure. For the PADC analysis, I converted the structures to the 14-
orientation framework, in which the deviation angle of the dipoles from the lattice plane
is disregarded. I performed the analysis using a self-developed Python code. The length
distribution of the PADCs is calculated by inspecting all dipoles in the system, executing
the following steps:

i) Check if the dipole has already been analyzed. If yes, proceed to the next non-
analyzed dipole.

ii) Check the orientation of the neighboring dipole in the direction that the dipole is
pointing. If the directions are equal, the dipoles are parallel and thus belong to the
same PADC. Increment length counter by 1 and repeat this step with the next NN.

iii) Repeat step ii) until a dipole of different orientation is found. Then repeat the process
in backwards direction.

iv) Mark the dipoles, which are checked in steps ii) and iii), as analyzed. Then, select
the next dipole in order and return to i).

The results of the PADC analysis are presented in Sec. 3.2.1.
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2.5 Charge migration model

Charge transport mechanisms are generally divided into two regimes, which differ with
respect to the localization of the charge-carriers [60]. In the hopping regime, the charge-
carriers are fully localized in the atomic structure, and the charge transport takes place
by discrete hops from site to site. Such localized charges typically exist in weakly coupled
organic crystals or in disordered solids, in which the localization sites are separated by an
energy barrier. Conversely, in the band transport regime the charge-carriers are located
at the edges of the valence or conduction bands and are fully delocalized over the whole
system. In organic crystals, such coherent transport typically takes place only in the
purest, defect-free structures. In the band transport regime, the scattering due to defects
or electron-phonon coupling reduces the mobility of the charge-carriers.

The two charge transport regimes can be recognized from the temperature dependency
of the charge mobility. In the hopping regime, a higher temperature helps the charge-
carriers exceed the energy boundary between the sites, which increases the hopping rate
and thus the charge mobility. Conversely, in the band transport regime, the electron-
phonon scattering increases with temperature, which reduces the charge mobility. In
organic molecular crystals, the charge transport is typically a combination of both regimes,
in which case an analytical solution does not exist. In my model, I have chosen to apply the
hopping regime to simulate the charge migration in HPs. I also implement the scattering
effects in the calculation of the charge mobility, applying the band transport regime with
an experimental reference value for the scattering time (see Sec. 3.4).

In my charge migration model, a fully localized charge-carrier executes a classical
random walk in the system, based on PM-specific hopping probabilities (see Fig. 10).
The QM behavior of the charge-carrier is evaluated at each hop based on an analytical
solution of the wave-function propagation (see Sec. 2.5.1). The NN hopping probabilities
and the time step are obtained via the analytical solution, without the need to compute
the time evolution of the QM wave-function explicitly via the time-dependent Schrödinger
equation (TDSE) [61]. The analytical solution applies the PM-specific electronic coupling
energies between the NNs, which are pre-computed transfer integrals (TIs) from the DFT
band structure (see Sec. 2.5.2). Importantly, the analytical solution results in an extremely
low computational cost of the simulation (see Sec. 3.5). This facilitates the calculation of
large sample sets of migration paths in large systems. For example, in this study, each
sample set consists of 104 paths, which were calculated in systems of 106 unit cells and
above.

I simulated the charge migration in MAPbI3 structures up to the size of 130×130×130
unit cells, applying the coarse-grained dipole model (see Sec. 2) and a self-developed For-
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Figure 10: 2-dimensional representation of the mixed QM-classical hopping model, in
which a charge q (red) executes a classical random walk (blue) according to the QM
hopping probabilities P1–4, in a simulation box of dimension d with lattice constant a.
The migration paths are initiated at the middle section of the bottom plane (green). The
hopping probabilities are biased in the +z direction, thus driving the charge towards the
opposite side of the simulation box (yellow).

tran code (see Fig. 11). I obtained the charge-carrier velocities from the mean migration
time through the system. The results of the analysis are presented in Sec. 3.4.

Each hopping path was started from a random initial location at the bottom plane
(z = 0) of the system. To increase the number of the paths that migrate through the
system and not exit from the sides, the initial sites were selected from the middle half of
the bottom plane (in range [d/4, 3d/4], in which d is the dimension of the system in x or y
direction). The hopping was then executed until the path exited the system, from any of
the 6 sides of the system. To simulate the force of an external electric field on the charge-
carrier, I applied a constant bias multiplier to the hopping probabilities in the direction of
the electric field, which was set to +z. The multiplier increased the number of the paths
that migrated through the system, which was essential in obtaining a sufficiently large set
of migration times for the statistical analysis. Since the bias multiplier only increases the
hopping probability to the neighboring site in the +z direction, and does not alter the
time step, an infinitely large multiplier would result in a straight migration path through
the system. Therefore, a straight path corresponds to the finite maximum velocity of the
charge-carrier. Subsequently, in this model, the relation between the computed velocity
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and the bias multiplier is non-linear. While it remains challenging to establish the relation
between the magnitude of the electric field and the bias multiplier, the model provides
an efficient method of analyzing the relative effect of the dipole configurations on the
charge migration. I will further discuss the model, its present limitations and the future
development in the concluding Sec. 4.

Figure 11: Basic working principle of the path-hopping algorithm for the charge-migration
analysis. The process is executed for a pre-specified number of paths.

I constructed my mixed QM-classical charge-migration model by first deriving the
analytical solution for the NN hopping probabilities, which I will present in the follow-
ing. The solution applies the electronic coupling energies Vn between the NNs, which I
calculated from the DFT band structure of MAPbI3 (see Sec. 2.5.2).

2.5.1 Analytical solution for hopping probabilities

In the charge-migration model, the probability of a charge-carrier to hop to a neighboring
site is based on the QM behavior of the particle. In the QM formalism, the state of a
system is described by a complex wave function Ψ(t) in Hilbert space. The time evolution
of the wave-function can then be determined via the TDSE [61]

i~
∂Ψ(r, t)
∂t

= − ~2

2m∇
2Ψ(r, t) + V (r)Ψ(r, t), (2)

in which ~ is the reduced Planck constant, m is the mass of the particle and V (r) is the
potential energy in location r. In the charge-migration model, the immediate location
of the particle after each hop is known with full certainty, which in the QM formalism
corresponds to a fully localized wave function. As time progresses, the wave function
expands to the neighboring sites in real space, according to its time-evolution via the
TDSE (Eq. 2). In the following, I will show that when considering the hopping prob-
abilities to the NN sites, the wave function resides in a two-state Hilbert space. The
corresponding two-state system has a known analytical solution, from which the hopping
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probabilities can be determined without explicitly calculating the time-evolution of the
wave function in each hop. This is extremely valuable for the computational efficiency of
the charge-migration model.

Figure 12: Localized charged states, with |0〉 corresponding to the initial site before
hopping and |1〉 – |6〉 to the neighboring sites.

First, we construct a localized basis set

S = {|0〉 ; |n〉}, {n ∈ Z : 1 ≥ n ≥ 6}, (3)

in which states |0〉 and |n〉 correspond to the charge being located at the initial site
or at any of the 6 neighboring sites, respectively (see Fig. 12). Here we consider that
these 7 states are orthonormal and form a complete set, so that the Hamiltonian and the
time-dependent wave function Ψ(t) can be represented in terms of them:

〈0|n〉 = 0 ∀n ∈ [1, 6] (4)

〈n|n′〉 = δnn′ ∀n, n′ ∈ [1, 6]. (5)

The potential energy part (V̂ ) of the Hamiltonian consists of the NN electronic coupling
energies Vn between the initial site 0 and the neighboring sites n ∈ [1, 6], such that

V̂ =
6∑

n=1

(
|0〉Vn 〈n|+ |n〉Vn 〈0|

)
. (6)

Since we have a freedom of choosing an appropriate basis to represent the system, we can
construct a new delocalized basis as a superposition of the localized states {|0〉 ; |n〉}. The
new basis set (also orthonormal) is

S ′ = {|0〉 ; |φ〉 , |ϕk〉}, {k ∈ Z : 1 ≥ k ≥ 5}, (7)

in which the basis states are
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|φ〉 =
6∑

n=1
|n〉 〈n|φ〉 ≡

6∑

n=1
αn |n〉 , αn ∈ R (8)

|ϕk〉 =
6∑

n=1
ukn |n〉 , ukn ∈ R. (9)

We define the coefficients αn to be

αn = Vn
V
, V ≡

√√√√
6∑

n′=1
V 2
n′ (10)

such that

6∑

n=1
α2
n =

6∑

n=1

V 2
n∑6

n′=1 V
2
n′

= 1. (11)

State |n〉 in the delocalized basis is

|n〉 = |φ〉 〈φ|n〉+
5∑

k=1
|ϕk〉 〈ϕk|n〉 = αn |φ〉+

5∑

k=1
unk |ϕk〉 , (12)

and then

V̂ =
6∑

n=1


 |0〉Vn 〈φ|αn +

5∑

k=1
|0〉Vn 〈ϕk|unk

+ αn |φ〉Vn 〈0|+
5∑

k=1
unk |ϕk〉Vn 〈0|




=
6∑

n=1
Vn


αn

(
|0〉 〈φ|+ |φ〉 〈0|

)
+

5∑

k=1
unk

(
|0〉 〈ϕk|+ |ϕk〉 〈0|

)


= V
6∑

n=1


α2

n

(
|0〉 〈φ|+ |φ〉 〈0|

)
+

5∑

k=1
αnunk

(
|0〉 〈ϕk|+ |ϕk〉 〈0|

)
.

(13)

In the first term, the sum over α2
n equals 1 (Eq. 11). The second term vanishes due to

the orthogonality of the states

6∑

n=1

5∑

k=1
αnunk =

6∑

n=1

5∑

k=1
〈ϕk|n〉 〈n|φ〉 =

5∑

k=1
〈ϕk|φ〉 = 0. (14)

Therefore, V̂ in the delocalized basis consists of only two states

V̂ = V
(
|0〉 〈φ|+ |φ〉 〈0|

)
. (15)

The eigenstates of V̂ are
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|χ1〉 = 1√
2

(
|0〉+ |φ〉

)
(16)

|χ2〉 = 1√
2

(
|0〉 − |φ〉

)
(17)

and their corresponding eigenvalues E1, E2 are

V̂ |χ1〉 = 1√
2
V
(
|0〉 〈φ|+ |φ〉 〈0|

)(
|0〉+ |φ〉

)
= V |χ1〉 → E1 = V (18)

V̂ |χ2〉 = 1√
2
V
(
|0〉 〈φ|+ |φ〉 〈0|

)(
|0〉 − |φ〉

)
= −V |χ2〉 → E2 = −V. (19)

Also, the states |0〉 and |φ〉 can be written in the energy eigenbasis as

|0〉 = |χ1〉 〈χ1|0〉+ |χ2〉 〈χ2|0〉 = 1√
2

(
|χ1〉+ |χ2〉

)
(20)

|φ〉 = |χ1〉 〈χ1|φ〉+ |χ2〉 〈χ2|φ〉 = 1√
2

(
|χ1〉 − |χ2〉

)
. (21)

Next, we calculate the time evolution of the quantum state of the system, described by
|Ψ(t)〉. Initially, at time t = 0, the charge is fully localized at the initial site, which
corresponds to the state |Ψ(0)〉 = |0〉. The time evolution of the system is determined by
the time evolution operator Û(t) = exp(−iĤt/~), so that

|Ψ(t)〉 = Û(t) |Ψ(0)〉 = 1√
2
e−iĤt/~

(
|χ1〉+ |χ2〉

)

= 1√
2

(
e−iE1t/~ |χ1〉+ e−iE2t/~ |χ2〉

)

= 1√
2

(
e−iV t/~ |χ1〉+ eiV t/~ |χ2〉

)
.

(22)

In general, the probability P of a quantum mechanical system to be in a state |ξ〉 is
calculated as the squared norm of the wave function amplitude

P (ξ; t) = | 〈ξ|Ψ(t)〉 |2. (23)

In our case, the amplitude of the wave function at the initial site is

〈0|Ψ(t)〉 = 1
2 〈0|


e−iV t/~

(
|0〉+ |φ〉

)
+ eiV t/~

(
|0〉 − |φ〉

)


= 1
2

(
eiV t/~ + e−iV t/~

)
= cos

(
V t

~

)
.

(24)
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The probability of the charge to be located at the initial site is then

P (0; t) = | 〈0|Ψ(t)〉 |2 = cos2
(
V t

~

)
. (25)

Similarly, we get the probability of the charge to be located at any of the neighboring
sites n as

P (n; t) = | 〈n|Ψ(t)〉 |2

=
∣∣∣∣∣∣
1
2 〈n|


e−iV t/~

(
|0〉+

6∑

n′=1
|n′〉 〈n′|φ〉

)

+ eiV t/~
(
|0〉 −

6∑

n′=1
|n′〉 〈n′|φ〉

)

∣∣∣∣∣∣

2

=
∣∣∣∣
1
2(e−iV t/~ − eiV t/~)

6∑

n′=1
〈n′|φ〉 〈n|n′〉︸ ︷︷ ︸

δnn′

∣∣∣∣
2

= α2
n sin2

(
V t

~

)

=
(
Vn
V

)2
sin2

(
V t

~

)
,

(26)

in which |φ〉 has been written in the localized basis according to Eq. 8. From this result,
we see that the probability of the charge to be located at the initial site, or any of the
neighboring sites, oscillates at frequency V/~. The initial-site probability P (0; t) (Eq. 25)
is 1 at time t = 0, which corresponds to a fully localized charge at the initial site. The
probability then starts to decay according to the squared cosine function, as the wave
function propagates to the neighboring sites. Concurrently, site n probabilities P (n; t)
(Eq. 26) increase according to the squared sine function, so that the higher the coupling
energy Vn is, the more rapid is the increase.

Due to the probabilistic nature of the hopping, we cannot precisely determine the time
period that the charge spends at each site. However, we can approximate the average time
thop that it takes for the charge to hop to another site, based on the fact that the charge
has 7 possible sites to be located at. Therefore, on average, we approximate that the
charge will hop once its probability to be located at the initial site has decreased below
1/7. The hopping time can be solved from Eq. 25 as

thop = ~
V

cos−1
( 1√

7

)
. (27)

The probability of the charge to be located at site n at the time of a hop can then be
calculated from Eq. 26 as P (n; thop) ≡ Pn. Based on these probabilities, we can then
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determine the site that the charge hops into. For this, we first form a cumulative array
with values

{0, P1, P1 + P2, . . . ,
6∑

i=1
Pi}, (28)

and normalize the array into range ]0, 1[. Then, we pick a random number {r ∈ R : 0 >
r > 1} and see, between which values it lands in the array. This then determines the site
that the charge hops into, by correctly accounting for different probabilities at different
sites. Finally, after each hop, the simulation time is advanced by the time step thop.

Next, I will introduce the methods for calculating the electronic coupling energies Vn
in this solution from the DFT band structure of MAPbI3.

2.5.2 Electronic coupling between neighboring unit cells

The DFT band structure of MAPbI3 (Figs. 19 and 20) exhibits a cosine-type dispersion
relation, which is known from the tight-binding (TB) theory (see Eq. 32) [62]. Based
on this, I adopted the TB model in the calculation of the electronic coupling between
the neighboring unit cells. The coupling energies correspond to the TIs, from which I
calculated the NN hopping probabilities in the charge-migration model.

In the TB approximation, the overlap of the atomic wave functions between the neigh-
boring sites is assumed to be small. The wave function Ψk of a particle in a periodic
lattice, in which k is the momentum quantum number, can then be written as a linear
combination of the atomic wave functions φn, in which n denotes the site index. In the
one-dimensional single-band TB model:

i) φn are considered to form a complete orthonormal set, i.e. 〈φn|φn′〉 = δnn′ .

ii) All sites have the same on-site energy, i.e. 〈φn|V̂ |φn〉 = constant. This constant can
be set to 0 without loss of generality.

iii) Only the couplings between the NNs are non-zero, which I will denote by −V , i.e.
〈φn|V̂ |φn′〉 = −V δnn′±1.

The potential energy part of the one-dimensional TB Hamiltonian can thus be written as

V̂ = −V
∞∑

n=1

(
|φn〉 〈φn+1|+ |φn+1〉 〈φn|

)
. (29)

In practice, I will work on finite systems, in which the total number of sites is N . For
this, I will apply PBCs by coupling the first and the last (Nth) site with −V , such that

32



V̂ = −V
[
N−1∑

n=1

(
|φn〉 〈φn+1|+ |φn+1〉 〈φn|+ |φN〉 〈φ1|+ |φ1〉 〈φN |

)]
. (30)

The solutions to this eigenvalue problem are Bloch waves Ψk, and the corresponding
eigenvalues εk are cosine functions:

Ψk = 1√
N

N∑

n=1
eiknaφn (31)

εk = −2V cos(ka), (32)

in which a is the distance between the NN sites. With Eq. 32, I can calculate the TIs as
the coupling energies −V from the amplitude of the conduction band in the DFT band
structure of the material.

The effective mass m∗ of the charge-carrier can be calculated from the curvature of
the conduction band (see for example [60]) as

1
m∗

= 1
~2

d2εk
dk2 . (33)

Using the cosine function of the energy bands (Eq. 32) we get

1
m∗

= 1
~2 2a2V cos(ka) ↔ m∗ = ~2

2a2V
, (34)

in which I have applied ka = 0 in the conduction-band minimum. With the effective
mass, I can then calculate the mobility of the charge-carrier as

µ = qτ

m∗
= 2a2V qτ

~2 , (35)

in which q is the charge of the charge-carrier and τ is the scattering time. The processes
that affect the scattering time in MAPbI3, for example the electron-phonon coupling, are
outside the scope of my charge-migration model. Therefore, I calculated the charge-carrier
mobility based on an experimental reference value for the scattering time in the normal-
temperature tetragonal phase. Then, I obtained the mobilities for the other analyzed
structures by scaling the computed velocities in my charge-migration model linearly in
relation to the tetragonal-phase mobility. The results of this analysis are presented in
Sec. 3.4.

I performed the band-structure DFT calculations with the all-electron numeric-atom-
centered orbital code FHI-aims [56, 57]. For all calculations I used tier 2 basis sets
and the PBE exchange-correlation functional [58] augmented with long-range van der
Waals corrections based on the Tkatchenko-Scheffler method of Hirshfeld electron-density
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partitioning [59]. In addition, scalar relativistic effects were included by means of the zero-
order regular approximation [63]. A Γ-centered 4 × 4 × 4 k-point mesh was used for the
supercell models a and b, and a 8×8×8 k-point mesh for the primitive-cell model c. The
resulting band structures and TIs are presented in Sec. 3.3.

Next, I will introduce the results of my study, in which I have applied the methods
presented in this section. First, in Sec. 3.1, I will present the optimized PM distribution
that originates from the DFT energy-optimization of the MAPbI3 supercell models. Then,
in Sec. 3.2 I will introduce the coarse-grained structures, which were generated using the
optimized PM distribution. In Sec. 3.3 I will present the results of the TI calculations,
and apply them in my charge-migration model in Sec. 3.4. In Sec. 3.5 I will analyze the
computational cost of my methods.

3 Results and discussion

3.1 Optimized pair mode distribution

I analyzed the PM distribution in 33 energy-optimized MAPbI3 4×4×4 supercell models
[1] and compared the results to the intrinsic PM distribution (i.e. the intrinsic frequency
of the PMs in a system of randomly oriented dipoles). Here, I will focus on the PMs in
the 14-orientation framework, in which the number of PMs is 25 due to the disregarded
lattice-plane angle of the MA+ cation. The full distribution of the 86 PMs in the 32-
orientation framework is presented in App. A, in which the variation in the frequency of
the PMs is shown with respect to the different lattice-plane angles.

The results (Fig. 13) show that PMs 1–17, in which one or both dipoles are diagonal
(see Fig. 6a), are extremely rare in the energy-optimized systems. This is an obvious
consequence of the 20.9 meV higher energy of the diagonal structure compared to the
face-to-face structure, as previously reported by Li and Rinke in their single-unit-cell
MAPbI3 study [28] (see Sec. 2.1). When comparing the optimized PM distribution to
the intrinsic PM probabilities, I then consider only the face-to-face PMs in the intrinsic
distribution (green data in Fig. 13), excluding the rare diagonal PMs. In this comparison,
there is a notable increase in the frequency of PMs 20 and 22, which correspond to
perpendicular-aligned dipoles (see Fig. 9). Accordingly, the frequency of the other PMs
decreases.

With respect to the electrostatic dipole-dipole interactions, the extending and opposite
PMs correspond to the states of minimum and maximum potential energy of a dipole pair.
Yet, the energy-optimization has only a minor decreasing effect on the frequency of these
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Figure 13: PM distribution of the 33 energy-optimized MAPbI3 4×4×4 supercell models
in the 14-orientation framework (blue), in comparison with the intrinsic probabilities of
all the PMs (red) and the intrinsic probabilities of only the face-to-face PMs (green).

PMs. The results suggest that the structural deformation of the inorganic lattice, the
magnitude of which depends on the MA+ orientation (see Sec. 1.5), dominates over the
electrostatic dipole-dipole interactions in MAPbI3. This picture differs from what has
been previously reported by e.g. Frost et al. [47], who emphasized the electrostatic
dipolar interactions and the resulting ferroelectric domains in their ab initio MD study in
two dimensions. The abundant perpendicular and out-of-plane PMs effectively terminate
the formation of the ferroelectric domains on a large scale. I will further analyze the
dipole configurations in my PADC study in Sec. 3.2.1.

3.1.1 Pair mode energies

The observed changes in the optimized PM distribution (see Sec. 3.1) raise the question,
is the energy contribution of each PM in relation to its popularity in the distribution?
I studied the relative PM energies by conjecturing, that the total energy of a system is
largely determined by the 6 most common PMs in the optimized structures, namely the
PMs 18, 20 and 22–25, plus a constant term. The energy of a system i is therefore

Ei =
6∑

j=1
nijεj + εconst., (36)

in which nij is the number of PMs j in the system i, εj is the energy of the PM j and
εconst. is the constant term. For multiple individual systems, this can be written as a
linear matrix equation
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n̂e = E, (37)

in which n̂ is a matrix with terms nij, e is a vector of the PM energies εj, and E is a
vector of the DFT total energies Ei. I solved the system of equations in Eq. 37 for the 33
energy-optimized 4× 4× 4 supercell models using a least-squares fitting algorithm, which
minimizes the sum of the squares of the residuals of the single equations.

Figure 14: Energies of the 6 most popular PMs, based on the 33 energy-optimized MAPbI3
4×4×4 supercell models. The energies are relative to PM 20, which has the lowest energy.

The results (Fig. 14) show that the relative difference between the highest and the
lowest PM energy is ca. 50 meV. This is of the same order of magnitude as the thermal
energy at room temperature ERT = kbT , in which kb is the Boltzmann constant and T
is the temperature, which is 25.7 meV at 298 K. The result indicates the approximate
energy required to change a single PM via rotation of the MA+ cation, which provides
a viable point of reference for the MA+ reorientation energy in future studies. The low
energies of the PMs 20 and 22, which correspond to the perpendicular-aligned dipole
pairs, are in agreement with the optimized PM distribution (see Fig. 13), in which they
have the highest frequency. Likewise, the high-energy PMs 18 and 23 are relatively rare
in the energy-optimized structures. Besides these extrema, the frequency of the PMs and
their estimated energies do not exhibit a precisely inverse relation in this study. This is
understandable, considering the complexity of the HP structure and the approximations
made in the coarse-grained model and the PM concept (see Sec. 2.2).

3.1.2 Dipole pair-angle distribution

In addition to the PM distribution analysis, I studied the dipole pairs with respect to the
difference in their orientation angles. I analyzed the dipole pair-angles in the 33 energy-
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optimized MAPbI3 4 × 4 × 4 supercell models. In this analysis, I did not discretize the
cation orientations to the low-energy diagonal and face-to-face orientations, as is typically
done in the PM concept. The resulting pair-angle distribution (Fig. 15) is therefore
continuous, ranging from opposing (i.e. antiparallel) orientation of the neighboring dipoles
to identically oriented parallel dipoles. This corresponds to the pair-angle cosine values
from -1 to 1, respectively. I also applied a smoothing filter to the data to increase its signal-
to-noise ratio. For this, I used the Savitzky-Golay filter, which applies a polynomial fit
to the successive sub-sets of the data [64]. I obtained a good signal-to-noise ratio using a
polynomial fit of the order of 3, and a filter-window length of 51 data points in a pair-angle
histogram of 200 bins.

The results indicate the highest popularity for the antiparallel dipoles, but also two dis-
crete maxima, the higher of which is approximately at cos(0.4) and the lower at cos(−0.4).
These correspond to a deviation angle of ca. 65◦ from the parallel and antiparallel orien-
tations, respectively.

Figure 15: Angle distribution of the neighboring dipole pairs in the 33 energy-optimized
MAPbI3 4× 4× 4 supercell models (blue), and the same data with an applied Savitzky-
Golay smoothing filter (red). The cosine values -1, 0 and 1 correspond to the antiparallel,
perpendicular and parallel alignment of the two dipoles, as shown in the insets.

This result is in good agreement with a recent study by Lahnsteiner et al. [46], who
analyzed the room-temperature dynamic correlation of the MA+ cations with ab initio
MD calculations. At the lowest simulated temperature of 100 K, they observed a similar
sharp maxima in the antiparallel dipole pairs and broader peaks at ca. cos(±0.4). The an-
gle distribution resembles the corresponding dipole configuration in the low-temperature
orthorhombic phase (see Fig. 4), in which the NN dipoles are antiparallel in the alternat-
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ing xy planes, and at ca. 60◦ and 120◦ angles in the same plane. With respect to the
optimized PM distribution, the 60◦ and 120◦ angles can be attributed to the highly popu-
lar perpendicular PMs 20 and 22, taking into account the deviation angle from the lattice
plane. The narrow peak of the antiparallel pairs indicates that the lattice-plane deviation
angle in those pairs is typically in opposing directions, which results in almost perfectly
antiparallel dipole orientations. Conversely, in the perpendicular dipole pairs, the broad
peak indicates that the dipole pairs are less correlated with respect to the lattice-plane
deviation angle.

3.2 Generated structures

I applied the optimized PM distribution (see Sec. 3.1) in the generation of the coarse-
grained MAPbI3 structures on a large scale, using a self-developed algorithm (see Sec. 2.3).
In this process, I transfer structural information from the DFT energy-optimization calcu-
lations to the generated structures via the PM concept. The generated structures therefore
represent low-energy MAPbI3 structures on a large scale. Based on the optimized PM
distribution in the 32-orientation framework (see App. B), I generated structures up to
the size of 130 × 130 × 130 unit cells, which I then employed in the charge-migration
analysis (see Sec. 3.4).

Figure 16: Electrostatic dipole-dipole energy per unit cell in the structure generation and
the RMSE between the present and the optimized PM distributions. The energy and
RMSE are mean values of 50 generated 20× 20× 20 structures

First, I studied the performance of the algorithm by generating 50 structures of 20×
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20 × 20 unit cells (Fig. 16). In the process, I followed the electrostatic dipole-dipole
interaction energy (see Eq. 1) within a cutoff radius of 3 unit cells, using the experimental
dielectric constant of 25.7 and the dipole moment of 2.3 D (see Sec. 1.5). I evaluated
the convergence of the solution by following the RMSE between the present and the
optimized PM distributions. The moderately small system size allowed the update of the
PM distribution after each dipole reorientation. The RMSE was updated once in every
100 reorientations, and the system generation was terminated once the mean value of the
10 previous RMSEs decreased below 10−7.

The results show that the optimized PM distribution is reached well within 104 gen-
eration steps (i.e. dipole reorientations). The electrostatic energy, which is initially ca.
0 in a system of randomly oriented dipoles, decreases in the generation to ca. -0.08 meV
per unit cell. This demonstrates that the method successfully applies the DFT energy-
optimization results in the generation process. The analysis of the computation time in
the structure generation with respect to the system size is presented in Sec. 3.5. Next, I
will analyze the generated structures for their PADCs and observe the changes that take
place in the generation process, in comparison to the initial system of randomly oriented
dipoles.

3.2.1 Parallel-aligned dipole configurations

The role of the polarized dipole domains in the electric properties of MAPbI3 has been
studied previously for example by Frost et al. [47]. While the importance of the dipo-
lar interactions has since been challenged for example by Lahnsteiner et al. [46] and
Li and Rinke [28], the structure-generation method in this study facilitates the analysis
of PADC, to obtain information on the dipole configurations on a large scale. In the
optimized PM distribution (see Fig. 13), the domain-extending PMs 18 are rare, which
does not support the existence of long continuous PADCs. Nevertheless, the length dis-
tribution of the PADCs in the generated systems provides insight into the dipole order,
particularly in comparison to a system of randomly oriented dipoles.

A qualitative comparison of the random and the generated structures (Fig. 17) reveals
that the number of PADCs is significantly reduced in the generation process. This can
be attributed to the increased number of perpendicular PMs 20 and 22, which effectively
terminate the PADCs. I studied the statistical length distribution of the PADCs in 5
random and 5 generated 20 × 20 × 20 structures (Fig. 18), which correspond to the
intrinsic and optimized PM distributions, respectively. The results show that the number
of PADCs of length > 1 is lower in the generated structures. Accordingly, the number of
dipoles that do not belong to any PADC (i.e. length 1) increases.
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(a) (b)

Figure 17: Representative xy planes of a) a system of randomly oriented dipoles, and b)
a generated 20× 20× 20 structure. PADCs of length 2, 3 and 4 are highlighted in blue,
green and yellow, respectively.

These results support the notion given by the optimized PM distribution. That is,
instead of the polarized domains, the dipole order in MAPbI3 on a large scale may pre-
dominantly consist of non-aligned dipoles, which can be in perpendicular formations,
corresponding to PMs 20 and 22, and the out-of-plane PM 25. This picture resembles the
tetragonal-phase structure (see Fig. 4b), which however is not static at normal temper-
atures due to dipole reorientations. The dynamic structure may exhibit the tetragonal-
phase dipole order in local domains on a small scale, while remaining macroscopically
disordered.

3.3 Transfer integrals

To obtain the NN hopping probabilities in the charge-migration model (see Sec. 2.5), I
calculated the TIs from the MAPbI3 DFT band structure (see Sec. 2.5.2). Based on the
supercell energy-optimization studies (see Sec. 3.1), the diagonal dipoles are extremely
rare in the energy-optimized structures. Therefore, I analyzed the charge migration only
in structures, which consist of the face-to-face PMs 18–25. I obtained the TIs for these
PMs from the band structures of one primitive-cell model and two 2 × 2 × 2 supercell
models. I calculated the band structure of MAPbI3 in the primitive-cell model (Fig. 19)
using lattice parameters a = b = c = 6.313 Å (see Tab. 1). In the relaxed structure, the
dipole orientation is approximately in the +y direction. Here I use the usual notation
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(a) (b)

Figure 18: The number of PADCs per dipole of length a) 1–3 and b) 4–7 in 5 random (red)
and 5 generated (blue) structures. In this distribution, a PADC of length 1 corresponds
to a single dipole that does not have any parallel-aligned neighbors.

R ≡ (1
2 ,

1
2 ,

1
2) for the reciprocal lattice of a simple cubic crystal system, in which the

conduction-band minimum is located. In addition, I denote Mx ≡ (0, 1
2 ,

1
2), My ≡ (1

2 , 0,
1
2)

and Mz ≡ (1
2 ,

1
2 , 0). The band dispersion along R-Mx/y/z reflects the effects of the inter-site

coupling along x/y/z. As shown in Fig. 19, they all exhibit the typical cosine character
and can be described with the one-dimensional TB theory. I can thus calculate the transfer
integral from the amplitude of the conduction band using Eq. 32. For example, the TI of
the extending PM 18 can be calculated from the primitive-cell model along R-My as

Vy = |ER − EMy |
4 , (38)

in which ER and EMy are the conduction band energies at points R and My, respectively.
Also, in these points, ka = 0 and ka = π in Eq. 32, respectively. To obtain the TI for the
parallel-aligned PM 23, I calculated the mean value of the TIs in the primitive-cell model
along R-Mx and R-Mz.

For the remaining PMs, I calculated the TIs from the DFT band structures of two cubic
2 × 2 × 2 supercell models, which mimic the dipole orientations in the low-temperature
orthorhombic phase (model a in Fig. 20a) and in the mid-temperature tetragonal phase
(model b in Fig. 20b). In these supercell models, I used the lattice constant of 2a =
12.626 Å. In both models, the conduction band minimum is located at Γ ≡ (0, 0, 0), which
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is different from the primitive-cell model due to band folding. Instead of the common
notation for the high-symmetry points in the Brillouin zone, I denote here X ≡ (1

2 , 0, 0),
Y ≡ (0, 1

2 , 0) and Z ≡ (0, 0, 1
2).

From the conduction band dispersion along Γ-X and Γ-Y, I calculated the TIs asso-
ciated with the perpendicular PMs 20 and 22. Since both the head-perpendicular and
the tail-perpendicular PMs exist in both models and cannot be singled out in the band
structure, I took the mean value of the calculated TIs and assigned the same value to both
PMs. Finally, the antiparallel PM 24 and the out-of-plane PM 25 correspond to the con-
duction band dispersion along Γ-Z in models a and b, respectively. The opposite-aligned
PMs 19 and 21 are extremely rare in the energy-optimized structures (see Sec. 3.1) and
difficult to obtain via structural relaxation in DFT. Therefore, they were excluded from
this TI analysis and assigned a coupling value of 0 eV in the charge-migration model. The
TIs for all the calculated PMs are presented in Fig. 21. Next, I will introduce the re-
sults of the charge-migration analysis, in which I have applied the TIs in the probabilistic
site-to-site hopping model.

Figure 19: Band structures of MAPbI3 calculated with the cubic primitive-cell model, in
which the dipoles point approximately towards +y direction (as shown in the inset). The
cosine-like conduction-band dispersions along R-Mx, R-My and R-Mz are colored in red,
blue and green, respectively.
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(a) (b)

Figure 20: Band structures of MAPbI3 calculated with the cubic 2×2×2 supercell models:
a) model a, and b) model b, which are analogous to the low-temperature orthogonal and
mid-temperature tetragonal phase, respectively. For each model, the dipole orientations
at different xy planes are given as insets. The cosine-like conduction-band dispersions
along Γ-X, Γ-Y and Γ-Z are colored in red, blue and green, respectively.

Figure 21: TIs of the face-to-face PMs 18–25, excluding the rare opposite-aligned PMs 19
and 21.

3.4 Charge migration analysis

With my hopping model (see Sec. 2.5), I simulated the charge migration in various
MAPbI3 structures and analyzed the effect of dipole configurations on the charge mo-
bility. I estimated the charge mobility based on the computed charge velocities, the
effective mass of the charge-carrier, calculated from the DFT band structure (see Eq. 34
and Fig. 19), and an experimental reference value for the scattering time. Since I com-
puted the velocities from the average charge-migration time through a finite-sized systems,
they were dependent on the system size. Therefore, I analyzed the velocities in systems of
different sizes, to determine the required size for a good approximation of a bulk material.

I generated dipole configurations of 10–130 unit cells with cubic system dimensions,
which are analogous to (dis)ordered MAPbI3 structures and known crystal phases in the
coarse-grained model. The structures (Fig. 22 and App. C) included:
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i) The low-temperature orthorhombic phase in two different orientations with respect
to the charge migration direction (i.e. the direction of the bias multiplier in the NN
hopping probabilities)

ii) The mid-temperature tetragonal phase, in two different orientations, as above

iii) Parallel and antiparallel dipoles in z and x directions, which correspond to the par-
allel and perpendicular orientations with respect to the charge migration direction,
respectively

iv) Randomly oriented dipoles

v) optimized dipole configurations, generated with the structure-generation method
based on the optimized PM distribution (see Sec. 2.3).

Figure 22: 5 × 5 unit-cell models of the basic structure types in the charge migration
study. The models show a single xy plane in the structure, with charge-migration in the
+z direction. A complete list of the structures is presented in App. C.

In all the charge-migration calculations, I set the bias multiplier to 5, which resulted in
ca. 80 % of the migration paths going through the system. Since the paths were started
within the center half of the bottom plane, they rarely exited at the side-faces of the cubic
system, particularly in large systems (see Fig. 23). Typically, a path was terminated due
to exiting through the bottom plane during the first few hops in the migration. I computed
104 paths in each of the structures, which based on test calculations on larger sample sets,
provided a sufficient accuracy for the statistical velocity calculation.

The results (Fig. 24) show that in all the analyzed structures, a good approximation
of a bulk system was obtained with a system dimension of ca. 100 unit cells or larger.
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Figure 23: An example of the charge-migration paths in a system of 200× 200× 200 unit
cells, in which 50 paths are started from the bottom plane, with the bias multiplier set to
5 in the upwards direction.

I observed the highest velocities in the mid-temperature tetragonal phase in the xy di-
rection. With respect to the charge migration in the +z direction, the tetragonal xy
structure consists of the out-of-plane PMs 25, which have the strongest electronic cou-
pling, i.e. the highest TI value (see Fig. 21). Conversely, the tetragonal xz structures
had the lowest computed velocities. This can be attributed to the low electronic coupling
of the perpendicular PMs 20 and 22 in the direction of the charge migration. In this
case, the highly coupled out-of-plane PMs in the x and y directions effectively deviate
the charge sideways, which results in a prolonged migration time through the system and
a low velocity. The same deviation effect can be seen in the parallel and antiparallel z
structures, in which the higher coupling of the parallel PM 23 results in more deviation in
the sideways direction and thus a lower velocity than in the antiparallel structure. With
respect to the disordered structures, the velocities were higher in the generated optimized
structures than in the fully random structures. The high number of the out-of-plane PMs
25 in the optimized structures likely contributes to the increased velocity.

For comparison, I also analyzed the charge migration in systems, which were generated
by a simple multiplication of the 33 energy-optimized MAPbI3 4×4×4 supercell models.
For this, the dipole orientations in the optimized structures were first discretized into the
14-orientation framework. With these models, I generated cubic systems of dimension 12–
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Figure 24: Computed charge velocities with respect to the system size in the charge-
migration model.

128 unit cells, which correspond to multiplying the original supercells 3–32 times in three
dimensions. The results (Fig. 25) show that mean value of the velocities in the 33 systems
is very similar to the “optimized” systems in Fig. 24. However, the velocity variation is
large, ranging from ca. 5.5 to 6.2 Å/fs in the largest systems. This demonstrates the
value of the statistical PM description, which combines the structural information of the
dipole pairs from all the energy-optimized systems into one PM distribution.

An important feature in ordered crystals are structural defects. I analyzed the effect of
the defects on the charge-migration velocity by introducing volumes of randomly oriented
dipoles in the tetragonal xy structures of 100× 100× 100 unit cells. I studied the effect
of two different types of defects: planar defects and precipitates. In the planar defects,
I introduced a system-wide plane in the middle of the system, such that the orientation
of the plane (xy) is perpendicular to the charge migration direction (+z). I then varied
the thickness of the plane and analyzed the charge velocity with respect to the defect
volume in the system, i.e. Vdefect/Vsystem. In the precipitates, I introduced 25 randomly
located non-overlapping cubic volumes of randomly oriented dipoles in the system. For
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Figure 25: Charge-migration velocities in the 33 multiplied MAPbI3 4 × 4 × 4 supercell
models, showing the individual systems (blue) and their mean value (red).

25 precipitates in a system of 1003 unit cells, cubic and planar defects of the same side
dimension produce the same defect concentration. To reduce the noise that originates from
the randomly located precipitates, I generated 20 systems of each defect concentration,
in range 0–20 % of volume, and computed the velocities as their mean value.

The results (Fig. 26) show that the velocity decreases fairly linearly with defect con-
centration. By extrapolating the linear velocity decrease, which starts from the tetragonal
xy phase velocity of ca. 7.4 Å/fs at 0 % defect concentration, the velocity approaches the
fully random system of velocity of ca. 5.8 Å/fs. The linear velocity decrease is qualitatively
similar in both defect types, with the precipitates having slightly lower velocities.

Finally, I calculated the charge mobility in the analyzed structures, based on i) the
computed velocities in the largest computed structures of size 130×130×130 unit cells, ii)
the effective mass of the charge-carrier, calculated from the tetragonal-phase DFT band-
structure (see Eq. 34), and iii) an experimental reference value of the scattering time
in the tetragonal-phase MAPbI3. Karakus et al. [65] have studied the electron-phonon
scattering in MAPbI3 with time-resolved terahertz spectroscopy, measuring a scattering
time of ca. 4 fs in the tetragonal phase at 300 K. I associated this value with the best-
performing tetragonal xy structure in my charge-migration model, which consists of the
out-of-plane PMs 25 with a TI of 0.895 eV. With these values and the lattice constant of
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Figure 26: Effect of the planar defects (blue) and precipitates (red) on the charge velocity
in the tetragonal xy structures of 100× 100× 100 unit cells. The velocities are calculated
as a mean value of 20 systems of each defect concentration.

a = 6.313 Å, I estimated the best charge mobility in my model from Eq. 35 as

µtet = 2a2V |qe|τ
~2 = 65.865 cm2

Vs , (39)

in which qe is the charge of an electron. The resulting mobility is more than twice the
experimental reference mobility of ca. 27 cm2/Vs, measured by Karakus et al. [65]. The
difference may arise e.g. from the calculation of the effective mass, which I have derived
from the DFT band structure of the tetragonal-phase 2× 2× 2 supercell model with the
TB approximation. In reality, the atomic structure of MAPbI3 is likely disordered on a
macroscopic scale at room temperature, as discussed in Sec. 1.5. Despite the simplified
model in this study, the result is of the correct order of magnitude.

I obtained the mobilities for the other structures in the charge-migration study by
relating the computed velocities to the tetragonal-phase mobility in Eq. 39. First, I asso-
ciated the tetragonal-phase mobility µtet with the computed velocity of the corresponding
structure vtet in the charge-migration study. Then, I assigned mobilities for the other
structures in relation

µi = µtet
vi
vtet

, (40)

in which µi is the charge mobility in structure i, and vi is its computed velocity in the
charge-migration model. The results (Fig. 27) show that the mobilities vary in range of
ca. 50–66 cm2/Vs. The relative difference between the best- and worst-performing struc-
tures is ca. 30 %. Also, the variation of 20 cm2/Vs is of the order of the experimentally
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measured charge mobility in the reference study by Karakus et al. The result suggests
that the dipole order has a significant effect on the charge mobility in MAPbI3. Interest-
ingly, the highest and the lowest charge mobilities arise from the same tetragonal-phase
structure, the difference being the direction of the charge migration. Next, I will analyze
the computation time and the scaling of my algorithms with respect to the system size.

Figure 27: Charge mobilities in the analyzed structures, calculated in relation to the
reference mobility of the tetragonal xy structure.

3.5 Computation time

For the computation time analysis, I generated structures of size 10–50 unit cells in cubic
system dimension with my structure-generation algorithm (see Sec. 2.3) and executed the
charge-migration analysis with 105 migration paths each. To reduce noise in the results,
I generated 10 structures of each size and calculated the mean of the their computation
times. The results (Fig. 28) show that the structure-generation time scales approximately
as O(n1.7) with respect to the number of unit cells n, whereas the charge migration
scales fairly linearly as O(n) in large systems. In the structure generation, the non-linear
scaling arises from the complex way that the system size relates to reaching the target
PM distribution within the set RMSE threshold value. In the generation process, the
PM distribution of the whole system needs to be updated at regular intervals. Therefore,
the computation time is heavily dependent on the system size. In the charge migration,
the hopping algorithm relies on the analytical solution, which is used to evaluate the NN
hopping probabilities. The system size affects thus directly only on the path length in the
migration direction. For a given system, the charge-migration analysis can be executed
in a fraction of the time that it takes to generate the system.
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At present, the structure-generation and the charge-migration algorithms are not par-
allelized. Since the migration paths in the charge-migration are independent, the process
could be easily parallelized. However, due to its high performance, the analysis can be
run conveniently on one processor with present system sizes. In the structure generation,
reorienting the dipoles changes the PMs in the NN unit cells and therefore affects the
parallelization. In the future development, the generation process could be parallelized
by dividing the structure into multiple sub-systems, which are then assigned to different
parallel processes. In this case, the processes would communicate the orientations of the
dipoles at the boundary layers between the sub-systems, for accurate calculation of the
PMs at the boundaries.

Overall, the computation times in this study are extremely low, in comparison to the
conventional DFT methods, which are typically measured in hours or days. The efficiency
of my multi-scale model makes this approach very enticing for modeling complex HP
structures.

Figure 28: Computation time in the structure generation (blue) and in the charge migra-
tion (red) with respect to the system size.

4 Conclusions
In this work, I have investigated MAPbI3, the most well-known HP material in recent
PV research. The details of the PV performance of MAPbI3 have remained elusive due
to its complex atomic structure. In this study, I developed a computational multi-scale
model that parametrizes the complex HP atomic structure into a coarse-grained cubic
lattice. The lattice consists of dipole vectors that describe the orientations of the organic
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cations. I described the rest of the atomic structure, that is the inorganic lattice, with the
distribution of the dipole pair-configurations, the PMs. For this, I obtained the discrete
low-energy dipole orientations from a previous DFT study by Li and Rinke [28]. Then,
to describe the low-energy MAPbI3 structure in the coarse-grained model, I acquired the
optimized PM distribution from energy-optimized 4× 4× 4 supercell models.

I employed my model first in the generation of new coarse-grained MAPbI3 structures,
to study the dipole configurations on a large scale and compared to other recent stud-
ies. I analyzed the structures for the length distribution of the parallel-aligned dipole
configurations. My observations do not support the notion of a polarized dipole order
on a large scale, as previously suggested e.g. by Frost et al. [47]. Instead, the dipoles
appear frequently in perpendicular alignments with respect to their NNs, as shown by the
optimized PM distribution. These formations resemble the dipole orientations in the mid-
temperature tetragonal crystal phase. Based on these results, the structure of MAPbI3
at room temperature may exhibit local tetragonal-phase domains, while being disordered
on a macroscopic scale due to reorienting dipoles [22, 44]. For further comparison with
other research, I analyzed the orientations of the cations with respect to their NNs in the
energy-optimized MAPbI3 4×4×4 supercell models. I obtained a pair-angle distribution
in good agreement with the recent MD study by Lahnsteiner et al. [46]. The distribution
supports the aforementioned picture of the quasi-disordered tetragonal-phase structure.

I also investigated the variation in the frequency of the PMs in the optimized dis-
tribution by estimating the energy contribution of each PM in the total energy of the
structure. For this, I fitted the PM distribution of the 33 energy-optimized structures to
their total energy, using only the most frequent PMs as the fitting parameters. I observed
the lowest energies in the most frequent perpendicular PMs 20 and 22, which is a reason-
able result. Moreover, the energy difference of ca. 50 meV between the highest and the
lowest PM energies is approximately double of the thermal energy at room temperature.
The energy difference can be understood as the approximate energy required to change
one PM to another via dipole reorientation. The result supports the notion that, at room
temperature, the dipoles are not freely rotating.

Finally, my coarse-grained model facilitated the study of the charge migration in
MAPbI3 on a large scale. For this, I developed a semi-classical hopping model. The
model allowed me to investigate disordered structures that were otherwise too large to
be treated with conventional modeling. I estimated the charge-carrier velocities statisti-
cally from a sample set of 104 migration paths in each structure, based on the average
migration time through the system. I derived the analytical solution for the QM hopping
probabilities, for which I calculated the electronic coupling between the NN unit cells
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from the DFT band structure of MAPbI3, applying the tight-binding theory. The analyt-
ical solution facilitated the efficient computation of large sample sets of migration paths
in large systems, which provided a good approximation of a bulk structure. I related
the computed velocities to charge mobilities in different structures via i) an experimental
reference value for the scattering time in the tetragonal phase at room temperature, and
ii) the effective mass calculated from the corresponding DFT band-structure. I obtained
charge mobilities in range of 50–66 cm2/Vs, which is of the correct order of magnitude
with respect to the experimental mobility of 27–150 cm2/Vs, measured by Karakus et al.
[65]. The relative variation of ca. 30 % in the charge mobility in different structures
suggests that the orientational configuration of the dipoles has a substantial effect on
the charge mobility in MAPbI3. I also analyzed the mobility in the multiplied energy-
optimized supercell models, which effectively demonstrated the benefit of the statistical
PM distribution in describing the low-energy MAPbI3 structure. Lastly, I analyzed the
effect of structural defects (i.e. randomly oriented dipoles) on the charge velocity in the
tetragonal-phase MAPbI3. I observed a linear velocity relation with respect to the defect
concentration, with little difference between the planar defects and the precipitates.

My results show that the highest charge mobilities in MAPbI3 are obtained in the
room-temperature tetragonal phase. However, also the lowest mobilities arise in the
same structural phase, but in a different charge-migration direction (i.e. the tetragonal-
phase structures in xy and xz directions, respectively). Therefore, to optimize the charge
mobility for improved PV performance of MAPbI3 solar cells, it is important to orient
the material optimally.

Regarding the limitations of my present coarse-grained model, the PM description
considers only the dipole-pair configurations with the 6 NNs. To be precise, the I−

anions are shared also with the unit cells in the diagonal (110) direction. To improve the
accuracy of the parametrization, the distortion of the inorganic lattice could be described
with “quad-modes”, i.e. configurations of 4 unit cells, which share an I− anion at their
common edge of the unit cell. After symmetry reduction, the number of unique quad-
modes in the 14-orientation framework would be 115. In comparison to the 25 PMs, the
quad-modes would significantly complicate the model.

In the future development, the present model could also be improved by the inclusion
of dynamic dipole reorientations. For example, the energy barrier of different dipole
reorientations in a single unit cell could be evaluated based on the neighboring PMs.
Then, the time evolution of the system could be computed with the kinetic MC method
at a given temperature, concurrently with charge migration using the hopping model.

The current implementation of the external electric field in the charge-migration model
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(i.e. multiplication of the hopping probabilities by a constant bias) allows only a rela-
tive comparison of the charge velocities in different structures. To overcome the present
limitation of the finite maximum velocity (i.e. a straight migration path), the magnitude
of the external electric field should be related to the hopping time-step. So far, this has
remained a substantial challenge. Lastly, implementing phonons and scattering in the
hopping model would require an intricate form of parametrization, unless introduced in
the results implicitly via other models or experimental measurements, as in this study.
With respect to the computational efficiency, the size of the “optimized” structures is
currently limited by the computation time in the structure-generation. The performance
of the algorithm could be greatly improved with parallelization.

With my model, I have aimed to advance the present understanding on the order of the
organic cations in the HP structure and their effect on the charge mobility in the material.
While I have analyzed only MAPbI3 in this research, the model is applicable to other HP
compositions as well, with an appropriate analysis of the PMs of the organic cation. Thus,
the model provides a cost-efficient method to analyze and compare the cation order and
the charge mobility in various HPs. With the acquired knowledge, new HP compositions
can be offered for experimental research, and modifications to the present materials can
be suggested to boost their performance. Ultimately, with stable and efficient HP solar
cells, we can hopefully take a leap towards a fully carbon-neutral energy production on a
global scale.
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A Pair mode tables
PM numbering in the 32-orientation framework follows a convention, in which the first
digit(s) correspond to the PM numbers in the 14-orientation framework, and the last
digit(s) annotate the lattice-plane deviation angle. For example, PMs 71, 162 and 2312
correspond to PMs 7, 16 and 23 in the 14-orientation framework. PMs 1–6 and 11–13,
which consist of two diagonal dipoles, are identical in both frameworks. The direction of
the lattice-plane deviation angle is highlighted with a red dot.

Figure 29: PMs 1–42 out of 86 in the 32-orientation framework.
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Figure 30: PMs 43–86 in the 32-orientation framework.
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B Pair mode distributions

Figure 31: 86 PMs in the 32-orientation framework, showing the intrinsic frequency of
each PM (red) and their frequency in the 33 energy-optimized MAPbI3 4×4×4 supercell
models (blue).

62



C Coarse-grained structures

Figure 32: 5 × 5 unit-cell models of the structures in the charge-migration study. The
models show a single xy plane in the structure, with charge-migration in the +z direction.
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