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Abstract

This study presents a comprehensive investigation into the optoelectronic properties,
stability and performance of quasi-2D perovskites and perovskite solar cells (PSCs)
through a combination of ab initio calculations, equivalent circuit modeling and de-
vice simulation. Our findings reveal that the electronic structure and stability of
quasi-2D perovskites are significantly influenced by the choice of halogens and large
alkylammonium cations, with band gaps increasing as the halogen atomic number
decreases. Although quantum confinement in 2D perovskites leads to larger-than-
optimal band gaps, bromine and chlorine-based perovskites demonstrate enhanced
stability, suggesting that an optimal mixture of halogens and cations could balance
efficiency and stability. Additionally, our circuit model effectively reproduces the
capacitive and inductive effects observed in PSCs, offering a bridge between charge
accumulation and charge collection models. We introduced a dynamical electrical
model and linked both capacitive and inductive effects to recombination mechanisms
of the photogenerated carriers. Finally, our analysis of PSCs with CusO as the in-
organic hole transport layer (HTL) identified critical vacancy defects that influence
device performance, with SCAPS simulations emphasizing the importance of pas-
sivating specific vacancies to mitigate unintentional doping. This study provides
key insights for optimizing the design and performance of perovskite-based solar

technologies.
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PSC - Perovskite Solar Cell

PCE - Power Conversion Efficiency

SCAPS - Solar Cell Capacitance Simulator
PRV - Perovskite

HTL - Hole Transporter Layer

ETL - Electron Transporter Layer

DFT - Density Functional Theory

DOS - Density of States

PDOS - Partial Density of State

MAPI - Methylammonium Three Todide Plumbate
MA - Methylammonium

MD - Molecular Dynamic

RP - Ruddlesden-Popper

DJ - Dion-Jacobson

ML - Machine Learning

J-V - Current Density-Voltage

DEM - Dynamic Electrical Model
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SPM - Surface Polarization Model

EIS - Electrochemical Impedance Spectroscopy
SIESTA - Spanish Initiative for Electronic Simulations with Thousands of Atoms
LDA - Local Density Approximation

LSDA -Local Spin Density Approximation
GGA - Generalized-Gradient-Corrections

FTO - Fluorine doped tin oxide

ITO - Tin-doped indium oxide

CA - Charge Accumulation

CC - Charge Collection

IV - Current Voltage Simulations
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BA - Butylammonium

PA - Pentylammonium

HXA - Hexylammonium

FA - Formamidinium
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DZP - Double-Zeta Polarized
CB - Conduction Band
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IDL - Interface Defect Layers
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Introduction

Contemporary society is increasingly focused on transitioning to a more sustainable
and resilient energy system which offers numerous benefits for the environment,
economy and overall individual well-being. In order to achieve this goal, there is an
increasing demand for the production of green and renewable energy. Although the
green energy and renewable energy are usually considered synonyms, the renewable
energy stands for energy generated from natural sources which regenerate faster
than the consume rate. While, on the other hand, the green or clean energy stands
for energy produced from sources with zero pollution (COs) during the utilization

or production of these sources.

According to H. Ritchie and P. Rosado (2020) [1], the global carbon dioxide emis-
sion (COy) is directly linked to the world electricity consumption. For this reason,
the global mix of electricity production is transitioning towards low carbon sources
driven by policy measures, technological advancements and increasing awareness of
climate change. Based on these aspects, the world electricity production sources can
be divided in two categories: high emitting CO, sources (coal, gas and oil) and the
low carbon emission sources (hydropower, nuclear, wind, solar, bioenergy and other
renewable). At the moment, high carbon sources are still controlling the global mix

of electricity by producing more than 80% of the world energy.

Among the low carbon emission sources, the solar energy is abundant and renew-
able, as it relies on the sun which is an inexhaustible source of energy. Furthermore,
solar power is environmentally friendly, as it does not emit harmful greenhouse gases
or pollutants into the atmosphere during operation. By enabling on-site generation,
solar cells reduce the need for extensive energy distribution infrastructure, making
energy production more efficient and cost-effective. Lastly, solar energy enhances
energy security by reducing dependence on imported fossil fuels, contributing to a
more resilient energy system [2]. The global solar energy production increased with
5% [3] over the last decade and can be correlated with the global CO, decrease
presented at the top of Figure 1.1.
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Figure 1.1: Global Carbon intensity map in grams of carbon dioxide-equivalents
emitted per kilowatt-hour of electricity (for the year of 2023). At the top of the figure
is depicted the COq evolution over the last decades. Reproduced with permission
from [1], based on the original data of Ember (2024); Energy Institute - Statistical
Review of World Energy (2024).

Solar cells are crucial for renewable energy production for several reasons. Firstly,
they serve as the primary technology for converting solar energy into electricity. Sec-
ondly, they are highly scalable, suitable for deployment in sizes ranging from small
residential setups to large utility-scale projects [4]. Additionally, they can be incor-
porated into building materials, providing versatility in design and construction [5].
Solar cells can also be smoothly integrated into existing electricity grids, improving
grid stability and reliability [6]. Continuous technological advancements through
focused research and development efforts have consistently enhanced the efficiency
and effectiveness of solar cells.

In the solar cell industry, the research is divided among six photovoltaic tech-
nologies, comprised of multijunction cells [7, 8], single junction GaAs [9], crystalline
Si cells [10], thin-film technologies[11, 12], hybrid tandems [13] and perovskite solar
cells [14, 15]. Among these, perovskite solar cells (PSC) have attracted the high-
est research focus, being considered the future generation of solar cells. Ongoing
research aims to improve their stability and reduce production costs. In recent
years, efforts have concentrated on commercial viability, with researchers achieving

efficiencies over 25% in laboratory settings [16].
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1.1 Background and Motivation

The calcium titanium oxide mineral (CaTiO3) discovered by Gustav Rose in 1839 in
the Ural Mountains was the first documented perovskite material [17]. Since then,
any material with an ABXj3 chemical formula was associated with the perovskite
structure. Among the perovskite materials, there are many important constituents
such as BaTiOs; SrTiOs; PbTiOs; LaAlOs and RuTiOs, with applications rang-
ing from: capacitors [18], gas sensors [19], photocatalysis [20], ceramics [21] and
ferroelectric devices [22, 23].

In correspondence to the perovskite crystalline structure, emerged a new class
of hybrid organic-inorganic halide perovskite materials. The typical ABXj site po-
sitions of the cell contains one A cation, one B cation and three X anions arranged
in a specific geometry (Figure 1.2): A site position, in the center of the cube, is
occupied by organic cations (methylammonium or formamidinium); B site, on the
corners of the cube, is occupied by metallic cations (normally lead or tin) and on

the X sites positions are typically anionic halogens (usually I, Br, Cl).

Figure 1.2: The ABXj3 organo-halide perovskite structure, where A is an organic
cation(ex: CH3NH;), B is a metallic cation (ex: Pb) and X anion is a halogen (ex:

1/Br/Cl).

In 2009, professor Tsutomu Miyasaka and his team from the Toin University of
Yokohama Japan measured a power conversion efficiency (PCE) of 3.8% [24]. They
have used the methylammonium lead iodide (CH3NH3Pbl3) as the light-harvesting
layer in the photovoltaic cell, this way demonstrating that hybrid organic-inorganic
lead halide perovskite material could efficiently convert sunlight into electricity,

starting the competition with the performance of traditional silicon solar cells.
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Nowadays, organo-halide perovskite solar cells (PSCs) are regarded as one of the
most promising technologies in the field of photovoltaics [25, 26]. Tandem PSCs
overpassed the classical silicon solar cells efficiencies locating themselves at 29%
[27]. All these remarkable results are a consequence of the excellent optoelectronic
properties of organo-halide perovskites, which include high absorption coefficients

[28], long carrier diffusion lengths [29] and high charge carrier mobilities [30, 31]
A key advantage of PSCs is their solution procesability, the perovskite can be de-

posited from solutions [32], enabling low-cost and scalable manufacturing processes
compared to traditional silicon-based solar cells, which require high-temperature and
energy-intensive processing techniques. Another advantage is their tunable bandgap
[33], by changing the composition of the perovskite material (organic molecules,
metallic or halide species), researchers can adjust its optoelectronic properties to
better match the solar spectrum [34], leading to enhanced light absorption and im-

proved device performance.

PSCs have emerged as a promising photovoltaic technology because of their high
efficiency, low-cost fabrication and scalability potential. However, they face several
challenges that need to be addressed for widespread commercialization. Improving
the stability of PSCs over time can be achieved by overcoming these challenges.
Solutions include encapsulation to protect against moisture and other environmental

factors, as well as optimizing device fabrication processes.

The main cause of perovskite material degradation is the ionic migration. PSCs
generally contain several types of ions, including organic cations (methylammonium
or formamidinium) and inorganic halide anions (such as iodide or bromide). These
ions can migrate within the perovskite layer due to external factors like temperature,
electric fields or illumination. This movement can result in undesirable effects such

as doping, hysteresis or degradation.

Dynamic hysteresis effects are present in the current-voltage characteristics of
all PSCs, leading to discrepancies in performance measurements depending on the
direction of the voltage sweep [35]. To accurately characterize and optimize PSCs
for practical applications, it is essential to understand and mitigate these dynamic
hysteresis effects. Additionally, reducing ionic migration in perovskite solar cells
requires engineering the composition and structure of perovskite materials, as well
as interface engineering within the charge transporter layers. Given the complexity
of the systems and materials involved, analyzing and characterizing the dynamic
processes and PSCs devices are best achieved through a combined approach of com-

putational calculations and ab initio techniques.
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1.2 Objectives of the Study

This thesis is constructed around three principal goals: materials characterization,
PSCs dynamic hysteresis effect calculations and PSC device simulations.

The materials characterization goal is comprised from simulation, characteri-
zation and optimizations of 2D or 3D materials of the perovskite interfaces. The

central objectives for the materials characterization are:

e implement ab initio techniques (using the SIESTA code);
e perform geometrical relaxation of the structures (2D and 3D);
e optimize the electronic band structures (use DET+U if required);

e employ materials structure engineering techniques (cations, halogens, vacan-
cies);
e stability assessment (using the formation energy).

For reproducing the typical J-V hysteresis dynamic effect of PSCs, we set the

following objectives:

e introduce a new dynamic hysteretic model (using simple electrical circuit ele-

ments);
e perform large signal analysis using the m-DEM simulations;

e introduce parameters calibration techniques for simulating the J-V character-
istics;
e perform small signal analysis using the m-DEM model;

e investigate and explain the capacitive and inductive effects.

The PSC device simulation was achieved with the help of the SCAPS simulation
program based on the DFT results provided by the SIESTA code when calculating
the point defect influence on the (PDOS) band alignment of the two PRV interfaces.

Therefore, the main objectives are:

e interface reconstruction (PRV-HTL, PRV-ETL) using DFT;
e analyze vacancy effects on the interfacial band alignment;
e perform SCAPS calculations on the reference PSC;

e for the band alignment observed with DFT introduce the corresponding effect

in SCAPS using the IDLs;

e assess the device performance using the typical PSC parameters.



6 Introduction

1.3 Structure of the Thesis

A seven-chapter architecture was chosen to present the results of the calculations.
The thesis combines three computational methods with the goal to analyze the
constituent materials of a PSC and to understand the peculiar dynamic behaviour
of these new class of photovoltaic cells.

The first chapter provides the context of the research, including the importance
of the study and the underlying reasons for conducting it. The second chapter
introduces the first principles studies relevant to the research topic and reveal the
explorations performed so far, related to the capacitive and inductive effects, which
are foundational to understanding the phenomena investigated in the thesis.

The third chapter contains the theoretical details required for performing: ma-
terial characterization, dynamic effect exploration and device simulations. These
three goals will be incorporated in the results provided in chapters 4, 5 and 6.

Chapter four presents the ab initio investigation of the perovskite materials and
interfaces. The electronic properties of layered perovskites (2D) combined with the
stability assessment are followed by the interfaces analysis of the PRV-ETL and
PRV-HTL and their constituent materials.

In chapter five, the results are based on a new equivalent circuit model to sim-
ulate the dynamic hysteresis effect of a PSC. This way, the large signal and small
signal analysis are performed and the relevance of capacitive and inductive effects
is discussed.

The device modeling and simulations of a PSC is completed in chapter six, where
the SCAPS program is used in concordance with the DFT results from chapter
four. The last chapter summarizes the findings of the research and discusses their

implications, along with potential directions for future research.



Theoretical Background

In perovskite solar cells (PSCs), there are three key components: the active layer
(PRV), the hole transporter layer (HTL) and the electron transporter layer (ETL).
During the illumination, the main processes which occur inside the solar cell are:
charge generation, charge separation, charge transport, charge collection and charge

recombination (Figure 2.1).

E @ Holes
Electrons

\ FTO
(©
§ Metal _/

PRV HTL  Metal

Figure 2.1: The working principle of an organo-halide perovskite structure, show-
ing the processes which occur inside the solar cell during the illumination: charge
generation, charge separation, charge transport, charge collection and charge recom-
bination.

The perovskite active layer absorbs photons and generates electron-hole pairs,
a process known as charge generation. The following process is charge separation,
which occurs at the ETL-PRV and HTL-PRV interfaces. The separated electrons
are injected into the ETL and then move toward the transparent electrode. Simul-
taneously, the holes are injected into the HTL and collected at the metallic contact.
This separation and collection of electrons and holes at their respective electrodes

generate an electrical current in the load resistance. The electrons flow through the

7



8 Theoretical Background

external circuit, which can be used to power electronic devices or charge batteries.
Finally, the recombination of electrons and holes occurs at the counter electrode,
completing the electric circuit.

The performance of perovskite solar cells (PSCs) can be significantly influenced
by their device architecture. Depending on which transporting layer (electron or
hole) is closer to the incident light surface, PSCs are classified as either p-i-n (in-
verted PSCs) or n-i-p (regular PSCs). The n-i-p architecture is the most common
and extensively studied configuration.

Additionally, considering that perovskite materials can be deposited either on
mesoporous or in planar layers, these two architectures can be further subdivided
into four distinct configurations. Moreover, due to the properties of perovskite
materials, some studies have experimented with removing one of the transporter

layers from the PSC architecture, resulting in two more configurations.

2.1 Ab initio Studies

First principle approaches can enhance the material performance in a device and
the optoelectronic applications. By replicating the ground state of the material,
fundamental properties can be obtained using the density functional theory (DET).
These include electronic properties such as the band gap magnitude and type, the
band structure, density of states (DOS) and device band alignment through partial
density of states (PDOS) analysis of the device interfaces.

At first, the CH3NH3Pbl; (MAPI) perovskite refueled an old and appealing idea
of a ferroelectric material used for solar cell applications [36], where the ferroelectric
material provides the ideal conditions for charge separation (holes and electrons)
due to the built-in electric field. When used as a photo-active material, the MAPI
perovskite was considered as a ferroelectric absorber due to the high mobility of the
free charge, with free paths exceeding 1 um. For this reason, first studies considered
that methylammonium (MA) electric dipole was a potential source for the ferro-
electric behaviour. When the local polarization in hybrid perovskites was measured
using piezoforce microscopy, it was revealed that ferroelectric domains are present
and their size is comparable to the grain size of the MAPI layer.

By using first principles calculations, some studies investigated the ferroelectric
polarization of hybrid MAPI perovskite. They found a small ferroelectric polar-
ization of approximately 4.42 uC/cm? in Ref. [37] and approximately 8 uC/cm?
in Ref. [38]. In a combined DFT and molecular dynamic (MD) study, Frost et
al. (2014) studied the implication of ferroelectric contributions to the anomalous

hysteretic effects, suggesting that local ferroelectric domains are influencing the
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electron-hole recombination, this way affecting the dynamic density current (J-V)
measurements|39)].

Goehry et al. (2015) excluded the hypothesis of macroscopic ferroelectricity
by showing that the correlated motion of electric dipoles is of the order of tens of
picoseconds [40]. The authors revealed that the rotation of the organic cations is
correlated with the Pb-I cage deformation, which may lead to microscopic domains.
Although the small ferroelectric domains are restricted to a limited space and time,
they may still induce a beneficial charge separation.

Due to the versatility of the computational calculations, many recent studies fo-
cused on the layered 2D organo-halide perovskites [41]. Their key advantage stems
from the organic component replacement, which revealed the opportunity of tuning
the optoelectronic properties [42, 43]. Layered halide perovskites (2D) are regarded
as natural multiple-quantum-wells [44] where the semiconducting inorganic layers
act as potential "wells” and the organic insulating layer acts as potential ”barri-
ers”. These layered structures are expected to be more stable[45] and induce higher
exciton binding energys.

The embedded approach outlined in many studies of 2D perovskites while using
ab initio methods is to produce the layered structure by cutting along the (100)
crystallographic plane [46]. This new class of perovskites can be easily divided in two
categories: Ruddlesden-Popper (RP) [47] and Dion-Jacobson (DJ) [48] perovskites.

Ruddlesden-Popper Dion-Jacobson
2 COO0E
R3OS
B OCOE
Tolalal
Telotal
TYTYVY

BA:MAPD:l7 SrsRu=07 (BAMP)MAPD:I; CsLaNb:0;

Figure 2.2: The two classes of layered perovskites (2D) for both organic and inor-
ganic structures, showing the Ruddlesden-Popper (RP) (two configurations on the
left side) and the Dion-Jacobson (DJ) (two configurations on the right side). Re-
produced with permission from Ref.[46].

Due to the versatility of the Ruddlesden-Popper structures, which features long
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interlayer spacers between the two offset layers of the perovskite, this class received
more research attention. Although less commonly studied, the Dion-Jacobson struc-
tures include only one long molecule per unit cell fitted between the two layers of
the perovskite.

Another important aspect when conducting intensive ab initio simulations is
their compatibility with the machine learning (ML) techniques [49] such as artificial
neural networks, random forest and linear regression methods. For these reasons,
some studies [34, 50] combined the framework of high-throughput DFT calculations
and ML techniques, in order to investigate the structurally stable compositions of
mixed-cation and mixed-halide perovskite materials which can be evaluated for the

highest optical absorption and optimal stability.

2.2 Capacitive and Inductive Effects

From early studies, the dynamic hysteretic effect has been observed in illuminated
perovskite solar cells [51, 52, 53]. This phenomenon is characterized by a discrepancy
in the current density-voltage (J-V) characteristic between the forward voltage scan
and the reverse voltage scan. During the forward scan, the voltage varies from
short circuit to open circuit, while in the reverse scan, the voltage changes from
open circuit to short circuit. W. Tress et al. [54] observed that the hysteresis effect
becomes more pronounced at faster (intermediate) scan rates, they attribute this

behavior to extraction barriers which are introduced by ion migration.

20

J calc

) N

0 0.2 0.4 0.6 0.8 1
VI[V]

Figure 2.3: Simulation of the current density-voltage (J-V) for a PSC, showing the
reverse-forward scan and the hysteresis effect.
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It is essential to understand the dynamic phenomena that PSCs exhibit during
exposure to solar spectrum in order to properly evaluate the solar cell PCE and to
compensate for undesirable effects such as cell degradation. Regarded as a capaci-
tive effect, many interpretations have been proposed for the apparition of dynamic
hysteretic behaviour in PSCs. Some of these include ferroelectric polarization [55,
56], ion migration [54], trapping and detrapping of carriers [57], a giant dielectric

constant [58] or large accumulations of charges at the interfaces [59].

Following the discovery of hysteretic effects, numerous models have been devel-
oped. These models primarily use drift-diffusion equations and equivalent circuits to
describe the dynamic J-V characteristics and provide small signal analysis as well.
One of the first drift-diffusion-based models which was used to reproduce dynamic
J-V hysteresis was developed by Van Reenen et al. (2015) [60]. The model incor-
porated ionic migration and trapping through the use of a finite difference method.
Similarly, G. Richardson et al. (2016) implemented a time-dependent drift-diffusion
model [61] that includes ionic charge buildup, employing the method of matched

asymptotic analysis in order to overcome the numerical challenges.

Based on an equivalent circuit, G. A. Nemnes et al. (2017) introduced a dynamic
electrical model (DEM), assuming slow relaxation of the internal device polariza-
tion[62]. Likewise, S. Ravishankar et al. (2017) described a surface polarization
model (SPM) [63] with large accumulation capacitances, which was later extended
by E. Ghahremanirad et al. (2017) in order to include inductive effects [64]. The
DEM was reformulated by D. V. Anghel et al. (2019) in terms of a non-linear capac-
itor [65], while N. E. Courtier et al. (2019) derived a simplified surface polarization
model that replaced ion dynamics with non-linear capacitances [66], starting from
the drift-diffusion model proposed by Richardson et al. (2016) [61].

A. J. Riquelme et al. (2022) analyzed the connection between drift-diffusion sim-
ulations and equivalent circuits, revealing how specific electronic and ionic contribu-
tions affect different circuit components [67],therefore enabling their correlation with
ion-driven mechanisms. A drift-diffusion model coupling ionic migration to quasi
steady-state electron and hole currents was developed by D. Jacobs et al. (2018),
resulting in phase-delayed recombination of photogenerated carriers [68]. Based on
ionically gated transistor behaviour, D. Moia et al. (2019) proposed an extensive

equivalent circuit model [69].

By using electrochemical impedance spectroscopy (EIS), a peculiar large induc-
tive behaviour has been observed in some PSCs. The inductive or negative capac-
itance behaviour has been attributed to several factors: a kinetic effect induced by
ions causing a delay in surface voltage and charge accumulations[70, 71], phase-

delayed recombination [68], electron injection effects [69, 72], ionic-mediated recom-
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bination [73] or the action of a chemical inductor [74] and a term used for a generic
behaviour arising from two coupled processes describing fast-slow dynamics.

Based on the chemical inductor phenomenology, the capacitive and inductive
effects have been described in halide PSCs and memristors under illumination [75].
Inductive effects of chemical origin have been observed in current transients under
illumination [76] and were further modeled using a neuron-style model [77]. Using
equivalent circuits [78], a comprehensive review on impedance spectroscopy of per-
ovskite solar cells summarizes the models proposed for explaining the capacitive and
inductive effects.

The significant capacitive and inductive effects that were reported have sparked
debates regarding the underlying mechanisms, resulting in the development of two
primary model categories. One category is based on substantial accumulation capac-
itances, while the other focuses on ionic modulation of the collected current. In this
work, we present a new equivalent circuit model that interprets these phenomena
through recombination current modulation, distinguishing between the contribu-
tions from ion current and ionic charge accumulations [79]. These contributions
are linked to capacitive and inductive effects, respectively. We support our find-
ings with numerical simulations and electrochemical impedance spectroscopy (EIS)

measurements.



Computational Methods

For the properties analysis and calculations performed in this study, we have em-
ployed three different computational methods relevant for material characterization,
dynamic effects exploration and device simulation. The first method relies on DFT
calculations, which are implemented using the (Spanish Initiative for Electronic Sim-
ulations with Thousands of Atoms) SIESTA simulation code. The second method
addresses the appearance of dynamic hysteretic effects in PSCs during illumination,
reproduced by implementing a dynamic electrical model based on an equivalent cir-
cuit of a PSC. The third computational method involves PSC device modeling using
a Solar Cell Capacitance Simulator (SCAPS).

3.1 Density Functional Theory (DFT)

Density Functional Theory (DFT) stands as a cornerstone in the field of compu-
tational chemistry and condensed matter physics, offering a robust and versatile
framework for investigating the electronic structure of atoms, molecules and solids,
including charge and spin transport, as exemplified in Refs. [80, 81, 49, 82]. Devel-
oped from the principles of quantum mechanics, DFT provides a practical and often
remarkably accurate means to calculate the properties of many-body systems, avoid-
ing the prohibitive computational cost associated with wavefunction-based methods.

The origins of DFT trace back to the important works of Hohenberg and Kohn in
1964 [83], followed by Khon and Sham in 1965 [84]. The Hohenberg-Kohn theorems
laid the theoretical foundation by proving that the ground-state properties of a
many-electron system are uniquely determined by its electron density, rather than
the many-electron wavefunction. This marked a significant paradigm shift, as the
electron density, a function of only three spatial coordinates, is vastly simpler to
handle compared to the many-dimensional wavefunction.

Building upon this, Kohn and Sham introduced a practical approach to DFT,

reformulating the complex many-body problem into a set of self-consistent single-

13
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electron equations. This Kohn-Sham scheme leverages an exchange-correlation func-
tional to account for the many-body interactions, enabling accurate predictions of
electronic properties with manageable computational resources.

Over the decades, DFT has evolved significantly, incorporating advanced func-
tionals and techniques to enhance its accuracy and applicability. Its success is
evident across a broad spectrum of applications, from understanding fundamental
chemical reactions and material properties to designing new drugs and materials

with tailored properties.

3.1.1 Fundamental Concepts

In order to understand the behaviour and properties of a system of nuclei and
electrons, the theoretical approach [85] is to solve the Schrodinger equation [86].
For this reason, we introduce the Hamiltonian H for a system with N, electrons and

N,, nuclei which can be written as:

where:

T. is the kinetic energy of the electrons;

e T, is the kinetic energy of the nuclei;

~

e V.. is the potential energy due to electron-electron interactions;

~

e V., is the potential energy due to nucleus-nucleus interactions;

~

V.., is the potential energy due to electron-nucleus interactions.

The kinetic energy of the electrons in the system is represented by (Te):

where 7 is the reduced Planck’s constant, m, is the electron mass and V? is the
Laplacian operator acting on the i-th electron.

The kinetic energy of nuclei (7},) is:

N,
“ = h2
Th=->» ——Vi
oM; 1
I=1

where M7 is the mass of the I-th nucleus and V? is the Laplacian operator acting

on the 7-th nucleus.
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The potential energy due to electron-electron interaction (Vee) is equal to:

Ne 2

~ (&
D
e 47T60|I‘Z' — I'j’

i<j
where e is the elementary charge, ¢ is the vacuum permittivity and r; and r;
are the positions of the i-th and j-th electrons, respectively.

The potential energy due to nucleus-nucleus interaction (Vnn) is:

Ny

‘A/, . Z Z[ZJ€2
" T<J 47T€0|R[—RJ|

where Z; and Z; are the atomic numbers of the I-th and J-th nuclei and R;

and R ; are their positions.

The potential energy due to electron-nucleus interaction (\A/en) is represented by:

N Z]62
Vven - ZZ 47T€()|I'i — R[|

i=1 I=1
By reproducing equation 3.1, the full Hamiltonian for the system of electrons

and nuclei can be written as:

. no_, o, Ne o2
H=-Y —v2_
iz 2m. ; 2M1VI Z drep|r; — 1)
N, Ne N,
= ZIZJ62 - = Z]€2
+ — _ 3.2
1<2J47T60|R[—RJ| ;;4T€0|I‘Z‘—RI| ( )

The Born-Oppenheimer approximation simplifies the treatment of molecular sys-
tems by decoupling the nuclear and electronic motion due to their large mass differ-
ence. This approximation assumes that the nuclei move much more slowly compared
to the electrons, allowing the electronic wavefunctions to be calculated for fixed nu-
clear positions. This way, the electronic Hamiltonian H., for fixed nuclear positions

{R;} can be written as:

Ho({r:}; {Rs}) = To + Vie + Ven (33)

By using the electronic Hamiltonian the time independent Schrodinger equation can

be solved for fixed nuclear positions:

H.({r:}; {RD)ee({ri}: {Rr}) = E({Ri})ve({ri}; {Ri})
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Although the Born-Oppenheimer approximation is very helpful in reducing the
problem complexity, one must keep in mind that for a system with many electrons,
each electron contributes three degrees of freedom (x, y, z). For N electrons, this
results in a 3N-dimensional problem. The wavefunction v, thus depends on 3N vari-

ables, making the solution of the Schrodinger equation computationally demanding.

3.1.2 Thomas-Fermi Approximation Model

In the late 1920s, Thomas [87] and Fermi [88] introduced in their works an approxi-
mation of a statistical model that simplifies the treatment of many-electron systems
by considering the electron density p(r) as a continuous variable. The model is
based on the electron density p(r) which represents the number of electrons per
unit volume at position r. The attractivity of the approximation model comes from
the simplicity introduced by equation 3.4 when compared with the full many body

solutions of the Schrodinger equation.

3/2
plr) = 5o (2m)"? (B~ V() (3.4)

2
where:

e m, is the electron mass;

e h is the reduced Planck’s constant;

e [r is the Fermi energy;

e V(r) is the potential energy at point r.

Even though, their model provided a less accurate calculation of the kinetic en-
ergy of the system, the work represented the first step towards the DFT theory
apparition. Later on, a few corrections were made, one in 1930 by Dirac [89] who
introduced an exchange potential in order for the model to respect the Pauli exclu-
sion principle. The second correction to the model was made by Weizséacker in 1935
[90] in order to increase the accuracy in calculating the system kinetic energy.

Thomas and Fermi provided a method to describe the electron density in terms of
the potential energy of the electrons due to the nuclei and the electrostatic repulsion
between electrons. More interesting is that solving the approximation model requires
successive iterations, which is quite similar to the modern DFT implementation: (I)
Start with an initial guess for the potential V(r), (II) Use the initial potential to
calculate the electron density p(r), (III) Solve Poisson’s equation to update the
potential V' (r) and (IV) Repeat steps II and III until self-consistency is achieved.
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3.1.3 Hohenberg-Kohn Theorems

The first DFT breakthrough was made by Pierre Hohenberg and Walter Kohn in
1964 in their work entitled ”Inhomogeneous Electron Gas” [83], where the authors
deal "with the ground state of an interacting electron gas in an external poten-
tial V(r)”. They introduce two theorems which are fundamental results in density
functional theory (DFT) that establish the relationship between the ground state
properties of a many-electron system and its electron density.

Reformulated in Ref. [91], the first theorem states that "for any system of
interacting particles in an external potential V' (r), the potential V (r) is determined
uniquely, except for a constant, by the ground-state particle density p(r).” This

implies that all other ground state properties of the system are uniquely determined
by p(r).

p(r) «— V(r)

According to Richard M. Martin (2020), the second Hohenberg-Kohn theorem
proves that ”a universal functional for the energy E|p| in terms of the density p(r)
can be defined, valid for any external potential V(r). For any particular V(r), the
exact ground-state energy of the system FEj is the global minimum value of this
functional (E[p]) and the density p(r) that minimizes the functional is the exact
ground-state density po(r)” (R.M. Martin, 2020 [91]). In this way, the total energy

functional for a system of interacting electrons is given by:

Elp] = Tlo] + Vialo] + / V(r)p(r) dr

Here:
e Tp] is the kinetic energy functional;
o V..[p] is the electron-electron interaction energy functional;

e [V (r)p(r)dr is the potential energy due to the external potential V(r).

3.1.4 Kohn-Sham Theorems

Although, Hohenberg and Kohn’s variational model is very appealing, they have
not provided a practical example of a multi particle system that can be solved. For
this reason, one year later W. Kohn and L.J. Sham [84] extend the Hohenberg-
Kohn theorems by introducing a practical framework for calculating the ground

state properties of many-electron systems. The key idea was to map the interacting
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electron system to a system of non-interacting electrons that yields the same ground
state density.

The Kohn-Sham ansatz assumes that the complex many-body problem of inter-
acting electrons can be mapped onto a system of non-interacting electrons that have
the same ground state electron density p(r). This way, the total energy functional

in the Kohn-Sham approach for a system of N electrons becomes:

Elp] = Ts[p] + Venlp] + Vaalp] + Exclp]

where:

e T[p| is the kinetic energy of the non-interacting electrons,
LN
Tl =33 [ w0V d
i=1
o V..[p] is the electron-nucleus attraction,
Vale) = = [ V(x)otw)
o Vj[p] is the Hartree (electron-electron repulsion) term,
1 pr)p(x’) . .,
Vilp] = = ———drd
ule 2// e T
e F..[p] is the exchange-correlation energy functional.

Kohn-Sham Equations

The Kohn-Sham equations are a set of self-consistent single-particle equations that

yield the same ground state density as the interacting system:
1oy
—§V + Ver(r) | 1i(r) = €eti(r)

where the effective potential Vog(r) is given by:

p(r’) ;o 0B [P]
dr’ + ———
r —r'| dp(r)

Vi) = Vi) + [

The self-consistent loop for solving the Kohn-Sham equation represents the core
method for DFT calculations. The computational approach required for solving the

Kohn-Sham equation follows the next five steps:
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1. Initialize the electron density: Start with an initial guess for the electron

density p(r);

2. Calculate the Effective Potential: Use the initial p(r) to calculate the

effective potential Vig(r);
3. Solve Kohn-Sham Equation: Solve Kohn-Sham equation to obtain 1);(r);
4. Calculate the electron density: Using 1;(r) calculate the associated p(r);

5. Reiterate: Repeat steps 2, 3 and 4 until self-consistency is achieved (the

initial and calculated density match).

At this moment in history, the DFT theory was completed and provides a proper
approach in order to solve the many body problem. Now, a crucial role in the
DFT calculations accuracy is represented by the exchange-correlation functional
which can directly influence the predicted properties of materials, such as their elec-
tronic structure, total energy and response to external perturbations. In DFT, the
exchange-correlation functional is part of the total energy functional that describes
the complex interactions in the many body electron system. Since the exact form
of Ey[p] is unknown, several approximations have been developed over time:

Local density approximation(LDA) assumes that the exchange-correlation energy
at a point in space depends only on the electron density at that point and is given

by:
ELPAp] = / p()exe(p(r)) dr

where €,.(p) is the exchange-correlation energy density of a uniform electron gas
with density p.
Generalized Gradient Approximation (GGA) improves upon LDA by considering

not only the electron density but also its gradient and it has this form:

ESMo) = [ £(p(w), Volw) o

where f is a function that depends on both the density and its gradient.

With the recent development of the DF'T methods, there are other functionals to
mention like the Meta-GGA [92] functionals which include a higher-order derivative
of the density or the hybrid functionals [93, 94] which incorporate a portion of
the exact exchange energy from Hartree-Fock theory, combined with the exchange-

correlation energy from an approximate functional.
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3.2 SIESTA Implementation

SIESTA (Spanish Initiative for Electronic Simulations with Thousands of Atoms)
method was developed in order to perform electronic structure calculations and ab
initio molecular dynamics simulations of molecules and solids. The apparition of the
SIESTA computational method can be dated to 1996 when P. Ordejon et al. [95]
introduced ”a method to perform fully self-consistent density-functional calculations
that scales linearly with the system size” (P. Ordejon, 1996), based on some previous
works [96, 97] the authors used the order-N algorithms [98] scalability to develop a
fully self-consistent DFT approach.

The SIESTA algorithm implementation was fully described in 2002 in the work
of Jose M Soler et al. in the article " The SIESTA method for ab initio order-N
materials simulation” published in the Journal of Physics. The authors "have de-
veloped and implemented a selfconsistent density functional method using standard
norm-conserving pseudopotentials and a flexible, numerical linear combination of
atomic orbitals basis set, which includes multiple-zeta and polarization orbitals”
(J.M. Soler, 2002). This way, they built the first selfconsistent DF'T method that
was linearly scaling the computational cost with the system size, compared with
the other methods where the computational cost scales with N® or worse with the
number of atoms.

In the framework of the standard Kohn-Sham version of DFT, the STESTA code
can use multiple exchange-correlation functionals, such as: the local (spin) density
approximation (LDA/LSDA) or the generalized-gradient-corrections (GGA) and a
new implementation allowing a functional for describing the Van der Waals inter-
actions. Another important aspect is that SIESTA uses nonlocal norm-conserving
pseudopotentials which offer a uniform grid implementation of a smooth (pseudo-)
charge density[95]. The combined implementation of pseudopotentials with atomic
basis sets eliminates the treatment requirement for core electrons.

By adding flexible linear combination of atomic orbitals basis sets[98] with the
order-N scaling, it provided fast (scaling linearly with N) and accurate calculations
even when using minimal basis sets. On the other hand, due to the sparsity of the
Hamiltonian in order-N methods, the utilization of a strictly confined orbital was
introduced (after a certain radius, the orbital is considered equal to zero). In this
way, the orbital confinement further enhancies the SIESTA computational efficiency.

In the standard output, the SIESTA code provides the following information:
total and partial forces; atomic, orbital and bond population; stress tensor; atomic
forces; electric dipole moment; and the electron density. According to the STESTA

manual user guide [99], by specifying some system parameters and input require-
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ments the code can also calculate the following properties:

7

e Geometry relaxation, fixed or variable cell;

e Constant temperature molecular dynamics (Nose thermostat);
e Variable cell dynamics (Parrinello-Rahman);

e Spin polarized calculations (collinear or not);

e k-sampling of the Brillouin zone;

e Local and orbital-projected density of states;

e COOP and COHP curves for chemical bonding analysis;

e Dielectric polarization;

e Vibrations (phonons);

e Band structure;

e Ballistic electron transport under non-equilibrium (through TranSIESTA).

”(Emilio Artacho, 2021).

In SIESTA the DFT+U formalism is also implemented using the LDA+U method
which corrects the interaction between strongly correlated orbitals and treat the
other valence electrons at the level of standard DFT. The DFT+4U formalism emerged
due to the “strongly correlated” electronic states in a system, where the localized
d or f orbitals play a significant role. This formalism introduces a Hubbard-like
model [100] where it uses a correction term U to account for the on-site Coulomb
interaction that is inadequately described by standard DFT.

There are many recent developments of the SIESTA code. Among them, we
find the following: new pseudopotential format (psml)[101], DFT+4U correction for
correlated systems [102], van der Waals functionals [103, 104], hybrid functionals
[105], spin-orbit coupling[106, 107], time dependent DFT [108], TransSiesta method
[109], Wannierization [110], utilities for post-processing and supplementary features
[111], etc. All this new implementations show the versatility and reliability of the
SIESTA method in calculating materials properties.
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3.3 Equivalent Circuit Modeling of PSCs

In order to properly understand the dynamic hysteretic effects that are taking place
during the PSCs operation, emerged the need for an equivalent circuit model which
can simulate the PSC behaviour under illumination. Mainly, due to the ionic mi-
gration, the hysteresis effects induce an uncertainty in the evaluation of the power
conversion efficiency (PCE) and can be one of the principal sources for the perovskite
degradation mechanisms.

For a proper approach to perform ion migration analysis, we have developed a
new multiscale dynamic electrical model (m-DEM) [79] by identifying the physical
processes responsible for the degradation and correlating these with the structural
elements of the device. In this way, the model is able to describe both large signal
and small signal measurements, focusing on the main features that are observed in

typical experiments.

G) SZ |:| R sh T V
Au
ap;
Inductive
b
) FTO

Figure 3.1: Equivalent PSC circuit model used for describing the capacitive and
inductive effects. The colorful sections represent the PSC elements in standard con-
figuration with FTO and gold electrodes. Reprinted with permission from Ref. [79]

Starting from the ionic conductor nature of the perovskite layer, we introduce

an equivalent circuit model in order to underline the ionic charge current and ionic
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charge accumulation roles in modulating the recombination current. When a PSC
is operating in normal conditions, the ions (halide ions or halide vacancies) are
migrating due to the electric field established in the perovskite layer. The apparent
huge capacitance was proven to be connected to the ionic current while the inductive

effects are attributed to the ionic accumulations.

In the general equivalent circuit model from Fig. 3.1, we describe the solar cell
operation starting from the standard equivalent circuit with a particular form for
the recombination current, which is derived from the underlying elements. To this
end, we consider a detailed partitioning of the device region into HTL, absorber and
ETL, with the associated interfaces. The equivalent circuit model was constructed
to reproduce the behaviour of a typical FTO/ETL/PRV/HTL/Au solar cell, which
yields the time dependence of the current under illumination and bias conditions
in a dynamic regime, showing the different roles of ionic charge current and ionic

charge accumulation.

The m-DEM model, is composed of standard elements which can be classified in
two groups. The first group contains the typical circuit elements of a PSC, like the
current source which is equivalent with the photogenerated current Iy, the diode
element introducing a current Iy of recombination, the shunt resistance Ry, with a

recombination current Iy, the series resistance Ry and the output current I.

The second group contains the circuit elements which are introduced in the m-
DEM model in order to replicate the PSC behaviour. Beyond the small geometrical
capacitance Cgy, which is counting for the hysteretic effects, we have introduced
two essential parts, namely the R-C circuit block and the additional current source
corresponding to the ionic modulated recombination current (Ie.). In the R-C circuit
there are two parallel groups of resistances facing capacitors (R;-C; and Ry-Cs), that

are in series with a perovskite absorber ionic resistance R,.

The corresponding charges Q; and Qs for the capacitors C; and C,, associated
with the instantaneous applied voltages Vi(t) and Vy(t), are used to describe the
ionic charge accumulation at the two interfaces (PRV-ETL and PRV-HTL). While,
R, and Rj resistances account for the electron- or hole-ion charge neutralization at
the two interfaces and can be considered as loss resistances for the ionic capacitors.
The I. current represents the ionic current flowing inside the perovskite absorber

layer.

A typical dynamic measurement consists of one reverse scan followed by a forward

scan, with a scan rate «, which corresponds to the changing voltage V(t) (a=dV/dt).
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3.3.1 Large Signal Model

The equivalent circuit model illustrated in Figure 3.1 effectively replicates the char-
acteristic hysteretic effects observed in PSCs dynamic J-V measurements. The m-
DEM model accurately simulates the current bump in the reverse characteristics
following positive bias pre-poling, the dependence of hysteresis magnitude on the
bias scan rate, as well as both normal hysteresis (NH) and inverted hysteresis (IH)
behaviours. In the context of the m-DEM model, the dynamic J-V characteristics

are described by the following system of equations:

oV, 1 (R,+ Ry V+ 1R, -V,

N 2 (fatiu)y VI 3.5

ot C, < Ro Ry ) TTTR.G (3:5)

oV, 1 [R.+ Ry V+IR, -V,

O 2 (fatie) VI 3.6

ot Cs ( RuRs ) > TTRG, (36)
In—Tq— Iy —Tog— I — Lo — I =0 (3.7)

The equations 3.5 - 3.7, provide the time-dependent behaviour of the state vari-
ables Vi, V5 and I, with the applied voltage V(t) and initial conditions V;(t=0),
V5 (t=0) and I(t=0) as inputs. These initial conditions are typically set by applying
a pre-poling voltage Vo for a sufficient duration to achieve a steady state. Sub-
sequently, a continuous reverse-forward scan is conducted, where the voltage V is
varied from an initial voltage V to short-circuit and back.

The last equation (3.7) contains different current contributions:

e ], is the diode current and represents the effective junction recombination in
the absence of ions, depending on the diode saturation current Iy and also
on the solar cell ideality factor nyq. In this picture, the diode current can be

expressed in the following form:

¢V + IRy)
Iy = I —_— | -1
d {eXp ( nidkBT

e [y is the shunt recombination current, typically small for performant solar
cells. It appears due to pinholes defects and metal diffusion which may induce

junction short-circuits. It has the expression:

Iy, = (V + IRy)/ Ry

e ], is the current due to the geometrical capacitance,

oV ol
[Co = Co <% + RS§>
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e /. is the current due to ionic capacitance,

VA4 IR ViV,

I,
R,

At the core of our circuit model is the assumption that the recombination current
(I1ec) is controlled by the ion charge accumulation and ionic current. In this way, Irec
plays a major role in reproducing the hysteretic effects in the J-V characteristics,

affecting also the inductive and capacitive effects.

2
[rec = lyreco T Z &iQi + b[c (38)
i=1

In this picture, we describe the I,.. dependence to the ionic current and ionic
charge accumulation, by adding to the reference recombination current I...o the
inductive current 1% = Z?Zl a;Q; and the capacitive current IC = bl., where the

rec rec

inductive or capacitive currents are controlled by a; and b scalars.

Figure 3.2: Detailed description of the ionic recombination current I, in the large
signal circuit model, based on the ionic charge accumulations @; (i=1,2) and ca-
pacitive contributions related to the ionic current( J. = 0i,,&, where oj,, is ionic
conductivity of the absorber). The blue and red colors on the circuit represents the
ionic and electrons/holes pathways. Reprinted with permission from Ref. [79)].

Another important aspect of our model are the (Cy ~ 0.1 uF and Cy 5 ~ 10—100
pF) small geometrical capacitances which are bellow the huge reported ones by using
impedance spectroscopy measurements are ~ 10 — 100 mF'. In this context, the ionic

interface capacitances (C1,C5) are described as functions of voltage,

A LA 4V
Cz(‘/;) - CO’L + Clz €xXp (nckBT) (39)
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the ionic charges are also expressed as functions of voltage:

_ — nckBT Qe‘/z
(V) — 1 ) —1 Nl
Q:(V;) = CoiVi + Cyy ) [exp <nckBT) } (3.10)

Where kg and ¢, are the Boltzmann constant and electron charge and V; is used
for the applied instantaneous voltages on the two capacitors. The Cy,;, C;; and n,
are introduced to control the exponential behaviour [65].

With the help of equation 3.8, we have incorporated the two recombination
currents corresponding to the ionic charge accumulation and ionic currents. Due to
the ions migration and accumulation at the interfaces (PRV-ETL, PRV-HTL), there
will be generated a high local density of defects, for which we expect a proportionally
large electron-hole recombination current. This is controlled through a; parameter
in the second term in of Eq. 3.8 and is associated with the inductive effects.

The third term of the equation counts for the recombination current due to
the electric field in the perovskite absorber layer. The parameter b was introduced
in order to rescale the I. ionic current. This way, the apparent huge capacitive
effects are reconstructed when the capacitive current is driven in phase with the

recombination current component.

3.3.2 Small Signal Model

The small-signal circuit can be obtained from the large signal model presented in
Figure 3.2, by replacing the diode element with dynamic resistance Ry (where Ry =

nkpT'/(gela)) and excluding the constant current source element (Ipy).

O

Figure 3.3: Small signal circuit model, in correspondence with Figure 3.2, where
we have a two-interface circuit model with two ionic capacitances (C; and Cj),
ionic capacitors’ loss resistances (R; and R») and absorber ionic resistance (R,).
Incorporated with permission from Ref. [79)].



Computational Methods 27

The time dependent small current variation is obtained when a small-signal volt-
age v(t) is applied for a given working point that is set through the external voltage
V' = V4 with the help of (Vi, V5, I). This way, the small current variation can be

written:

—i =g+ lsh + iy + Ic + Trec (3.11)

In this context, the three standard parallel impedances can be grouped together
into Zy = Ry || Ran || Zcy, in order to account for the diode element (Rq4), shunt
resistance (Ry,) and geometrical capacitor which is represented by Z¢, = 1/(jwCo)

(Z¢, is the complex impedance associated with Cy for the angular frequency w):

1 1 11!
Jyg = |— 3.12
0 |:Rd * R * ZCJ (312)

Therefore, the recombination current at the working point can be rewritten using
Equation (3.8) into:

2
[rec<V) + lpec = reco + Z ale(‘/z + Ui) + bIC<V + U) (313)
=1

which yields the small signal recombination current formula:

2
irec = [Z azCz(‘/;)ZRZCZ + bl x ic (314)

=1

Where Equation 3.14 components are:

o Zg.c, (i=1,2) are the equivalent impedances of the two R-C groups;

e v; (i=1,2) are the small-signal voltages for the two R-C groups;

v; = ZR,c,ic

iL

e the inductive recombination component (7,,.) is given by:

2
L .
brec = E :aZOZ(V;)ZRzCz X o
i=1
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Z‘C

rec) 1s represented by:

e the capacitive recombination component (

i, =bxic

On the other hand, we can express the equivalent impedance for the small signal
model with the help of the total impedance coming from the ionic circuit block
Zo = Zg,c, + Ra+ Zg,c, based on the small signal ionic current ic = (v+iRy)/Z¢.
In this picture, the total impedance function is composed of the parallel group of

impedances Zy, Z;* and ZZ', in series with Rj:

-1

7= =R+
—1

2
1 Zro, (b+1)

3.15
i=1 Zc Zc ( )

where the inductive impedance component and the capacitive impedance com-

ponents are given by:

2
e ZR,C;
ze [;ﬂﬁuCkGé) 7 (3.16)
Zc
Z3 = 3.17
© (b+1) (3.17)

Starting from the model shown in Figure 3.3, we can further simplify the two
interface model by setting Ry — oo, Ry — 0, which will reduce the two capacitor

setup to a one capacitor model represented in Figure 3.4.

H R, H Rsh T CO GD V
= C.,

O

Figure 3.4: Small signal circuit model (in correspondence with Figure 3.3) where
we have a simplified single interface model, which contains the ionic capacitance
(Cion) and the ionic resistance (R;,,) equal with the absorber ionic resistance (R,).
Included with permission from Ref. [79].

This way, by introducing the new notations C; = Clon, Ry = Rion, @ = a1, Egs.
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(3.14-3.17) can be rewritten as:

e = —j2 Xig+bXio (3.18)
w
v 1 1 117!
Z=— = R+ |—4— +— 3.19
—1 2 ZRL ZRe ( )
]- Rion
7 = ' 3.20
RL aCo +Jw p (3.20)
Rion . 1
Jrc = — (3.21)

b+ 1) TwCon(b+1)

C

Where the inductive i%_ and capacitive i,

rec
L C

the inductance L = Rj,,/a, the capacitance Cyee = (b + 1)Ciy, and the resistive
components Ry, = 1/(aCion), Race = Rion/(b+ 1) by using Eqs. (3.20) and (3.21).
Another important aspect of this approach is the possibility to define the appar-

parts in Equation (3.18) are repre-

sented by i, = —Jj2 X ic and i, = b X i¢. On the other hand, one can identify

ent capacitance, which is typically measured by EIS, as it follows:
Copp(w) =w Mm(Z71) (3.22)

,which will further provide important aspects regarding the inductive and capac-

itive results.

3.3.3 Charge Collection and Charge Accumulation Models

The discovery of dynamic hysteretic effects in PSCs sparked a debate among re-
searchers regarding whether this phenomenon should be classified under the charge
accumulation (CA) or charge collection (CC) models. Initial studies based on
impedance spectroscopy measurements attributed the observed large capacitances
[112, 113, 59, 114] to the accumulation of charges and ions at the perovskite inter-
faces. These observations led to the development of CA models, which accurately
describe the hysteretic effects [115, 62, 63, 64, 116]. In contrast, an alternative ap-
proach considered the influence of the electric field within the bulk of the perovskite
on recombination and charge collection [117]. This led to the emergence of CC
models, where the ionic-modulated recombination current depends on the internal
electric field of the perovskite or results from modifications to the extraction barriers
(68, 69].

In the context of these apparently opposite models, we compare our new CC
model with a typical CA model (see Figure 3.5), this way, showing that both mod-
els can reproduce the dynamic hysteresis effects. Therefore, the one capacitor model

described in Section 3.3.2 will be used to reproduce the core physics of the PSC de-
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vice, while the implemented CA model resembles the circuit model used by Augustin
Bou et al. [118]. Through this approach, we aim to set a bridging point between
the CC and CA models. One can say that the microscopic picture of CC models is
an alternative to the CA models, because they do not require a large charge accu-

mulation, but rather a small ionic charge which can influence the charge collection

properties.
(a) Charge accumulation (CA) model
R. 1
’ ? 1 —{ >»o
IphA Iy Ly, I, L I *
RL Racc

L —J_ Cacc

(b) Charge collection (CC) model
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Figure 3.5: Comparison of the CA and CC models: (a) Charge accumulation model
containing the inductive component (L). (b) Charge collection model which is based
on ion modulated recombination, it does not contain an explicit inductive element.
Used with permission from Ref.[79].

A key characteristic of hysteretic effects is the relatively large time constant 7,
which typically ranges from a few seconds to several hundred seconds. In the con-
text of an R-C circuit, this large time constant, 7 = RC', can result from either a
large capacitance or a large resistance. The physical interpretation and magnitudes
of these elements differ significantly between the two models. In the CA model, the
accumulation capacitance, accounting for ions and photogenerated carriers, is con-
sidered large, Cyee ~ 0.1 F, with a relatively small resistance typical of electron/hole
conduction, R,.. ~ 100 €. Conversely, in the CC model, these quantities are inter-
preted as a much smaller ionic capacitance, Ci,, ~ 100 puF and a much larger ionic

resistance, Rion ~ 10° Q. Despite these differences, both models can be adjusted to
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produce the same time constant, 7 = R..cCace = RionCion, making them formally

equivalent.

We considered that the main contribution to the ionic current is coming from
the migration of vacancies. This assumption is based on the estimation of the total
vacancy concentration which is between 10" — 10?° vacancies/cm™ [119]. But in
a real device, these numbers are affected by the vacancies traps which are between
10% — 10" vacancies/cm ™ [120] and are located in the close vicinity of the charge
collecting interfaces. Therefore, the ionic charges are in minority and they have a

minimal contribution to the ionic current.

When considering that a single ionic species is migrating and accumulating at

one of the transporter layer interface, Eq. (3.8) can be rewritten as:

Q.
ot

Irec = ]I”ECO + an + bIc = ]recO + an +b (323)

In the first step, by neglecting the inductance branch in the CA model depicted
in Fig. 3.5(a), which corresponds to setting a = 0 in the CC model as given in
Eq. (3.23), the two models become formally equivalent. During a typical reverse-
forward scan, the relatively large current IS4 observed in the CA model, associated
with the discharging and recharging of the capacitor C,.., is exactly compensated
in the CC model by the term b x ISC in the recombination current I,... The net
photogenerated currents are thus identical, i.e., IpChA = Ighc — Leco. Consequently,
the ionic current I°¢ remains small, yet it governs the recombination current, which
is notably larger by a factor of b ~ 103. Therefore, in a small-signal analysis, the
impedance of the R,.. — Cac. branch in the CA model is equivalent to that of the
Rion — Clon branch in the CC model combined with the modulated current source I,
given by Z§¢ = ZE* /(b + 1). Moreover, the recombination current component aQ,
in the CC model corresponds to the Ry-L branch in the CA model. This indicates
that a black-box approach like the CA model can effectively replicate the capacitive
effects described by the CC model, which, due to its reliance on ionic modulated

recombination, offers a more physically meaningful interpretation.

The beauty of the CC model consists in the direct physical interpretation of the
inductive effects, which now depends majoritary on the ionic charge accumulation
(a x Q.) instead of the ionic current (b x agtc). Furthermore, Eq. (3.23) is a tool
to unify and describe the capacitive and inductive effects through the means of the

recombination current.
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3.4 SCAPS Simulations of Stationary J-V Char-

acteristics

The Solar Cell Capacitance Simulator (SCAPS) program was primarily developed
to analyze the solar cells families of CulnSey and CdTe [121], through the current
voltage simulations (IV) and capacitance voltage simulations (CV). The modern
version of the program [122], received important updates [123, 124, 125, 126] which
made it applicable to the crystalline and amorphous solar cells.

At the core of the SCAPS model are the two fundamental equations, represented
by the Poisson equation and the continuity equation. Where, the Poisson equation
3.24 provides the relationship between the electrostatic potential and the charge
density in the semiconductor, while the continuity equations for electrons and holes
ensure the conservation of charge by accounting for current flow and recombination-
generation processes.

The Poisson equation relates the electrostatic potential ® to the charge density
p. In the context of semiconductors, the charge density includes contributions from
free electrons (n), holes (p) and ionized dopants. The equation is written as:

v =L (3.24)

€
In this formalism, the gradient of the electrostatic potential (®) depends on the
material permittivity (¢) and the charge density p.

p=qlp—n+Nj—Ny)

Here, p is the hole concentration, n is the electron concentration, N} is the concen-
tration of ionized donors, N is the concentration of ionized acceptors and ¢ is the
elementary charge.

The continuity equations describe the charge conservation of electrons and holes.
They also account for the current flow and the recombination-generation processes
in the semiconductor material. This way, the continuity equations for electrons and

holes are written in the form:

1
) 1
8—12 == V3, Gy By (3.26)

Where:
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e 1/ pis the electron / hole concentration;

e J, / J, is the electron / hole current density;

e (&, / G, is the generation rate of electrons / holes;

e R, / R, is the recombination rate of electrons / holes.

According to Marc Burgelman et al. in the article ” Analysis of gradient band
gap solar cells with SCAPS” from 2008, "SCAPS uses an exponentially fitted dis-
cretisation scheme to set up the equations for the electron and hole current J,, and
J, and for the continuity equation for electrons and holes, involving the Bernoulli
function B(x) [127]” (Burgelman, 2008)[125].

The SCAPS program can efficiently simulate: the deep bulk levels, the optical
generation, steady state direct current and alternating current, the interface states
and band discontinuities. The IV and CV simulation of the solar cell is performed
by specifying some typical parameters for the constituent layers: band gap (Eg)
value, material permittivity (¢), conduction band effective density of states (N¢),
valence band effective density of states (/Vy), electron mobility s, hole mobility ,,

acceptor concentrations N4, donor concentrations Np, all traps (defects) N, etc.






Ab initio Investigation of Perovskite

Materials and Interfaces

The materials and structures investigated in this thesis were anlized from the per-
spective of first principle calculations. The density functional theory (DFT) calcula-
tions were implemented with the help of the SIESTA code (see Chapter 3.2), which
is the central method applied to perform material simulations and interface analysis
among this chapter. The following sections will introduce the results regarding the
2D perovskite structures and the perovskite interfaces.

For the layered halide perovskites (2D), we analyze the electronic and stability
properties due to the introduction of interlayer and small cations combined with
different halogens. These results are published in the paper N. Filipoiu et al., Op-
toelectronic and stability properties of quasi-2D alkylammonium based perovskites,
Physical Chemistry Chemical Physics, 25(4), 3323-3331 (2023), where we reveal a

good agreement with the experimental results.

4.1 Low Dimensional Halide Perovskites (2D)

In the past decade, researchers have extensively analyzed 2D perovskites due to their
enhanced stability when compared to the 3D perovskite materials. It was seen that
by incorporating the large organic cations, the 2D structures were enforced with
a higher hydrophobic resistance [46]. As mentioned in Section 2.1, there are two
popular classes of layered perovskites. Here, we will focus this part of the study on
the Ruddlesden-Popper (RP) halide perovskites.

The first principle calculations were performed using the SIESTA method [128],
which relies on strictly localized basis sets, conferring this way a linear scaling of the
system size with the computational time. For the system calculations, we employed
the double-( polarized basis set combined with the local density approximation in

the Ceperley and Alder [129] parametrization of the exchange-correlation functional.

35
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The code uses the Troullier-Martins norm conserving pseudopotentials [130] accom-
panied by a k-space sampling of Monkhorst-Pack scheme of 5 x 1 x 5 with a 150 Ry
mesh cutoff energy in the real space grid. The geometric relaxation of the atoms
was performed until the forces decreased beyond the 0.15 eV/ A limit.

The electronic and stability properties of three 2D halide perovskites were investi-
gated within three RP perovskite subclasses of the (A)s(A’),—1Pb,X35,+1 family (see
Figure 4.1), where, we have analyzed the effects introduced by large interlayer cations
(A) [butylammonium (BA), pentylammonium (PA), hexylammonium (HXA)] and
small cations (A’) [methylammonium (MA), formamidinium (FA), ethylammonium
(EA), guanidinium (GA)].

(a)

Figure 4.1: The three subclasses of 2D perovskite structures are: (a) (PA),PbXy,
with X = I, Br, CL; (b) (A)2(MA)Pbol;, with A = BA, PA, HXA; (c)
(PA)2(A”)9Pbslyg, with A’ = MA, FA, EA, GA. Reproduced with permission from
Ref [131].

In order to properly represent the majority of the polycrystalline bulk per-
ovskites, we have selected the orthorhombic centrosymmetric [132] space group for
the three layered perovskites structures. The first group of structures is (PA),PbX,
(X =1, Br, Cl) identified as X, and corresponds to the space group P,.,. The sec-
ond group of structures is the (A)a(MA)Pbyl; where A = BA, PA, HXA, identified
with the notation X7, is corresponding to the C.,,,, space group. The last group is
the most complex and is represented by (PA)2(A")Pbslig (A" = MA, FA, EA, GA)
identified with X9 and can be attributed to the A4, space group. The number of
atoms for the smallest unit cell is 180 (X,) and the maximum number of atoms is
found in the (PA-GA-X10) structure with 292 atoms.

Therefore, we intend to analyze the electronic properties by performing band

structure calculations combined with partial density of state calculations (PDOS).
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For the X structures we observe the halogen effect, while for the X7 we performed
halogen, small cation and large cation substitutions. The obtained results are com-

pared with the corresponding Xy structure calculations.

4.1.1 Electronic Properties of 2D Perovskites

The layered halide perovskite structures of Xy, X7 and Xy groups allow a compre-
hensive study regarding the halogen, small cation and interlayer cation influence on
the electronic properties. Starting with the projected band structures depicted in
Figure 4.2 for the X7 structures [(PA)y(MA)PbX; (X = I, Br, Cl)], which contain
both small and long cations, we observe band structures that resemble previous re-
ports on BA-based compounds [132]. The typical increase in the band gap with the
halogen change from [—Br—Cl is present, showing in every case a direct band gap
located at the I' point.

(PA),(MA)Pb,1, (PA),(MA)Pb,Br, (PA),(MA)Pb,Cl,

r X U Z T r x U Z T r x U Z T

Figure 4.2: Projected band structures of (PA)s(MA)PbsX; quasi-2D perovskites,
showing the halogen influence on the band gap when changing X (I, Br, Cl). The red
and blue colors represent the inorganic (Pb, X) and organic (C, N, H) contributions.
Reprinted with permission from Ref [131].

Although the DFT methods tend to underestimate the band gap value, there is
a clear trend regarding the predominant contribution of the inorganic component of
the perovskite (represented in red) in the band gap, compared to the organic part
contribution (represented in blue). Also, for the X; group of structures, one can
observe the less recorded effect of the large cation on the band gap value.

In Figure 4.3 are represented the total PDOS results for the (A)y(MA)PboX5;
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class of compounds where A = BA, PA, HXA and X = I, Br, Cl. By performing the
partial density of states (PDOS) calculations for the X7 group of structures with
different long cations (BA, PA, HXA), mixed with different halogens (I, Br, Cl) we

can see the band gap variation with the combined interlayer cation and halogen

change.
(ENQNIK, | RO, MK
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Figure 4.3: Partial density of states (PDOS) for (A)2(MA)PbyX7 structures
(column-wise), with A = BA, PA, HXA and X = I, Br, Cl (row-wise): contributions
from the inorganic layers (red) and organic layers (blue), the latter being mirrored
for better visibility and the total DOS (black). The energy gaps in the PDOS are
evidenced by arrows. These are strongly influenced by the halogen type, while they
are slightly increasing as the size of the A-cation is getting larger. Included with
permission from Ref [131].

Again, by marking the organic component with blue and the inorganic compo-
nent with red, there are clear distinct energetic gaps when compared with the total
contribution (with black). The two inorganic and organic parts of the 2D halide
perovskite materials show that the inorganic part has a minimal contribution to the
energetic gap of the total PDOS. These results are in perfect agreement with the
ones presented in Fig. 4.2 and sustain the idea that the PDOS distribution of the 2D
perovskites can also be tuned through the inorganic and organic component based

on the mixture of halogen or small organic cations.
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This way, the band gap of the 2D halide perovskites is highly influenced by the
Pb-I inorganic contributions. On the other hand, one can also note two important
aspects when substituting the long organic cations and the halogens. The first
and most important energetic trend is due to the long cation substitution, where we
observed a higher band gap value for the molecules with longer chains of C-H atoms.
The second energetic trend is linked with the halogen substitution, the band gap
will decrease when the atomic number of the halogen is increasing. These results
can also sustain the band gap optimization for a suitable tandem PSC where the
stability can be enhanced by the long organic cations.

When removing the small organic cations from the X7 group of 2D perovskites,
the X, group is obtained. This class of layered halide perovskites presents a higher
quantum confinement when compared with the X, group, which can be linked with
the removal of the MA small cations. In Figure 4.4 (a) is presented a more detailed

effect, which also reveals the halogen effect on the energetic gap.
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Figure 4.4: Comparing the band gap variation for X, and X7 quasi-2D perovskite
classes: (a) (PA)oPbXy, with X =1, Br, Cl and (b) (PA)2(MA),—1Pb,I5,+1, with n
=1, 2, 3. The Xy class shows a similar trend as for the X; class as the halogen is
changed, while increasing n by the amount of MA the band gap is decreasing in the
sequence Iy N\, I7 N\ Ijp. Incorporated with permission from Ref [131].

Another important aspect is that the band gap is directly linked with the number
of layers. These aspects can be seen in Figure 4.4 (b) where, the increasing number

of layers Xy, — X7 — Xy reduces the quantum confinement and therefore the band
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gap is decreasing.

4.1.2 Stability Assessment in 2D Perovskites

Starting with the most probable degradation mechanism of the 3D organo-halide
perovskites, the evaluation of layered organo-halide perovskites stability is revealed
using the formation energy. The 3D perovskite degradation can be divided in in-
trinsic degradation and eztrinsic degradation mechanisms [34, 133]. The intrinsic
degradation mechanism accounts for the degradation mechanisms which occurs due
to the electrical or thermal stress. On the other hand, the extrinsic mechanism is
related to the processes where external elements like water molecules or oxygen are
involved.

We address the degradation based on the intrinsic mechanism, by analyzing
the two principal decomposition pathways which produces a solid precipitate and

gaseous phase:

(A)a(A)o1PbpXsnsr — 28 + (n— DA’ + (n+ 1)HX + nPbX,  (4.1)

The reaction pathway for the extrinsic degradation mechanism considers the

impact of molecular oxygen and is described using the equation:

1 _ -
(A)a(A)p_1PbyXsnis + (”I >02 — 2A + (n— 1A’

1 1
+ <”; >H20 + (”; )X2 + nPbX, (4.2)

Where, we associate for the deprotonated, electrically neutral molecules corre-
sponding to the large and small cations the notations A and A,
According to C. Van de Walle [134], the formation energy (Ef) of a point defect

can be defined using the equation:

prv prv

Ep = Elef _ pideal _ Z il (4.3)

Here, the term ngj is the total energy of the system containing the defect and

Eiel is the ideal crystalline structure (without the defect). In this context, n; <
0 represents the number of the removed atoms and p; accounts for the chemical
potentials of the extracted species (i = I, Br, Cl or Pb). The p; upper limits are

equal to half of the total energy of the Xy molecule for a halogen (px < fixix,))
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or the chemical potential of bulk Pb (upp, < [Lpb[bulk]). In this way, we investigate
single-vacancies, i.e. n; = —1 and we consider halogen and Pb rich conditions for
the respective vacant species, in order for the chemical potentials to become equal
t0 px[x,) and fipp[puly]-

The layered organo-halide perovskite (2D) structures represented by the family
of (A)2(A"),_1Pb,X3,41 structures, are analyzed in accordance with the intrinsic
and extrinsic degradation pathways. Therefore, Eqs.4.1-4.2 are implemented for the
three subclasses Xy , X7 , Xjo represented by (PA)sPbXy, (A)2(MA)PbyX7 and
(PA)o(A")9Pbslyp structures. In this way, we determine the measured endothermic
reaction energies (from Tables 4.1 and 4.2), by considering a structure for every class
as reference one can see the effect of the halogen, small or large organic cation on

the degradation mechanism.

Table 4.1: Relative stability of X4, X; and Xy quasi-2D perovskites with respect to
the intrinsic degradation mechanism [Eq. (4.1)]. Reproduced with permission from
Ref [131].

(a) Changing the halogen in X4 structures:

2D perovskites (X4) I Br Cl
(PA)2PbX, REF +5% +3%

(b) Changing the large cation (A) in X7 structures:
2D perovskites (X7) I Br Cl
(BA)>(MA)Pby X7 REF 4% -3%
(PA)o(MA)Pby X7 +3% +8% +2%
(HXA)(MA)PboX7 4% 1% 3%

(c) Changing the small cation (A’) in X structures:
2D perovskites (X)) MA FA EA GA
(PA)2(A")2Pbslig REF +6% +1% +9%

The approach is to use one compound as reference from each class and compare
it to the corresponding systems. In this manner, we can point out the influence
of the halogen, small and large cations on the degradation processes. For the in-
trinsic degradation mechanism in Table 4.1, we see that replacing I with Br leads
to increased stability (4%—-8%), which is also reported in the case of the extrinsic
degradation mechanism (5%-7%) in Table 4.2. At the same time, by substituting io-
dine with chlorine induces a stability decrease, similarly to the intrinsic degradation
pathway (-3%2%) for the X; family.

Compared with the X4 group, the stability of chlorine based compounds is located
between the iodine and bromine based structures. This is in opposition with the
extrinsic degradation mechanisms, where the chlorine utilization is beneficial and

we see an improvement when comparing it to the iodine based systems, which is
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similar to the one of bromine based structures of (5%—6%).

Table 4.2: Complementary to Table 4.1, the relative stability of X, X7 and Xig
quasi-2D perovskites with respect to the extrinsic degradation mechanism [Eq.
(4.2)], involving molecular Os. Reproduced with permission from Ref [131].

(a) Changing the halogen in X, structures:

2D perovskites (X4) I Br Cl
(PA),PbX, REF 5% 6%

(b) Changing the large cation (A) in X7 structures:
2D perovskites (X7) I Br Cl
(BA)2(MA)PbyX7 REF +5% 6%
(PA)2(MA)Pba X7 ~0% +5% +5%
(HXA)2(MA)PbeX7 +1% +7% +6%

(c) Changing the small cation (A’) in X;¢ structures:
2D perovskites (X)) MA FA EA GA
(PA)2(A7)5Pbsl1 REF 2% ~0% +3%

Although the studied structures are in the class of layered organo-halide per-
ovskites(2D), there is a similar behaviour of the stability with respect to the halogen
type to 3D perovskites [34] family: it was established for the intrinsic mechanism,
that the stability evolves in the sequence I  Cl  Br [(PA),PbX,] and C1 /1 &
Br [(A)2(MA)PbyX7|, compared with the extrinsic mechanism where the increase
starts from I  Cl =~ Br. The same behaviour was also reported by other theoreti-
cal and experimental investigations described in Ref. [34], where it is underlined the
picture of an enhanced stability for Br-based perovskites in comparison to I-based
ones. Similarly, the studies conducted by Pistor et al. [135], Brunetti et al. [136],
Ciccioli et al. [137] and McGovern et al. [138] observed a similar behaviour for
both 3D and 2D perovskites. Some 3D perovskite structures were shown to possess
a lower stability (e.g. based on hydroxylammonium and hydrazinium), which was
also experimentally confirmed. On the other side, a very recent theoretical and ex-
perimental study [139], confirms that the MA;_,EA,Pbl; mixed perovskite system,
identified in our previous study [34] is a strong candidate for improved stability and
photovoltaic performance.

When comparing the stability results for the substitutions of the large cations
in the sequence (BA, PA, HXA), there is minimal variation of the relative stability.
What is clear is that replacing MA with other small cations (FA, EA, GA) will
produce a stability increase. This observation can be related to the deprotonation
energies of the small cations explained by the reaction: A'X = A’ + HX. When
evaluating the deprotonation energy values for the small organic cations and the

large interlayer organic molecules, we see that the small cations deprotonation energy
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values are fluctuating from 0.55 eV (MA), 1.24 eV (EA), 1.41 eV (FA) and 2.09 eV
(GA), once for the large cations (BA, PA, HXA) we obtain a similar result, ~0.75
eV. In this way, we can assume that there is a strong correlation between the stability
of the 2D perovskites and the value obtained for the deprotonation energy in both
intrinsic and extrinsic degradation mechanisms. In relation to these aspects, we may
observe the principal role of the small organic cations which can introduce a higher

stability state to the overall device.

+ 1 * Br Cl
L
3 (a) Vv : ]
> 7 X TEEEE
o 2 B
a8 1_r:::::as:.:...;:.i VPb__
0 | | | | ! |: |
I I B S L L
3— (b | ]
; L (b) VX ISR
& 2_ i......._
LULH 1'_l'"':"e":‘:':v:.:;u::vs:i VPb_
O | | 1 | | | | | | | i | |
0 5 10 15 20 25 30 35
T T T T T T " T T
—T@O vy -
> X :0000...
\21 2_ :Oooo.._._‘
[—U 1::"3:03:8'03::03.:0.:.‘.:.:.5 VPb__
0 T T T e
0 5 10 15 20 25 30 35

Vacancy position

Figure 4.5: Formation energies of halogen (X = I, Br, Cl) combined with Pb single
vacancies, for the 2D perovskite classes: (a) (PA)sPbXy, (b) (PA)2(MA)PbyX; and
(c) (PA)2(GA)PboX;. Reprinted with permission from Ref.[131]

There are also other degradation mechanisms which can affect the stability. That
is why the point defect analysis can reveal important aspects related to the ion
migration or stability. To this end, we implement the investigation of the for-
mation energies of single-vacancies of lead and halogens, this way revealing the
trends attributed to the halogens and small cations. The formation energy, from

Eq. (4.3), provides the probability for a certain type of defect to be formed. Fig-
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ure 4.5 shows the formation energies for all possible halogen and lead vacancy sites
for the (PA)oPbXy, (PA)2(MA)PbyX; and (PA)o(GA)PbeX; structures. Showing a
small difference between the halogen types, the formation energies indicate a trend
where: Ef' > EP* > El. This observation is more clearly visible in the structures
containing GA, where a higher formation energies is revealed, as compared to MA
molecule or the X, class. These results are also sustained by previous investigations
concerning bromide/ iodide 3D halide perovskites [140]. Furthermore, the same
behaviour is noticed for Pb vacancies, for bromine and chlorine based perovskites

where the Pb vacancy will also increase the formation energy.

4.2 Interfaces with Perovskites

As already mentioned in Chapter 2, the interfaces play a crucial role in the PSCs
functionality, the electron transporter layer (ETL) and hole transporter layer (HTL)
together with the perovskite material are highly influencing the overall performance
and stability of the solar cell. For these reasons, we stress these aspects by studying
the point defect influence on the individual interfaces of ETL-PRV and PRV-HTL.

SIESTA was the selected DFT method for optimizing the bulk materials and
also for simulating the defected and ideal interfaces. We have benefited from the
linear time scalability of the SIESTA program with the number of atoms (in the
system) in order to perform the calculations. For both type of simulations (bulk
or interfaces) we have used the Ceperley and Alder [129] parametrization of the
local density approximation (LDA) combined with the Troullier-Martins [130] norm-
conserving pseudopotentials. The selected basis set was a double-( polarized (DZP)
basis set with a meshcutoff energy of 300 Ry for bulk materials and 150 for interfaces,
combined with a Brillouin zone sampling of 5 x 5 x 5 Monkhorst-Pack grid. The
relaxations were performed until the system residual forces where less than 0.04
eV/ A. Due to the typical DFT underestimation of the bang gap, we employed the
DFT+U method for the structures where the underestimation impeded the analysis.

Beyond the clear role in charge collection and charge separation, the selection of
the HTL and ETL materials can play a crucial role in ion migration reduction. As
presented in Chapter 3.3, the ion migration is the principal degradation mechanism,
associated with the intrinsic degradation of the PSCs. Due to the incorporated or-
ganic molecules in the halide perovskites, there was a common approach in using
the organic Spiro-OMeTAD as HTL for PSCs. This was later proven to be a poor
decision, not due to the high productions costs, but mainly due to the ion permeabil-
ity. For these reasons, more recent studies introduced in their works the inorganic
crystalline compounds (NiO, CuyO, etc) [141, 142].
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Although there are other available materials with applications in the photo-
voltaic field [80, 81, 82], the advantages of the oxide materials, beyond the ion
migration reduction, are also the procesability, being available for low temperature
solution-based deposition techniques or, alternatively, can be included in inverted
PSC structures [143]. One can note, that ionic migration is less effective in the ETL,
which is typically made from crystalline materials like TiOs, ZnO, SnOs etc. A clear
aspect is that both ETL and HTL are equally responsible for the PSC performance.

4.2.1 Bulk Materials Optimizations

In this section, we will focus on the ab initio optimization of the constituent materials
of the two principal interfaces of a PSC, namely the PRV-HTL reproduced with the
MAPIQCu50 heterostructure and the PRV-ETL represented by MAPIQTiO, slab.
Therefore, we start with the structural optimization and electronic band structure

characterization of the interfaces constituent materials (MAPI, Cu,0O, TiOy).
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Figure 4.6: Band structure and PDOS simulations for the anatase phase of the TiO,
material, showing an electronic band gap F, = 1.96 eV. Reproduced with permission
from Ref. [144].

From the three possible configurations of the titanium dioxide (TiO;), we se-

lected the anatase crystalline structure which is more commonly reported in the



46 Ab initio Investigation of Perovskite Materials and Interfaces

experimental studies. Compared with the rutile and brookite phases, the anatase
phase has a unique tetragonal structure attributed to the I4;/amd space group,
where the unit cell is composed of four titanium atoms and eight oxygen atoms.
The TiO4 oxide is a semiconductor material which shows an experimental band gap
value of 3.22 eV [145].

In Figure 4.6, the titanium dioxide band structure shows an indirect alignment
of the conduction and valence bands. Using plain DFT, the calculated energetic
band gap value is £y, = 1.96 eV. The minimum value of the conduction band (CB)
is situated at the I' point, with the maximum value of the valence band (VB) located
in the proximity of the M point which is in good agreement with other studies [146].
From the PDOS representation, we see the principal orbital contributions to the
edges of the band gap are represented by Ti 3d for CB and O 2p for VB.
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Figure 4.7: Band structure and PDOS simulations for the Cus,O material, showing
a band gap value of £, = 1.49 eV. Reproduced with permission from Ref. [144].

For the cuprous oxide (CuyO), we have used the cubic crystalline structure as-
sociated to the Pn3m space group. Compared with the experimental band gap, the
value of 2.1 eV [147] was partially reproduced by using the DFT+U method, where
we applied U = 8 eV potential on the Cu 3d orbitals combined with an 12 eV on 2p
Oxygen orbitals. The PDOS results from Figure 4.7 show that the Cu 3d and Cu
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4s orbitals bring the highest contributions to the band edges, where the 3d orbitals
are contouring the valence band and the 4s orbitals contour the conduction band.
MAPI perovskite is known to be crystallizing in three phases: cubic, orthorhom-
bic and tetragonal. We have used the last two structures which possess 48 atoms in
the unit cell and they show similar optoelectronic results (1.6 ¢V) when comparing

the band gap values.
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Figure 4.8: Band structure and PDOS calculations for tetragonal (a) and or-
thorhombic (b) MAPI (CH3NH3Pbl3) perovskite. Incorporated with permission
from Ref. [144].

The calculated band gap value is in good agreement with the experimental work.
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This behaviour results from a fortouis cancellation of the DFT (LDA) underestima-
tion and the lack of spin orbit coupling [148]. For both phases the PDOS results
show the principal contributions of the I-5p and Pb-6p orbitals.

4.2.2 Ideal Interfaces with Perovskite Materials

Based on the optimized materials (MAPI, TiOs, Cuy0), we reproduced the two
active interfaces of a PSC. The first interface consists of a tetragonal MAPI per-
ovskite layer containing 108 atoms interfaced with a titanium dioxide (TiOs) layer
comprising 135 atoms. This slab represents the PRV-ETL interface (I;). The su-
percell dimensions for this interface are ¢ = b = 11.05A and ¢ = 39.67 A, which
were obtained by translating the unit cell of the MAPI tetragonal perovskite along
the diagonal, aligning the Pb atoms at the corners of the 11.05 A cube. The TiO,

unit cell was then multiplied to match the new PRV unit cell dimensions.

Figure 4.9: Geometry optimizations of heterostructures, for MAPIQTiO2 at the

top and MAPI@QCu20 at the bottom of the figure. The IDL1, IDL2,IDL3 and IDL4
labels will be detailed in Chapter 6 where we correlate the DFT results with the
device analysis. This figure is reproduced with permission from Ref. [144]

The second heterostructure reproduces the PRV-HTL interface (1), being com-
posed of 78 atoms for the orthorhombic perovskite (MAPI) layer and 140 atoms in

the cuprous oxide layer. The supercell dimensions after scaling the perovskite to the
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double value of the oxide unit cell dimensions are a=b=9.08 A and c= 55 A with
15 A of vacuum. The geometrical relaxation of the interfaces was performed with
SIESTA and following to the relaxation of these structures, we considered them as

ideal interfaces where no point defects are present.

4.2.3 Influence of Defects on the Interfacial Band Align-

ment

Although PSC devices may inherently contain some unintentional point defects from
the deposition process, these defects can be advantageous for inducing the material’s
p/n character. Therefore, carefully selecting the type and quantity of defects can
enhance the overall stability of PSCs. Ab initio methods provide an opportunity
to apply defect engineering techniques to ideal, relaxed interfaces. Starting from
these ideal interfaces, we have analyzed the effect of vacancies on the PDOS band

alignment, generating 20 random cases for each vacancy type.

(a) MAPIQTiO, (b) MAPIGCu,0
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Figure 4.10: Band alignment at (a) MAPIQTiO, and (b) MAPIQCu,0O interfaces
obtained from the PDOS of the materials: ideal systems (upper plots), followed
by structures with Vi, Vpy, Vg and Vo, A number of 20 disorder realizations
are depicted together with the averaged PDOS. Reproduced with permission from

Ref. [144].
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For the perovskite material, we have analyzed the lead (Vp,) and iodine (V1) va-
cancies and for the oxides we have analyzed the titanium V7, copper V-, and oxygen
Vo vacancies. Based on the interface particularity, we have analyzed different va-
cancy concentrations, for the PRV-HTL interface: 1/12 = 8.33% Vpy,, 2/32 = 6.25%
Wi, 2/45 = 4.44% Vi and 4/90 = 4.44% Vo, for the PRV-ETL the concentrations
are: 1/8 =12.5% Vpy, 1/22 = 4.55% V1, 5/96 = 5.26% Vi, and 2/44 = 4.55% Vo.

Depending on the impurity type, there are different doping effects occurring in
the interface. These effects can even change the n or p type character of the layers.
In both oxides, the oxygen vacancies V generates donor centers, while the metal
vacancies Vr; and Vi, creates acceptor centers. A similar trend is observed for the
perovskite, where for MAPI perovskite, Vp, induce a p-type character, while V;
introduce an n-type character.

When analyzing the different disorder calculations, it is clear that based on their
relative position and the proximity to the interface, the PDOS results can reveal
slightly different characteristics. What is important, is that for all the 20 cases
calculated for each vacancy type, we see a consistent trend. If we perform a more
detailed inspection of Fig. 4.10a and Fig. 4.10b we see that MAPI PDOS is shifted
in opposite directions for V; and Vpy, followed by a similar effect observed for TiO,
when Vi or Vg are present. High defect concentrations can enhance the band offsets
or can even locally reverse the band alignment. The same behaviour is evidenced
for the MAPIQCu,0 interface in Fig. 4.10b.



Dynamic Hysteresis Effects and Small
Signal Analysis in PSCs

Starting from the typical features observed in experimental measurements, we will
perform both large- and small-signal analyzes. In the large-signal analysis, the effects
of scan rate and characteristic time scales on the magnitude of hysteresis will be
demonstrated using J-V simulations under varying voltage poling and illumination
conditions. In contrast, the small-signal analysis reveals the capacitive and inductive
effects, which are attributed to two distinct recombination processes: the influence
of the bulk electric field and ionic-induced defect recombination, respectively. These

J-V characteristics are supported by experimental data in Ref. [79].

In order to reproduce the hysteretic effects of a PSC, we defined a set of equivalent
circuit parameters assigned with the reference PSC. In the following discussions,
some of these parameters will be adjusted to highlight different behaviours related
to capacitive and inductive effects. In the published paper (Filipoiu N. et al., 2022),
"the following circuit model parameters are used in the reference PSC configuration:
series resistance Ry = 50 €2; shunt resistance Ry, = 6 k{); photogenerated current
In = 2 mA; diode parameters Iy = 107" A and njgkgT = 40 meV; geometrical
capacitance Cy = 0.079 uF; PSC area A = 0.09 cm™?; absorber (ionic) resistance
R. = 500 k; ionic capacitor parametrization in Eq. (3.9) (one capacitor case)
Co; = 10 uE, Cy = 10714 uF, n.kgT = 26 meV. In this initial PSC configuration
only the capacitive effects are accounted for (a; = 0, b = 1000), while the ionic
capacitor losses are initially neglected (R;s — o0). The parametrization of .. as
a function of I, is given by: A\g = 0.5, A\g,, = 10 mA, A\, = 50, A, = 500 mA~l. A

typical scan rate o = 20 mV /s is used in the subsequent large signal analysis” [79].

51
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5.1 Large Signal Analysis

When performing large-signal analysis, J-V simulations are crucial for understand-
ing the effects of different voltage poling and illumination conditions. Typically,
dynamic J-V measurements are conducted by recording the current at each voltage
value during a reverse-forward (R-F) scan. This involves varying the applied voltage
in a forward loop from the initial voltage to the short-circuit value and then return-
ing from the short-circuit voltage to the initial value in the reverse loop. These J-V
simulations are fundamental in evaluating the power conversion efficiency (PCE) of

a PSC [149] and can also uncover significant degradation characteristics [150].

Different pre-poling conditions reveal opposite effects; when using a positive
poling voltage V,q the J-V curve poses a normal hysteresis, while the negative

poling voltage Vo1 < 0 can even invert the hysteresis.
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Figure 5.1: J-V calculations for positive and negative poling conditions: (a) Vo >
Voe and (b) Vo < 0, showing normal and mixed (inverted) hysteresis, respectively.
Incorporated with permission from Ref. [79)].
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In Figure 5.1 (a) we see the normal hysteretic effect, which reveals an increasing
current bump on the reverse scan, when the applied V. takes values from 1.2 V to
1.6 V, which is in good agreement with other J-V measurements [61, 63, 62]. The
negative poling from -1.5 V to -5 V (see Fig. 5.1 (b)) shows an inverted hysteresis
which is induced by the large recombination, visible in the reduced reverse current.
This inverted hysteresis emerged due to the unfavorable electric field produced by

the initial ionic displacement during the pre-poling phase.
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Figure 5.2: J-V analysis of the two dynamic hysteretic measurements for normal- and
inverted hysteresis conditions when changing the: (a,b) illumination (I, = 0.5,1,2
mA), where J has been rescaled for the lowest two illumination intensities by 4x
and 2% ; (c,d) ionic resistance (Rjn, = 0.25, 0.5, 1 MQ); (e,f) scan rate (o = 5,
20, 40, 100 mV/s), for Ri,, = 1 M€, where the limiting case of a very rapid scan
(1V/s) is shown for NH (magenta). The color codes are the same for NH and IH.
Reproduced with permission from Ref. [79]
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The dynamic hysteretic effect is strongly linked to the illumination conditions.
For different illumination conditions, a partial scaling with the J-V characteristics
was revealed [117]. A similar behaviour was recorded by our model when changing
the I, value from 2 mA to 1 mA and 0,5 mA (see Fig.5.2 (a) and (b)), where near
the short circuit voltage value we witness a direct decrease of the collected curent
with the photogenerated current I,,. Being in good agreement with other studies
[76], two other particularities can also be depicted from the scalar J-V dependence
to the I,,. The first observation regards the position of the current bump, which
shifts towards lower voltage values when the photogenerated current is increasing.
The second particularity involves the decreasing value of the short circuit voltage

Voe with the I, decrease.

The time step associated for a typical dynamical hysteretic effect ranges from
seconds to a few hundred of seconds, the reason for this variation being the ionic
migration. In our model, the ionic migration is controlled by the Riy,-Cio, circuit,
where the slow process are given by 7 = Rio,Cion. This way, there is a direct
dependence between the Ci,, and the voltage. When changing the R;,, values (0.25,
0.5, 1.0, M) at a constant scan rate, there is a clear shift of the current bump
under normal hysteresis conditions, while under inverted hysteresis conditions the

current bump increases (see Fig.5.2 (¢) and (d)).

Furthermore, the scan rate o has a strong effect on the J-V characteristics.
When keeping the standard PSC parameters set and only changing the scan rate
in the range of 5 mV/s to 1 V/s, this has a direct impact on the short circuit
current and also on the hysteretic effect dimensions (see Fig.5.2 (e) and (f)). The
effect is cancelled for very slow « rates, which are attributed to the point where the
stationary case happens. The effect of cancellation was also seen at very fast a rates

where the slow processes cannot follow the rapid voltage change.

The developed multiscale dynamic electrical model (m-DEM) can be used to
reveal important information regarding the species types and the ion mobilities from
the perovskite layer. At the same time, the model can account for the hysteresis
effects observed in the current voltage measurements due to the different ETL ot
HTL materials. In this concern, we have employed the Nelder-Mead (NM) [151]
algorithm using the Python SciPy library to correlate the calculated J-V results
from the m-DEM model with the experimental J-V measurements. By using the
Nelder-Mead (NM) algorithm, we iteratively search the parameters values for which

the model calculates a closely matched experimental J-V characteristic.

In the Ref. [152], the influence of the different ETL materials (TiO2, SnO,,
SnOy QDs) on the PSC behaviour was analyzed. The resulting J-V experimental

measurements show a relative large hysteresis and multiple values of the open cir-
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cuit voltage. For these experimental results, we employed the search of some basic
model parameters like: the series resistance (Ry), the shunt resistance (Rg,), the
thermal voltage (Viy), the parametrization of the ionic capacitance (Cy, Cy) and of
the recombination current ([ eco, &, b).

Figure 5.3 presents the calculated J-V characteristics using the m-DEM model
for the parameters provided by the (NM) algorithm in comparison with the experi-
mental J-V measurements when considering different ETL materials. The coefficient
of determination R? revealed at least 90% similarity between the calculated charac-

teristics and the experimental ones.
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Figure 5.3: The J-V characteristics calculated with the m-DEM model (red dots)
compared with the experimental J-V measurements (blue dots), for different ETL
materials (TiOg, SnOq, SnOy QDs). Introduced with permission from Ref [152]

When comparing the key parameters of the m-DEM model, we show that they
are in good agreement with the reported experimental values. For example, the
series resistance follows the experimental decreasing trend, where (Rs) changes from
25 Qcm? (TiOs) to 17 Qem? (SnO,) and 16 Qem? (SnOp QDs). The shunt resistances
are in the same range of 200 Qcm? to 600 Qcm?. The hysteretic effect was controlled
with the help of the b parameter, which has the role to link the ionic current with
the recombination current. On the other hand, we introduced a small V;variation
which parametrizes the diode recombination current by setting the open circuit

voltage value.
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The calculated J-V characteristics reveal the different voltage poling and illu-
mination conditions effects on the hysteresis effect. The versatility of the m-DEM
model in reproducing different hysteretic behaviours is evidenced in Fig. 5.3, which
can be a useful tool for analyzing the influence of different ETL, HTL or PRV

materials.

5.2 Small Signal Analysis

When conducting dynamic J-V measurements on a PSC, a hysteresis behaviour
is observed between the reverse and forward voltage scans. This distinctive effect
was primarily attributed to the apparent capacitive phenomena at the interfaces
between the perovskite and the transporter layer materials. When performing EIS
measurements under illumination, the results revealed even higher capacitance val-
ues, which were ascribed to a collection or recombination current that is modulated
by the instantaneous electric field generated by ion migration within the perovskite.

Following the reports of these significant capacitive effects, inductive effects were
also detected through EIS measurements. While the capacitive effects can be mod-
elled using existing capacitive elements in the device structure, the reported in-
ductive effects introduce a difficulty in assigning a physical inductor element. This
highlighted the need to unify both concepts and provide a comprehensive description
of the capacitive and inductive phenomena occurring within a PSC. Accordingly, the
following sections are dedicated to discussing the small-signal analysis of the capac-
itive and inductive effects.

When performing EIS the Nyquist plot is a commonly used graphical represen-
tation to analyze the impedance of a system as a function of frequency. In this plot,
the real part of the impedance is plotted versus the imaginary part. Unlike a typical
frequency response plot, the Nyquist plot does not explicitly show frequency; in-
stead, it presents the complex impedance at different frequencies as a series of data
points that form arcs or semicircles.

For many electrochemical systems, including PSCs, the Nyquist plot can reveal
crucial information about the underlying physical processes. The shape and posi-
tion of the arcs in the plot can indicate different capacitive, resistive and inductive
effects occurring within the device. For example, in PSCs, a low-frequency arc of-
ten represents the ionic capacitance, which is related to the slow movement of ions
within the perovskite layer. Conversely, a high-frequency arc typically corresponds
to the geometrical capacitance, which is associated with the dielectric properties of

the material and the electrode interfaces.
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5.2.1 Capacitive Effects

When using our m-DEM model, the best approach is to separately analyze the
capacitive effects, that is why the inductive effects where canceled by setting a = 0
in Eq. (3.23). This way, in the performed EIS simulations, b x I. controls the
recombination current, which is essential for understanding the increasing apparent

capacitance C,p, with the illumination.
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Figure 5.4: Different illumination conditions are simulated by changing the pho-
togenerated current I, = 2,1,0.2,0.02,0.002 mA, the recorded capacitive effects
are presented using: (a) Nyquist plot and (b) the apparent capacitance (Cypp) as a
function of frequency. When simulating the dark conditions (I, = 0.002 mA) the
ionic capacitance (Ci,y,) is revealed at low frequencies, while at higher frequencies
the geometrical capacitance (Cp) is evidenced. However, Cypp, increases sharply with
illumination intensity, as in typical EIS experiments. Included with permission from

Ref. [79].
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In Figure 5.4 (a) is represented the Nyquist plot analysis and in subplot (b)
the frequency dependence of Cyy,,. In both representations we start from near-dark
conditions (I, =2 x 1072 mA) and extend to the maximum illumination intensity
considered (I, = 2 mA). The analysis is conducted at a working point of Vi, = 0.7
V, which is close to the maximum power conversion efficiency (PCE) point, with
the PSC in a steady-state regime.

When simulating the J-V under dark conditions, two plateaus can be observed:
one corresponding to the ionic capacitance (Cj,, ~ 10 puF) and the other to the
geometrical capacitance (Cy ~ 0.07 uF). These findings are consistent with various
EIS measurement reports under similar conditions, as well as with the experimental
data presented in Ref. [79]. In the corresponding Nyquist plot, two distinct arcs are
visible: one associated with the ionic capacitance at low frequencies and the other

with the geometrical capacitance at high frequencies.

5.2.2 Inductive Effects

In some PSCs, the inductive effects are visible at intermediate frequencies, but typ-
ically the effect is recorded in a higher rate at small frequencies. In our dynamical
model, we attributed the inductive behaviour to the ionic accumulation at the in-
terfaces, which are produced by defect induced recombination of charge. The ionic
accumulations associated with the inductive effects are represented in the m-DEM
model through the a x Q¢ term in Eq. (3.23).

By following a procedure similar to the one described in the previous section,
the capacitive effects introduced by charge recombination due to the electric field
were mitigated by setting the parameter a. This adjustment serves to reduce the
influence of the capacitive contribution to the overall system, which is often reflected
in the imaginary part of the impedance, Im[Z].

The choice of b = 100 reproduces the typical behavior of a PSC, and captures
the transition from capacitive effects to inductive ones. In many impedance mea-
surements, especially in systems where recombination processes are significant, the
imaginary component can exhibit complex behaviour, potentially leading to mis-
leading interpretations if not properly accounted for. This approach, not only aids
in better understanding the frequency-dependent behaviour of the system but also
ensures that the sign of Im[Z], which is crucial for determining whether the system
exhibits inductive or capacitive behaviour, is accurately captured.

In Fig. 5.5 we represented the Nyquist plot and Cyp,, — f dependence for different
a = 0,5,10,30,40 s~'. As expected by setting the parameter b = 100, for small
values of a, we still reproduce a capacitive behaviour, while for larger values the

inductive effect becomes more visible at low frequencies and eventually the inductive
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effects will overpass the intrinsic capacitive behaviour.
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Figure 5.5: The transition between the capacitive and inductive behaviour, where
the inductive effects are represented using the Nyquist plot (a) and they correspond
to the frequencies ranges marked by arrows (b). For this representation, the param-
eter a is increased in the range of values: 0, 5, 10, 30, 40, 80 s~!, which translates in
a direct proportional effect with the recombination current, where for higher values
the inductive effects are majoritary. Incorporated with permission from Ref. [79].

The EIS experiments performed under illumination reported significant appar-
ent capacitances, while at a later time, the EIS measurements also reported rela-
tively large inductances. The common point is that both phenomena originate from
a modulated recombination current that increases markedly with illumination, as
demonstrated by the experimental data presented in Ref. [79]. However, while the
capacitive effects stem from the instantaneous electric field within the bulk of the

perovskite, the inductive effects are primarily linked to ionic-induced defects, which
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are mostly concentrated at the interfaces. The mobility of ions and their tendency
to induce defects are critical factors contributing to the inductive behaviour. There-
fore, these inductive effects can serve as quantifiable indicators for defect analysis

and recovery, offering the means to monitor PSC degradation.
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Figure 5.6: The inductive behaviour under the influence of the working point (V)
for different @ = 30 s™!: (a) Nyquist plot showing an enhancement in the sample
conductivity; (b) The absolute value of the apparent capacitance, indicating an
increase of the threshold frequency (f.) with V4, where the capacitive effect is
switched into an inductive effect and, also, a small increase in the apparent inductive
effect by increasing Vi, at low frequencies. Reprinted with permission from Ref. [79].

The inductive behaviour is also influenced by the working point V4, pre-set in
the EIS measurement, as illustrated in Fig. 5.6. Typically, the real part of the
complex impedance decreases with increasing V5, indicating a transition towards
more conductive behaviour. At higher V;,, and lower frequencies, the magnitude

of the inductive effects increases due to larger ion accumulations. Additionally,
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the transition frequency between capacitive and inductive behaviour, denoted as
fei, shifts towards higher frequencies. These observations are consistent with the
experimental results presented in detail in the Ref. [79].

Moreover, the shift of f,; with increasing V;,, highlights an intriguing conver-
sion from capacitive to inductive behaviour, as recently reported in Ref. [77]. This
conversion supports the hypothesis that significant ionic accumulations at positive

voltages may trigger a type of recombination responsible for the observed inductive

effects.
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Figure 5.7: Phasor diagrams showing the dephasing of the recombination currents in
the range of frequencies f = 0.1 — 1 Hz, for two types of PSCs, with: (a) capacitive
effects only (a = 0, b = 100) and (b) capacitive and inductive effects (a = 30 s 1,
b = 100). The diagrams correspond to the data sets shown in Fig. 5.5. The small
signal voltage v(t = 0) has zero phase, i.e. it is oriented along the z-axis (i = 0).
In (b) subplot, the 7/2 dephasing between i and i%_ is evidenced. Incorporated
with permission from Ref. [79].

The capacitive and inductive behaviours, as reflected by the two current compo-
nents in Eq. (3.23), are suitably described by the phasor diagrams shown in Fig. 5.7.
When a small signal with amplitude vg = 1 mV is applied, the resulting current ¢ is
dephased due to the different recombination mechanisms. The parallel impedances
Zi% and Zg', introduced in Egs. (3.16) and (3.17), play a decisive role in this de-
phasing. The small signal recombination currents & _ and i$_ are determined by the

rec rec

774 =S Z3 These currents, il and i,

relations v + iR, = " are dephased by

7/2, as the former is proportional to @, while the latter is proportional to 9Q./0t.
This phase relationship can be observed in Fig. 5.7(b). In the charge accumulation
model, the impedance response is equivalent to large capacitive (Cyee = 1.01 mF)
and inductive (L = 16.6 kH) elements, consistent with previous reports [64].

It is important to note the connection between the capacitive and inductive ef-

fects: the capacitive behaviour is influenced by the ionic current, 0Q)./0t, while
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the inductive behaviour is linked to ionic charge accumulation, ).. The total re-
combination current generally consists of a combination of these two components

and the sample-specific parameters a and b determine which of the two behaviours

dominates.
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Figure 5.8: The inductive effects when using the two active interfaces model: (a)
Nyquist plot and (b) Cypp — f plot. Where different illuminations conditions are used
(Ipn = 0.2,1,2 mA). For the two interfaces, the capacitances have the ratio C /Cy =
20. Consequently, the second semicircle, C},,, corresponds to the C5 capacitance,
while the arc associated with C; shifts into the negative (inductive) region. The
dashed lines represent the point where the inductive contribution vanishes for I, = 2
mA. Reproduced with permission from Ref [79].

When performing the EIS measurements, some PSCs reveal two or three arcs in
the Nyquist plot [153], in addition to the low-frequency inductive behaviour. This
observation indicates the presence of multiple relaxation time scales relevant to

the capacitive behaviour. These distinct time scales may arise from the migration
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of various ionic species (e.g., iodine, methylammonium ions and their associated
charged vacancies) and/or their accumulation at the interfaces. The capacitances
associated with the two interfaces can differ significantly, considering the varying
ionic diffusivities at the ETL-perovskite and HTM-perovskite interfaces and the
resulting ion distributions.

Figure 5.8 illustrates a scenario with two ionic species (e.g., negatively charged io-
dine ions and positively charged iodine vacancies) migrating towards both interfaces,
but with different time scales. The two capacitors are characterized by Cy; = 20 uF,
Cii =2x 107" uF, Coy = 1 uF, Oy = 1071 uF and n kT = 26 meV, resulting
in a capacitance ratio of C7/Cy = 20. In this case, @; is the dominant component,
generating the inductive effect at low frequencies, while ()5 produces negligible in-

ductive effects. The two capacitive arcs in the Nyquist plot correspond to C, and
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Figure 5.9: The two interface model showing the inductive loops at intermediate
frequencies: (a) Nyquist and (b) C-f plots. Here, the two capacitors are parametrized
by Cop = 20 pF, C;p = 20 x 107'° uF, Cpy = 0.05 pF, C15 = 0.05 x 1071 uF,
n.kgT = 26 meV, i.e. we have Cy/Cy = 400. We consider in this case a; = 1 and
as/ay in the sequence specified in the legend. A smaller Cy capacitance drives the
inductive effects at higher (intermediate) frequencies, producing the inductive loop.
As @)y is correspondingly smaller, the ion-induced recombination effects become
visible as as is increased. Incorporated with permission from Ref. [79].

When the as > aq; the second interface shows a higher influence on the recom-
bination current, this translates in the formation of intermediate-frequency current
loops, as depicted in Fig. 5.9. The C-f plots in Fig. 5.9 (b), show that at higher
values of the ay/a; report the inductive behaviour is present even at intermediate
frequencies. At the same time, the Nyquist plot sustain this picture where the ion
induced recombination effects are visible at higher frequencies.

In the two-interface model depicted in Fig. 3.3, the electrical behaviour of the
perovskite solar cell (PSC) is represented by two parallel resistor-capacitor (R-C)
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circuits. These two R-C circuits symbolize the two active interfaces within the
PSC, typically corresponding to the interfaces between the perovskite layer and
the electron/hole transport layers. The model helps to simulate and analyze the
dynamic processes occurring at these interfaces, particularly the recombination of
charge carriers electrons and holes that can significantly impact the efficiency of the
solar cell.

In this context, the resistances R;2 in the model play a crucial role. These
resistances represent the charge transfer resistance at each interface, which influ-
ences the rate of electron/hole -ion charge neutralization. Higher values of R
suggest a higher resistance to charge transfer, leading to reduced recombination
rates. Conversely, smaller R, values imply lower resistance, which facilitates faster

neutralization of photogenerated carriers and ions.
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Figure 5.10: The influence of the ionic capacitors’ loss resistances, Ry and Ry: (a)
Nyquist plots and (b) C-f dependence. Included with permission from Ref. [79].

As the values of R, decrease (which might happen if the interfaces become
more conductive or the recombination rate increases), the inductive effects diminish.
This reduction in the inductive behaviours at low frequencies can be interpreted as
enhanced recombination, where charge carriers recombine more rapidly, reducing the
overall charge build-up that would otherwise contribute to capacitive or inductive
effects.

The trend becomes particularly noticeable when R, is less than a threshold
value R, = 0.5 MQ). Below this threshold, the resistance is sufficiently low that the
recombination processes dominate, making the inductive effects almost negligible.
This observation suggests that the PSCs performance is highly sensitive to the re-
sistance at the interfaces and controlling R, 5 is crucial for optimizing the device’s

efficiency by minimizing unwanted recombination.



Device Modeling Using SCAPS

Starting from the DFT investigations performed in Chapter 4.2, where we have
analyzed the band alignment dependence on the vacancy defect in the ETL, HTL and
PRV, we calibrated four interface defect layers (IDLs), which will be used in SCAPS
program to simulate the PSC performance. For each interface, we have two IDLs,
this way at the ETL-PRV (I;) interface, namely IDL1 and IDL2 which correspond
to TiO2 and MAPI (see Fig. 6.1). For the second interface (I), composed of PRV
and HTL, we used the IDL3 and IDL4 to represent MAPI and CusO materials.

(a) (b)
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Figure 6.1: The reference PSC used for SCAPS calculations. Where (a) reproduces
the PSC layered model and (b) is a schematic representation of the PSC band
diagram. The four IDL layers are introduced to account for the vacancy defect
calculations performed within DFT. Incorporated with permission from Ref. [144].

The influence of various defect types on the performance of perovskite solar cells

(PSCs) is assessed through stationary current-voltage (J-V) characteristics, which
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Table 6.1: SCAPS parameters used for the reference PSC [154]. The IDLs are
part of the corresponding oxide or MAPI layers. Republished with permission from
Ref. [144].

Parameters ITO TiO, IDL1 IDL2 MAPI IDL3 IDL4 Cu,O
Thickness [nm] 300 100 10 10 330 10 10 100

E, [eV] 35 3.2 3.2 1.55 1.55 1.55 2.1 2.1

X [eV] 4.0 4.0 4.0 3.9 3.9 3.9 3.2 3.2

Er 9 10 10 10 10 10 7.11 7.11

N, [em™?] 2.2x10% 2.0x10¥ 2.0x10¥ 275 x 10 2.75 x 10® 2.75 x 101 2.2 x 10¥® 2.2 x 1018
N, [em~?] 1.8 x 1019 1.8 x 101 1.8x10¥ 3.9x10¥® 39x10® 39x10¥ 1.9x10* 1.9x 10¥
o [em?V1s71] 20 20 20 10 10 10 200 200

dp [em?V=1s7 10 10 10 10 10 10 8600 8600

Np [em~3] 1.0 x 10® 1.0 x 10® 1.0 x 10® 1.0 x 10'® 1.0 x 10'* 1.0 x 10'® -

Ny [em™) - - 1.0x 10"  1.0x 10" 1.0x10® 1.0x 10 1.0 x 101
N; [em™?] - - - 1.0 x 106 1.0 x 10'¢ 1.0 x 1016 -

are modeled using the SCAPS simulation software. SCAPS calculates energy band
structures, carrier concentrations and current densities for devices that can consist
of up to seven semiconductor layers. This is achieved by solving one-dimensional
semiconductor equations, along with the relevant boundary conditions at the device
contacts, as detailed in [122].

Each semiconductor layer in the model is defined by a set of physical param-
eters, including the band gap energy (E,), electron affinity (x), relative dielectric
permittivity (e,), effective density of states in the conduction and valence bands
(N¢ and Ny, respectively), thermal velocities of electrons and holes (vt and vy, ),
mobilities of electrons and holes (1, and p,), donor and acceptor doping concentra-
tions (Np and N,) and the overall defect density (N;). These parameters, which
are crucial in defining the behaviour and performance of each layer, are summarized
in Table 6.1.

6.1 SCAPS Simulations

Using the model configuration from Fig. 6.1, the electron transport layer (ETL)
and hole transport layer (HTL) are modeled with slight n-type and p-type doping,
respectively, while the perovskite layer is considered to be intrinsic, meaning it has
no intentional doping. The simulations are conducted under standard illumination
conditions, specifically AM 1.5G, to mimic realistic sunlight exposure. In order to
simulate the PSC with SCAPS, we specified typical parameters for every material
layer, the used parameters are presented in Table 6.1 and they account for the ideal
PSC. For the additional IDLs, the defect concentration was varied between zero and
5 x 10'® cm ™3, with either n- or p-type character for one interface at a time.

The reference solar cell exhibits a nearly flat band condition for electrons at inter-

face I and for holes at interface I, indicating minimal resistance to the collection of
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photogenerated carriers. From the simulated J-V characteristics, the following per-
formance metrics are obtained: PCE = 19.25%, FF = 82%, V,. = 1.04 V, I, = 22.5
mA for a solar cell with an area of 1 cm?.

Vacancy-induced doping can significantly alter the performance of PSCs, with
various combinations of defects being possible. However, for the structure under
investigation, our analysis shows that only specific types of vacancies have a notable
impact. Based on DFT analysis of the band alignment, it is expected that IDLs will
induce local variations in the band edges near the interfaces. We consider vacancy
defects with concentrations up to 5 x 10'® cm™2, either of donor or acceptor type.
The resulting band diagrams are presented in Fig. 6.2. At the I; interface, oxygen
vacancies (V) and iodine vacancies (V1) create small dips in the band structure,
while titanium vacancies (V) and lead vacancies (Vpp,) produce small peaks. Given
the slight conduction band offset, V; and Vpy, in IDL1 and IDL2, respectively, will

predominantly affect electron collection.
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Figure 6.2: Band diagrams obtained by SCAPS simulations: IDL1 and IDL2 have
p-type vacancies (Vi and Vpy,), while IDL3 and IDL4 have n-type vacancies (V] and

Vo). The vacancy defect concentration is 5 x 10'® cm™3. Adapted with permission
from Ref. [144].

The holes are blocked at this interface and the large band offset is less influenced
by these defects. Conversely, the small dips caused by Vi and Vi have a much

lesser effect on electron collection. This behaviour is mirrored at the I, interface,
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where holes are the collected carriers. Here, they are primarily affected by the n-
type character of the IDLs, which corresponds to Vi and V5 in IDL3 and IDL4,

respectively.
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Figure 6.3: Performance of the PSCs with p-type IDL1/IDL2 and n-type
IDL3/IDL4, as evidenced by PCE, FF, I,. and V,.. Incorporated with permission
from Ref. [144].

The dependence of PSC performance on defect concentration is illustrated in
Fig. 6.3, where several indicators such as: PCE, FF, [, and V,. are monitored. As
defect concentration increases, the performance of the solar cell declines, with the
PCE dropping to less than 5%. The I, interface is found to be more sensitive to
defects than the I; interface. A similar trend is observed for I, and FF, though FF
shows an increase at higher defect concentrations, likely due to the reduction in ..
The open circuit voltage, V.., exhibits a slight non-monotonic increase, stabilizing
around 1.07-1.09 V.

Naturally, the sensitivity to defect concentration can be modified by increasing
the conduction band (CB) and valence band (VB) offsets at interfaces I; and Is,
respectively. In such cases, the impact of oxide-related defects on the J-V charac-

teristics would be reduced.



Conclusions

In this study, we have performed a comprehensive investigation of the optoelectronic
properties, stability, and performance of quasi-2D perovskites and PSCs through a
combination of ab initio calculations, device simulation and circuit modeling. Our
findings on quasi-2D perovskites reveal that the electronic structure and stability are
significantly influenced by the choice of halogens and large alkylammonium cations.
At the same time, we reported that the band gap increases with the size of the large
cation and with a decrease in the halogen atomic number, highlighting the deli-
cate balance between achieving optimal band gaps and ensuring material stability.
Although the inherent quantum confinement in 2D perovskites leads to larger-than-
ideal band gaps, bromine and chlorine-based perovskites exhibit enhanced stabil-
ity against both intrinsic and extrinsic degradation mechanisms. Notably, further
research into optimal mixtures of halogens and cations could offer a pathway to

improved efficiency and stability.

Our equivalent circuit model for PSCs successfully reproduces the complex ca-
pacitive and inductive effects observed experimentally, such as: current bumps,
hysteresis behaviors and variations in hysteretic effects under different conditions.
The model bridges the gap between charge accumulation (CA) and charge collection
(CC) approaches, showing that both can yield equivalent outcomes under certain
conditions, though they differ fundamentally in the capacitance and resistance val-
ues they require. The CA model suggests an unrealistic large capacitance, while
the CC model attributes the same time scale to smaller capacitance but larger re-
sistance, correlating these to ionic currents and recombination processes modulated

by the device’s electric field.

The voltage dependence of capacitance was compared with the experimetal re-
sults, which is crucial for accurately describing J-V hysteresis. Our findings also
underscore the relationship between capacitive and inductive effects, both of which
are linked to the recombination of photogenerated carriers. The observed variation

in inductive effects under illumination suggests that these effects are driven by re-
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combination mechanisms associated with ionic accumulations, complementing the
capacitive effects driven by local electric fields.

Moreover, our study on PSCs with CuyO as the inorganic HTL, coupled with
DFT calculations and SCAPS simulations, highlighted the critical role of vacancy
defects in determining the overall device performance. The alignment of band struc-
tures and the impact of vacancies in TiOy, CusO and MAPI layers were elucidated,
emphasizing the need for passivating specific vacancies, particularly titanium vacan-
cies in TiO, and oxygen vacancies in CuyO, to mitigate unintentional doping and
performance degradation. SCAPS simulations further reinforced these findings by
correlating power conversion efficiency with defect concentration and localization,
offering strategies for optimizing device performance.

In conclusion, this study provides a robust framework for understanding and
optimizing the optoelectronic properties, stability and performance of perovskite-
based solar cells. The insights gained here serve as a foundation for future research
aimed at improving material stability, mitigating defect-induced performance loss

and enhancing the overall efficiency of these promising solar technologies.
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