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Abstract

Solar energy is the most abundant and cleanest renewable energy source. In recent years,

the era of perovskites has experienced splendid development. Among perovskites, flexible

perovskite solar cells have received increasing attention due to their high efficiency, light

weight, low cost, excellent flexibility, Due to the novelty of these materials, they lack com-

plete and accurate knowledge of many of their properties, advantages, and developments.

Based on this, we decided to do an in-depth study on the influence of the different strate-

gies used to improve the properties of CH3NH3PbI3 in two parts. The first part investigated

the effect of strain on the electronic properties and electrical conductivity by controlling the

band gap of the material. In addition, we investigated the improvement of power conversion

efficiency (PCE) through cation replacement. where the study showed a significant increase

of these effects on the electronic properties and an increase in the (PCE)to 25% with the

NH3OHPbI3 cation. We also discussed in the second part the formation of a heterostructure

of Fe2O3, CH3NH3PbI3, and ZnO to split water and produce hydrogen gas while protect-

ing CH3NH3PbI3 from degradation by water. Fe2O3 has significantly increased the oxida-

tion process. As for ZnO, it is a transparent carrier that transfers electrons while allowing

photons of light to reach CH3NH3PbI3 and, most importantly, protects the degradation of

CH3NH3PbI3. where the study showed a production of about 150 moles/gram.

Keywords: perovskite, photovoltaic, photocatalysis, first-principles calculation, strain ef-

fect, substation, cation.
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Résumé

L’énergie solaire est la source d’énergie renouvelable la plus propre et la plus abondante

qui existe. Ces dernières années, l’ère des matériaux pérovskites a connu un développe-

ment immense. Parmi eux, les cellules solaires flexibles en pérovskite ont reçu une attention

croissante en raison de leur haut rendement, légèreté, faible coût et de leur excellente flexi-

bilité. En raison de la nouveauté de ces matériaux, il manque une connaissance complète et

précise de leurs propriétés, avantages et développement. Partant de ce constat, nous avons

décidé de réaliser une étude approfondie sur l’influence des différentes stratégies utilisées

pour améliorer les propriétés du pérovskite CH3NH3PbI3 en deux parties. Dans la première

partie, nous avons étudié l’effet de la contrainte sur les propriétés électroniques et la con-

ductivité électrique en contrôlant la bande interdite du matériau. En plus, nous avons étudié

l’amélioration de l’efficacité de conversion de puissance (PCE) par le remplacement des

cations où l’étude a montré une augmentation significative de ces effets sur les propriétés

électroniques et une augmentation du (PCE) à 25% avec le cation NH3OHPbI3. Nous

avons également discuté dans la deuxième partie de la formation d’une hétérostructure de

Fe2O3, CH3NH3PbI3, et ZnO pour séparer l’eau et produire du gaz hydrogène tout en pro-

tégeant CH3NH3PbI3 de la dégradation par l’eau. Fe2O3 a considérablement augmenté le

processus d’oxydation. Quant au ZnO, c’est un support transparent qui transfère les élec-

trons tout en permettant aux photons de lumière d’atteindre le CH3NH3PbI3 et surtout de

protéger la dégradation du CH3NH3PbI3. L’étude a montré une production d’environ 150

moles/gramme.

Mots-clefs : Pérovskite, Photovoltaïque, Photocatalyse, DFT, Effet de contrainte, Cation.
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Résumé détaillé

L’énergie solaire est une source d’énergie renouvelable propre et abondante qui a gagné en

popularité ces dernières années. L’un des domaines les plus prometteurs de la recherche

sur l’énergie solaire est le développement de cellules solaires à pérovskite, en particulier de

cellules solaires à pérovskite flexibles. Ces cellules présentent plusieurs avantages par rap-

port aux cellules solaires traditionnelles, notamment un rendement élevé, un poids léger, un

faible coût et une excellente flexibilité. Cependant, malgré le potentiel de ces matériaux, on

manque encore de connaissances complètes et précises sur leurs propriétés, leurs avantages

et leur potentiel de développement.

Pour combler cette lacune dans les connaissances, nous avons décidé de mener une étude

approfondie sur l’influence des différentes stratégies utilisées pour améliorer les propriétés

de CH3NH3PbI3, un type de matériau pérovskite. L’étude a été divisée en deux parties.

Dans la première partie, nous avons étudié l’effet de la contrainte sur les propriétés élec-

troniques et la conductivité électrique de CH3NH3PbI3. En contrôlant la bande interdite du

matériau, nous avons pu observer une amélioration significative des propriétés électroniques

et une augmentation du rendement de conversion de puissance (PCE) à 25%. De plus, nous

avons étudié l’effet du remplacement des cations sur le PCE du matériau. Nos résultats ont

montré que l’utilisation du cation NH3OH entraînait une augmentation significative de la

PCE.

Dans la deuxième partie de notre étude, nous avons exploré la formation d’une hétérostruc-

ture de Fe2O3, CH3NH3PbI3 et ZnO. Cette hétérostructure a été conçue pour séparer l’eau

et produire de l’hydrogène gazeux tout en protégeant CH3NH3PbI3 de la dégradation par
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l’eau. Il a été constaté que Fe2O3 augmentait considérablement le processus d’oxydation,

tandis que ZnO agissait comme un support transparent qui transférait des électrons tout en

permettant aux photons de lumière d’atteindre CH3NH3PbI3. Fait important, l’utilisation de

ZnO a également protégé CH3NH3PbI3 de la dégradation par l’eau. Nos résultats ont montré

que cette hétérostructure produisait environ 151 moles/gramme d’hydrogène gazeux.

Dans l’ensemble, notre étude fournit de nouvelles informations sur les propriétés et le

potentiel des matériaux pérovskites, en particulier CH3NH3PbI3. Les résultats de notre étude

démontrent qu’en contrôlant la bande interdite et le remplacement des cations, il est possible

d’améliorer les propriétés électroniques et l’efficacité des cellules solaires CH3NH3PbI3. De

plus, notre étude met en évidence le potentiel d’utilisation d’une hétérostructure de Fe2O3,

CH3NH3PbI3 et ZnO pour produire de l’hydrogène gazeux tout en protégeant CH3NH3PbI3

de la dégradation. Ces découvertes ouvrent la voie à de nouvelles recherches et développe-

ments dans le domaine des cellules solaires à pérovskite.

Le premier chapitre, Introduction, examine l’évolution des technologies de cellules solaires

et les propriétés des pérovskites hybrides CH3NH3PbI3. La structure moyenne de CH3NH3PbI3

est discutée, y compris sa phase cubique à des températures supérieures à 327 K, sa phase

tétragonale entre 165-327 K et sa phase orthorhombique à des températures inférieures à 165

K. De plus, la structure cristalline de la pérovskite CH3NH3PbI3 est discutée et le développe-

ment d’hybrides la technologie pérovskite est couverte.

Le deuxième chapitre, Théorie et méthodes de calcul: explore les fondements de la chimie

quantique et ses premières théories. L’équation de Schrödinger et la théorie fonctionnelle de

la densité sont discutées, ainsi que la structure cristalline et le théorème de Bloch. Le chapitre

couvre également Plane- Waves et la méthode Projector Augmented Wave (PAW) En outre,

le chapitre se penche sur le calcul de la dynamique moléculaire, y compris les logiciels et
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la modélisation utilisés tels que Quantum Espresso, le code BoltzTraP et les méthodes de

calcul pour l’efficacité de conversion de puissance, l’effet de contrainte et le transport, et

l’hétérostructure. Photocatalyse.

Le troisième chapitre, Efficacité et substitution des cations organiques, commence par une in-

troduction et examine le facteur de tolérance et le facteur octaédrique. Le chapitre comprend

également une évaluation de l’efficacité, des résultats et de la discussion, de l’optimisation,

des propriétés électroniques, de la stabilité, des propriétés optiques et de l’efficacité de con-

version de puissance (PCE). Le chapitre se termine par un résumé des résultats et des con-

clusions.

"Le quatrième chapitre, Propriétés électroniques et de transport de CH3NH3PbI3, commence

par une introduction et explore les résultats et la discussion du paramètre de relaxation op-

timal pour les propriétés organométalliques, structurelles, électroniques et thermiques, les

propriétés de transport, les effets de contrainte sur la structure de bande électronique , effet

de contrainte sur la structure du réseau, structure de bande avec contrainte, bande interdite

avec contrainte, énergie de Fermi avec contrainte, effet de contrainte sur la distribution de

charge et propriétés thermoélectriques de MAPbI3 sous contrainte De plus, le chapitre cou-

vre la conductivité électrique, la densité de porteurs et la mobilité . Le chapitre se termine

par un résumé des constatations et des conclusions.

Le cinquième chapitre, Activité photocatalytique améliorée, commence par une introduction

et explore les résultats et la discussion de la fabrication d’hétérostructures et de l’extraction

d’électrons d’interface, du mécanisme de fractionnement de l’eau, du rendement de produc-

tion de H2, de la stabilité thermique et des propriétés optiques. Le chapitre se termine par un

résumé des résultats et des conclusions.

"Le dernier chapitre, Conclusion générale et perspectives: résume les principaux résultats de

la recherche, met en évidence l’importance de l’étude et donne un aperçu des contributions
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apportées au domaine. De plus, le chapitre présente des perspectives sur les orientations

futures de la recherche. et les zones potentielles pour une exploration plus approfondie.
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Research aims and scope

In order for these perovskites to be optimized for use in commercial devices, detailed knowl-

edge of material behavior is needed. As we know, some of the best-performing PV de-

vices include site-substituted perovskite materials (ABX3), where the A-sites are occupied

by varying ratios of another cation. On the other hand, perovskite is subjected to strain due

to many factors, such as compression or tension, and its effect on transport properties. In

addition, the degradation is due to its interaction with oxygen or water and the exploitation

of that in the splitting water process. Despite the popularity of site substitution, the strain

effect, and coupling with other materials in PV device research, its effect on the fundamental

structural properties of perovskites was largely unknown. To address this question, the work

aimed to characterize perovskite material in its ideal form.
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Research question

The motivated overarching research question addressed in this thesis is: what effect do site

substitution, strain, and coupling have on the structure of lead halide perovskites for photo-

voltaics and photocatalysis?

RESEARCH PROBLEM

The special and remarkable electronic and physical properties of perovskite materials, such

as high carrier mobility, good light absorption, mechanical flexibility, and thermal conduc-

tivity, have given rise to promising research in both fundamental and applied areas. Although

there has been immense research progress in the last decade on these materials, many chal-

lenges remain regarding the number of materials that are yet to be studied, characterized, and

compared to their bulk counterparts in order to identify possible applications in solar cells,

water splitting, and nanoelectronics.

(a) It is determined from a literature review that new materials made of perovskites are

significantly less studied than other materials, and there is a shortfall of theoretical data on

their properties. There are a few available experimental results, but they have not yet been

compared with theoretical studies. This computational investigation based on DFT and MD

is undertaken to check their applicability in water splitting and photovoltaic applications.

(b) Further study on suitable materials for use as hole transport materials (HTMs) in per-

ovskite solar cells (PSCs) is highly desired for this fast-growing perovskite field. A new class

of organic molecular compounds and other inorganic molecular compounds are considered

using DFT analysis to delineate their suitability in PSCs and thus in solar energy applica-

tions. The research gap is very clear, and my research contributes to filling this gap to some
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extent and will pave the way for selecting new materials for solar cells or in water-splitting

studies.

Research Aim

The fundamental aim of the study is to identify and suggest new materials for improving the

efficiency of solar based technologies. Under the above aim, the specific goals selected are:

-

Goal (1) Methylaminum ions in a perovskite decompose due to the presence of oxygen dur-

ing illumination. Therefore, we urgently need to look for more stable cations in the presence

of oxygen (O2) or water (H2O).

Goal (2) Photo-catalysis applications for clean solar fuel production for solar water splitting

to generate hydrogen and oxygen.

Goal (3) Perovskites are subject to stress in ambient conditions. What is the effect of stress

on optical and transport properties?
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CHAPTER 1

Background

1.1 INTRODUCTION

This chapter discusses the motivation, background, and previous work for the topic of per-

ovskite photovoltaic. Photovoltaic (PV) cells convert sunlight into electrical current. Among

various renewable resources, solar energy is very attractive because of its abundance. In ad-

dition, solar energy is clean and safe. However, current PV technology is not cost effective

for bulk power generation under most circumstances. As shown in Figure 1.1, many dif-

ferent types of solar cells have been investigated [5]. Among them, crystalline silicon (Si)

technologies are well established, with over 80% of the total PV market share as of 2011 and

a history of over 40 years [6,7]. Crystalline Si solar cells have relatively high energy conver-

sion efficiency (η), up to 25%, because of a nearly optimum band gap (Eg) of 1.1 eV. Any

photons with energy lower than the band gap of a semiconductor will not be absorbed, while

any energy from an absorbed photon in excess of the band gap of the material is rapidly lost

to thermalization. Based on these considerations and a few other assumptions, Shockley and

3
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Queisser established the performance limit of solar cells with a single absorbing material and

a single band gap [8]. On earth’s surface (the AM 1.5 spectrum), η can reach up to 34%,

when Eg ≈ 1.4eV. However, as an indirect gap material, Si is a poor absorber of light near

its band gap compared to semiconductors with direct gaps [5]. In order to well absorb sun-

light, the Si layer in a solar cell must be hundreds of µm in thickness, requiring extremely

high quality pure crystals to avoid the electron and hole recombining near a defect.

1.2 Evolution of Solar Cell Technologies

The National Renewable Energy Laboratory (NREL) tracks the highest efficiencies achieved

for all research PV devices. The annual chart is shown in Figure 1.1, which displays per-

ovskite solar cell efficiencies as yellow/orange dots. Despite the first record only appearing

in 2013, perovskite device efficiencies are now competing with established technologies like:

First Generation:

solar cells based on inorganic wafers such as silicon and gallium arsenate constitute first

generation technologies. These technologies have the merit of high efficiencies over 20%

but require the use of high cost processing techniques.

Second Generation:

The other hand third generation solar cell technologies based on thin . films have relatively

lower efficiencies around 12% but can be easily processed at lower costs recently a new solar

cell technology based on organic inorganic hybrid perovskite has emerged perovskite solar

cell technology embodies both high efficiency and low cost.

Third Generation:

The other hand third generation solar cell technologies based on thin . films have relatively
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lower efficiencies around 12% but can be easily processed at lower costs.

Recently, a new solar cell technology based on organic inorganic hybrid perovskite has

emerged. Perovskite solar cell technology embodies both high efficiency and low cost Fig

1.2. The caveat is that many of these high efficiencies have been recorded on small lab scale

Figure 1.1: Perovskite solar cells have increased in power conversion efficiency at a phenomenal rate com-

pared to other types of photovoltaics. Although this figure only represents lab based "hero cells" it heralds great

promise [1] .

devices unsuitable for commercial use, although the community is currently turning its at-

tention to the large-scale manufacture of perovskite PV devices [9]. Primary energy sources

are still the most common form of energy production in the world today (nearly 88%), but

there is a growing trend toward the use of renewable energy sources such as solar and wind

power. Primary energy sources are still the most common form of energy production in the

world today. Despite this, solar power is still rather costly in comparison to other traditional
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forms of energy, and it still accounts for a negligible portion of the overall production of

electricity. A solar module, an inverter, and a number of other auxiliary components are the

primary constituents of a standard photovoltaic system, which is used for the production of

energy from sunlight. At the moment, the cost of the solar module alone accounts for more

than fifty percent of the whole price. As a result, the development of modules that have

lower manufacturing costs and greater efficiencies is essential if one want to see a reduction

in the price of solar electricity in the foreseeable future. The efficiency with which solar

cells convert energy into usable form is one of the primary criteria that is considered while

evaluating the potential of this technology. It is the ratio of the amount of energy that is

produced by solar cells to the amount of energy that is received from the sun. My research

for my thesis is especially centered on the usage of solar power as a source of sustainable

and environmentally friendly energy Fig 1.3.

Mohammed V University Methyl Ammonium Lead Iodide

Background Study Goal and framework Computational Tools Results and Discussion Conclusion
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Figure 1.3: primary energy sources are still the most dominant form of energy production in the world today,

but there is an increasing trend toward the use of renewable energy sources such as solar and wind power [2] .
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Perovskite

The word ‘perovskite’ refers to the mineral form of CaTiO3. It adopts a crystal structure con-

sisting of corner-sharing TiO6 octahedra in three dimensions, with Ca occupying the cuboc-

tahedral cavity in each unit cell. The same crystal structure is also found for a wide range of

materials with ABX3 stoichiometry, with two notable cases being SrTiO3 and BaTiO3. Ex-

amples of insulating, semiconducting and superconducting perovskite structured materials

are known. These materials are the archetypal systems for phases transitions with accessi-

ble cubic, tetragonal, orthorhombic, trigonal and monoclinic polymorphs depending on the

tilting and rotation of the BX3 polyhedra in the lattice [10]. Reversible phase changes can

be induced by a range of external stimuli including temperature, pressure and magnetic or

electric fields. For halide perovskites, the oxidation states of the two cations must sum to

three, so the only viable ternary combination is I−II−X3, e.g. CsPbI3. In hybrid halide

perovskites such as CH3NH3PbI3, a divalent inorganic cation is present and the monovalent

metal is replaced by an organic cation of equal charge as illustrated in Fig. 1.5. In principle,

any molecular cation could be used, once there is sufficient space to fit it within the cavity.

If the cation size is too large, then the three-dimensional (3D) perovskite network is broken,

as demonstrated in the series of hybrid structures with lower dimensionality in the inorganic

networks [11]. For layered structures, the crystal properties become highly anisotropic with

larger carrier masses and stronger exciton binding energies.
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Figure 1.4: Mcthylammonium Lead Iodide CH3NH3PbI3 is an organomctal halide perovskite system that

is used as an absorber in solar cells. co-evaporation of Methylammonium Iodide (CH3NH3I) and Lead Iodide

(Pbl2) require treatment of the resulting CH3NH3PbI3 thin film to catalyze the reaction between CH3NH3I

and Pbl2 and create a pure perovskite phase.

1.3 Hybrid perovskites CH3NH3PbI3

The term hybrid perovskite has been employed to describe perovskite structure where the

octahedral network was composed of an inorganic compound, while the central A cation is

a small organic molecule, usually an amine. In literature, this class of compounds can also

be named Metallo-organic perovskite, with the correspondent IUPAC name R-ammonium

metal halide. We will stick with the term hybrid perovskite since it is affirmed and quite

concise and precise at the same time. In general, the term hybrid will indicate the presence

of organic and inorganic components. The general chemical formula for these compounds is

RMX3. The most studied organic groups R at the center of the cage are methylammonium

(MA: CH3NH3) and formamidinium (FA: CH(NH2) +
2 ). The most common metals in the B-

site are Pb and Sn, but other compounds with isovalent metals have been reported. The anion

is a halide chosen between Cl, Br, and I. Previously we explained that it is possible to forecast
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the presence of a perovskite phase by observing the value of the t-factor and µ. Those values

are derived from the model of a hard-sphere, and it is not directly applicable to the MA

cation. We adapted the model assuming two different parameters, one is half the length of the

molecule (156 pm), and the other, slightly smaller, is the geometric average of the cylinder

dimensions where the molecule can be inscribed (146 pm). The final values of t-factors are

not significantly affected. Table 3.2 reports the example values of t and µ parameters for

different MAPbX3 materials. The parameter found, as observed and previously reported,101

even with some approximation lies in the range for perovskite structure, but are quite far

from being ideal. The presence of the molecule breaks the symmetry of the crystal and

induces different distortions. Besides the molecules are not held fixed in some position and

orientational disorder increases with temperature.

1.3.1 Average Crystal Structure of CH3NH3PbI3

Weber first reported MAPbI3 in the cubic perovskite crystal structure (Oh point group), [12]

which is inconsistent with the anisotropy of the static molecular building block ( CH3NH +
3

is of C3v point group). However, the molecular cations are orientationally disordered in the

crystal, giving rise to an effective higher lattice symmetry on average [13]. Early work on the

characterization of the crystal structure identified three phases of MAPbI3: orthorhombic,

tetragonal and cubic Bravais lattices in order of increasing temperature [14]. While the

position of Bragg peaks in X-ray diffraction can distinguish between the three phases, the

peak intensities arising from CH3NH
+

3 relative to PbI −
2 are too weak to assign accurate

molecular.
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Figure 1.5: Temperature-dependent (100-352 K) powder neutron diffraction pattern of CH3NH3PbI3 [3]

adapted by permission of the Royal Society of Chemistry. The space groups of the average crystals structures

are shown, along with a schematic of the extent of disorder in the CH3NH +
3 sublattice.

Material Crystal system Tc (K) Crystal system Tc (K) Crystal system

CH3NH3PbI3 Orthorhombic < 165 Tetragonal < 327 Cubic

Table 1.1: Crystal system with transition temperatures of perovskite CH3NH3PbI3.

1.3.2 Cubic Phase (T > 327 K)

With increasing temperature the tetragonal lattice parameters become more isotropic with
c

2a

moving closer to 1. The molecular disorder also increases to the point where a transition to a

cubic phase occurs around 327K. The transition can be seen clearly from changes in the heat

capacity, [15] as well as in temperature-dependent neutron diffraction [3]. The cubic space

group has been assigned the space group Pm3̄m (Oh symmetry); however, the local structure

will necessarily have a lower symmetry. Indeed, for the bromide and chloride analogues of

MAPI, pair-distribution function analysis of X-ray scattering data indicates a local structure
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with significant distortion of the lead halide framework at room temperature [11].

1.3.3 Tetragonal Phase (165–327 K)

At 165 K, MAPI goes through a first-order phase transition from the orthorhombic to the

tetragonal space group I4/mcm (D4h point group), which continuously undergoes a second-

order phase transition to the cubic phase by ca. 327 K [3, 16]. As with the orthorhombic

phase, this can be considered a
√
2a ×

√
2a ×

√
2a expansion of the cubic perovskite unit

cell. The molecular cations are no longer in a fixed position as in the orthorhombic phase.

CH3NH
+

3 is disordered between two non-equivalent positions in each cage. [13], [17] The

tetragonal distortion parameter in the cubic basis is greater than unity ( c
2a

1.01 at 300 K),

corresponding to an elongation of the PbI6 octahedra along the c axis. The associated octa-

hedral tilting pattern is a0a0c− in Glazer notation.

1.3.4 Orthorhombic Phase (T < 165 K)

The orthorhombic perovskite structure is the low temperature ground state of MAPI and

maintains its stability up to ca. 165 K [18] [3, 16]. A comparison of the enthalpy from

density functional theory (DFT) calculations confirms this ordering in stability. The differ-

ence in enthalpy is 2meV per MAPI unit compared to the most stable tetragonal phase, yet

90meV compared to the high-temperature cubic phase [19]. Initial analysis of diffraction

data assigned the Pna21 space group [16], [15]. Recent analysis of higher quality pow-

der neutron diffraction data reassigns it to Pnma (a D2h point group) [3]. The structure is

a
√
2a×

√
2a×

√
2a supercell expansion of the simple cubic perovskite lattice. In the Pna21

phase, the PbI6 octahedra are distorted and tilt as a+a−a− in Glazer notation [19] with re-
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spect to the orientation of the conventional cubic cell. In this low-temperature phase, the four

molecular cations in the unit cell are static on the diagonals of the ab planes pointing towards

the undistorted facets of the cuboctahedral cavity. Correspondingly, molecules belonging to

different planes are anti-aligned with a head-tail motif. Such an antiferroelectric alignment

is expected from consideration of the molecular dipole-dipole interaction [20]. In the low-

temperature orthorhombic phase, the CH3NH
+

3 sublattice is fully ordered (a low entropy

state). The ordering may be sensitive to the material preparation and/or cooling rate into

this phase, i.e. the degree of quasi-thermal equilibrium. It is possible that different ordering

might be frozen into the low-temperature phase by mechanical strain or electric fields.

1.4 Crystal of Perovskite CH3NH3PbI3

We determined the crystal structure of CH3NH3PbI3 first, which varies under different tem-

peratures. Stoumpos etal, report the crystal is tetragonal P4mm at 400K, tetragonal I4cm

at 293K, and a low-symmetry supercell at temperature below ∼ 130K. Brivio et al [17, 19].

Claim that cubic Pm3m, tetragonal I4/mcm, and orthorhombic Pnam crystal structures

were detected through X-ray diffraction in high quality CH3NH3PbI3 crystals. The im-

proved symmetry at the higher temperature is experimentally proposed to be related to the

fast dynamic movement of (CH3NH3)
+ cations within the Pb−I framework. As a result, the

location of (CH3NH3)
+ cations can only be determined experimentally in the orthorhom-

bic phase at low temperature. At the same time, the lattice constants of the orthorhombic

crystal vary little at the low temperature [21]. Therefore, this investigation is focused on the

orthorhombic perovskite CH3NH3PbI3.

Both structural and electronic properties of organic–inorganic hybrid perovskite CH3NH3PbI3
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Figure 1.6: Illustration of the perovskite structure based on corner sharing octahedra of BX6 with either a

monovalent metal (inorganic) or charged molecule (hybrid) at the centre of the unit cell. For hybrids, there is

an orientation dependence on the central cation .

crystals are investigated in the present ab initio calculations. Density functional theory (DFT)

is employed as it offers an efficient, yet accurate quantum mechanical method for theorists

to optimize structures, determine energies of reactants and products, examine the nature of

intermediates, and predict the reaction energies for elementary steps.

Perovskite structure was confirmed by X-ray diffraction, [22] and CH3NH3PbI3 shows

a orthorhombic phase with lattice parameters [23]
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Figure 1.7: The crystal structure of the orthorhombic CH3NH3PbI3 with a space group Pnma. The unit

cell enclosed by the box consists of two stacked cells in the b direction due to the opposite dipoles of the

(CH3NH3)
+ cations. (b) Each Pb2+ cation (Pb6c) is coordinated to (I)– anions (I2c), forming a [PbI-6]

octahedron. (c) Each (CH3NH3)+ cation is located in the center of a distorted cubooctahedral pocket with twelve

(I)− anions at the vertices, enclosed by eight corner-connected [PbI-6 ] octahedra. Green, I; DodgerBlue1, Pb;

Dark Purple, N; Yellow, C; Pink, H.

Parameter a (Å) b(Å) c (Å) v(Å)3 α β γ

Orthorhombic 8.861 12.659 8.581 962.54 90 90 90

Tetragonal 8.810 8.810 12.710 962.54 90 90 90

Cubic 6.320 6.320 6.320 962.54 90 90 90

Table 1.2: The lattice constants and the volume of orthorhombic, tetragonal, and cubic CH3NH3PbI3 from

powder neutron diffraction (PND) at 100 K, 180 k, and 352 K respectively .

Perovskite challenge and perspectives

Hybrid halide perovskite photovoltaics and photocatalysis

In 1839. a German mineralogist named Gustav Rose discovered the perovskite structure

CaTiO3 in the Ural Mountains. The crystal structure is shown in Figure 1.6. The general



1.4. CRYSTAL OF PEROVSKITE CH3NH3PBI3 16

formula of this compound is ABX3. Ca atom occupies the body center (A site) of perovskite

structure, Ti atoms are located at each corner (B site), and O atoms stay in the middle of

each bond (X site). The ion radius on A site is usually larger than the one on B site. The

unit cell of an ideal perovskite structure consists of corner-sharing BX6 octahedra and A is

occupied cuboctahedral in the center. Over a century later of finding the natural perovskite

CaTiO3. Weber44 first synthesized hybrid halide perovskite in 1978. The crystal structures

of hybrid halide organic-inorganic perovskite are originated from the mineral CaTiO3. A

large monovalent organic methylammonimn (CH3NH3) cation was located at the A site, a

lead atom possesses B site of the structure and halide atoms are located at the X sites between

two adjacent lead atoms. The structure is illustrated in Fig. 1.7. Early research of the hybrid

perovskites was focused on the potential of superconductor [24], carrier transport as semi-

conducting channels [25], etc. Until 2009, the first hybrid halide perovskite solar cell was

fabricated as a form of dye-sensitized solar cell with a power conversion efficiency (PCE)

of 3.81% by Tsutomu Miyasaka [26]. Tsutomu Miyasaka used hybrid halide perovskite as

the dye absorbed on mesoscopic TiO2- However, the first version of the perovskite solar cell

was quite unstable. The halide electrolyte will erode the perovskite active layer within a few

minutes. A breakthrough came three years later: instead of iodine/iodide redox electrolyte,

using a solid-state spiro-OMeTAD as the hole transporter largely increases the stability of

hybrid halide perovskite solar cell with a PCE larger than 9% [27–29]. In 2013, Burschka

et al. [30] utilized a novel sequential deposition method and made a planar cell structure

rather than the previous mesoporous scaffold perovskite, with a PCE about 15%. Intro-

ducing another promising formamidinium cation into current methylammonium lead halide

perovskite improved the crystallization properties of the perovskite thin film and boosted the

PCE to 20.2%. In 2016, Saliba et al. [31] obtained a more stable perovskite solar cell when

adding a third type of cation Cs into the perovskite alloy with a PCE of 21.1%. The best
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research-cell efficiencies chart from the National Renewable Energy’ Laboratory records the

development of different photovoltaic technologies have from 1975 to nowadays, shown in

Figure 1.6. The chart clearly shows that the dramatic increase of PCE for perovskite-based

photovoltaics compared with other emerging photovoltaic technologies. It is certified that

the latest world record PCE of perovskite photovoltaics has roared up to 25.2% which have

already competed for the thin-film polycrystalline silicon photovoltaics(21.2%). Except for

the high PCE of perovskite solar cells, the intrinsic softness of hybrid halide perovskite [25]

makes the procedure of cell module fabrication printable [32]. These printable technologies

will largely diminish the drawbacks mentioned previously of traditional solar cells. Or-

ganic–inorganic metal halide perovskites (HPs) have risen to prominence as cutting-edge

materials for optoelectronic and energy applications. In addition to numerous well-known

Figure 1.8: The crystal structure of CH3NH3PbI3: the C atom is colored brown, the N atom is colored cyan,

the H atom is colored light pink, all are in the center of the octahedron, and the Pb atom is colored black,

surrounded by the purple I atom. .

applications, such as solar cells, light-emitting diodes, photodetectors, and resistive switch-

ing memories, HPs can be used as efficient photocatalysts for a variety of electrochemical

reactions, such as carbon dioxide (CO2) reduction reactions, hydrogen evolution reaction,
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photosynthesis, and wastewater treatment. Due to their low stability in polar solvents, how-

ever, the employment of HPs in photo-driven catalysis remains a formidable obstacle. The

performance of HPs as efficient photocatalysts in a wide variety of applications, however,

has made significant strides towards overcoming this crucial obstacle. This examination be-

gins with a discussion of the structures and properties of HPs. Next, we will discuss the most

modern methods for fabricating HPs, including thin films and nanostructures. Strategies for

applying HPs in catalysis systems are exhaustively summarized and their functioning mech-

anisms are examined. Finally, the present obstacles and future potential of the application of

HPs to photocatalytic reactions are thoroughly discussed.

1.5 Development of Hybrid Perovskite

The history of hybrid perovskite spans over a century, but they became one topic material

since employed in photovoltaic from 2012. The last years of development have been intense

with counter-intuitive results and contradictory reports. Hereby we report a brief overview of

the perovskite development milestones. The first type of hybrid perovskite has been reported

at the beginning of the century and, an initial characterization is reported in the literature.102

The materials have been almost entirely ignored for decades, with a few exceptions.102–107

Mitzi et al. investigated hybrid perovskites for their semiconductor properties and employed

them in LED and electronic devices. Other consequent studies arrived in 1990s when Onada

et al.108,109 performed a thermodynamic analysis of the material suggesting some structural

phases for MAPbX3. Applications in the photovoltaic area emerged from the contribution of

the dye sensitized solar cell (DSSC). One major area of research in this field was the assem-

bly of a fully solid state device to eliminate the leakage due to the liquid electrolyte. This
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involved the development of new hole transport materials and new dyes that were compatible

to build a solar cell. The first cell substituted the liquid electrolyte with spiro-OMeTAD, but

the efficiency was still lower than correspondent standard solid-state devices. The evolution

of solid-state cells included quantum dots as sensitizers. Due to quantum confinement ef-

fects, there is an absorption enhancement of radiation in the visible part of electromagnetic

spectra. The first reported hybrid perovskite-based solar cell occurred in 2009-110 when

quantum dots of MAPbI3 and MAPbBr3 have been deposited on a mesoporous titanium

layer. The efficiency of these cells was as low as below 4%, but the photovoltage of 0.96 V

was encouraging. Similar cells have been built with Sb2S3 quantum dots, but the efficiency

was not significant. In the years that followed, hybrid perovskites were the focus of structural

and optical studies, materials for solar cell interfaces, and tunable semiconductors. The sec-

ond attempt to deploy MAPbI3 quantum-dot-sensitized solar cells resulted in a photovoltaic

conversion enhancement of up to 6.54 percent. Different research groups utilized hybrid

perovskite or similar materials in solar cells with distinct topologies as a result of this study.

This considerable interest was warranted by the possibility of building new solid-state solar

cells to improve the DSSC, whose instability was mostly attributable to the presence of liq-

uid electrolyte. The first wave of research was primarily device-driven, with new efficiency

records being set almost with each new use of the material. This remarkable achievement

was made possible since the design of hybrid perovskite solar cells incorporated the DSSC

methodologies and know-how acquired over the past few decades. The breakthrough in the

field happened when Snaith’s team achieved a 10.9% power conversion efficiency. On top of

an aluminium dioxide (Al2O3) framework, perovskite was placed to distinguish this accom-

plishment. All previous devices were based on the assumption that the mechanism behind

the cell was similar to that observed in DSSC. The perovskite was believed to be responsible

for the generation of electron-hole pairs upon light absorption, followed by the injection of
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electrons into the titanium oxide layer.

If TiO2 is replaced with Al2O3, there will be a misalignment of energy levels between

the hybrid material and the semiconductor, making charge injection impossible if the DSSC

mechanism is utilized. This proved that such cells function, or can function, by a mech-

anism substantially distinct from that of a DSSC, with the perovskite being able to create

the electron-hole pair and transport it. This discovery multiplied the scope of perovskite’s

application in solar cells. Specifically, the research focuses on mesoscopic semiconductor

solar cells, thin film solar cells, and p-n heterojunction cells. Snaith provided a panorama

of current technology and future improvements in solar cells, ranging from DSSC to various

hybrid perovskite structures, as depicted in Fig. 1.9 The composition of the most efficient

solar cells is a mixture of halides and a mesoscopic architecture. Even while productivity has

increased dramatically over the past three years and the subject is oversaturated with papers,

a clear, comprehensive understanding of the material’s behavior is lacking.
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28 Chapter 1. Introduction

FIGURE 1.17: Schematic of the evolution from DSSC toward different design of
hybrid perovskite solar cells. The first row reports in order the evolution from
regular DSSC to mesoporous perovskite solar cells. The cartoons reports: DSSC
with liquid electrolyte, solid state DSSC, extremely thin adsorber (ETA) solar
cell, and mesoporous solar cell, where the perovskite is adsorbed on a alumina
scaffolding. The second row reports future development at the time. From left
to right: semiconductor mesoporous solar cells, "p-i-n" solar cell (a p-n junction
with an insulator layer at the interface, and porous perovskite heterojunction.

Image taken from reference.123

Figure 1.9: Schematic of the evolution from DSSC toward different designs of hybrid perovskite solar cells.

The first row reports in order the evolution from regular DSSC to mesoporous perovskite solar cells. The

cartoons reports: DSSC with liquid electrolyte, solid-state DSSC, extremely thin absorber (ETA) solar cell, and

mesoporous solar cell, where the perovskite is adsorbed on an alumina scaffolding. The second row reports

future development at the time. From left to right: semiconductor mesoporous solar cells, "p-i-n" solar cell (a

p-n junction with an insulator layer at the interface, and porous perovskite heterojunction [4].
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CHAPTER 2

Theory and Computational Methods

In this chapter, we concentrate on the underlying theory and theoretical simulation tech-

niques applied in projects. Firstly, the quantum-chemical theories, especially density func-

tional theory (DFT) and molecular dynamic (MD), are introduced with their history and

development. The main approaches of DFT are discussed to explain how to make our model

simple and calculation efficient. The supercell approach and k-points sampling are intro-

duced as good approximations, which help us to establish the solid surface model. Sec-

ondly, other approximations, such as pseudopotential approximation and the projector aug-

mented wave (PAW) method, are also described in this chapter, which helps to choose a

better method before simulations. In the third part, ab initio MD and other advanced MD

approaches, such as umbrella sampling approaches, slow-growth methods and constrained

molecular dynamics (CMD), are presented withtheir advantages and disadvantages men-

tioned. In the final section, several technique issues of simulations are discussed.

23
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2.1 Early Theories of Quantum Chemistry

From the microscopic point of view, a solid state can be seen as a collection of heavy,

positively charged nuclei (n) and lighter, negatively charged electrons (e). The nuclei and

electrons are treated as electromagnetically interacting point charges and the exact non-

relativistic many-body Hamiltonian for this system becomes:

ĤTotal = T̂N + T̂ + V̂ext + V̂ + V̂NN (2.1)

T̂N = −ℏ2
2

∑
i

∇2
R⃗i

Mi
kinetic energy of the nucleus

T̂ = −ℏ2
2

∑
i

∇2
r⃗i

me
kinetic energy of the electrons

V̂ext = − 1
4πε0

∑
i,j

e2Zi

|R⃗i−r⃗j |
the electron-nucleus interaction

V̂ = − 1
8πε0

∑
i ̸=j

e2

|r⃗i−r⃗j | the electron-electron interaction

V̂NN = − 1
8πε0

∑
i ̸=j

e2ZiZj

|R⃗i−R⃗j |
the nucleus-nucleus interaction

Mi is the mass of the nucleus at Ri. The electrons have mass me and are positioned at

ri. The first and second term correspond to the kinetic energy operator of the nuclei and of

the electrons respectively. The remaining terms describe the Coulomb interaction between

electrons and nuclei, among electrons and among nuclei respectively. To know the state

(wave functions Ψ(R⃗, r⃗), with R⃗ = R⃗i|i = 1, ..., Nn and r⃗ = r⃗i|i = 1, ..., Ne) of this system

the corresponding Schrödinger equation has to be solved:

ĤΨ(R⃗, r⃗) = EΨ(R⃗, r⃗) (2.2)

Unfortunately, due to the high degree of complexity it is impossible to solve this equation

without introducing some approximations.



25 CHAPTER 2. THEORY AND COMPUTATIONAL METHODS

2.1.1 The Schrödinger equation

2.1.1.1 Basic knowledge

In this part, we consider the R3 × R+ space, i.e. the three coordinates of space, and time.

We denote by q the coordinates of a quantum system. q belongs to a space called the con-

figuration space, composed of the spatial and temporal coordinates of the A nuclei and N

electrons of the system (R3(K+N) × R+). The state of a system is completely determined

by its Ψ̄ wave function, with values in C [33]. By definition, the data of this function, at

a given time, not only describes all the properties of the system at this moment, but also

determines its behavior in all subsequent states. Mathematically, this translates into the fact

that the value of the derivative ∂
∂t
Ψ̄ of the wave function with respect to time must, at every

moment, be determined by the value of the wave function Ψ̄ itself at this instant. In the

most general form, the Schrodinger equation, which describes the evolution of the function

is given by [34]:

iℏ
∂

∂t
Ψ̄ = HΨ̄ (2.3)

where the Hamiltonian H is an hermitian linear operator, independent of time, ℏ = h
2π

, h

being the Planck constant (h = 6.6260610−34m2kgs−1 ). At the stationary state the energy

of the system is constant over time. Thus, the Schrodinger equation that depends on the time

may be reduced to stationnary state Schrondinger equation:

HΨ̄n = εnΨ̄n (2.4)

ϵn being the eigenvalue or energy associated with the steady state Ψ̄n. It’s an eigenvalue

equation where the eigenvalue of the Hamiltonian en is none other than the energy associated

to the steady state psin that is independent of time. For many body systems, the information
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of all particles is contained in the wave function. Thus, the Schrodinger equation becomes

complicated to solve in its standard form. In what follows, we will present the theory and the

different approximations that simplify the problem. Considering a system of A nuclei and N

electrons,the stationary state |Ψ⟩ of this system can be described by a wave function:

Ψ(RI , r⃗i) =
〈
R⃗I , r⃗i|Ψ

〉
= Ψ

(
R⃗1, R⃗2, . . . , R⃗N , r⃗1, r⃗2, . . . , r⃗n

)
, (2.5)

satisfying the equation of Schrödinger independent of the time [?]:

Ĥ totΨ
(
R⃗I , r⃗i

)
= EtotΨ

(
R⃗I , r⃗i

)
(2.6)

where Etot is the total energy of the system. The total Hamiltonian operator is given by:

ĤT = T̂n + T̂e + V̂ne + V̂ee + V̂nn (2.7)

The first terms T̂n and T̂e designate the kinetic energy of A nuclei and N electrons respec-

tively. while the terms V̂n−e, V̂e−e, and V̂n−n describe Colombian interaction electron-nuclei,

electron-electron and nuclei-nuclei respectively. Its explicit expression can be written as

follow:

Ψ = −
N∑
i

ℏ2

2m
∇2

i −
A∑
I

ℏ2

2M
∇2

I −
∑
i,I

ZIe
2∣∣∣r⃗i − R⃗I

∣∣∣ +
∑
i<j

e2

|r⃗i − r⃗j|
+
∑
I<J

ZIZJe
2∣∣∣R⃗I − R⃗J

∣∣∣ (2.8)

The first two terms of the Hamiltonian are the kinetic energy operators of N electrons (in-

dexed i, j) and Atomic nuclei (indexed I, J) respectively. The other three terms represent the

different electron-nucleus,electron-electron, and nucleus-nucleus interaction potentials. As

an example of a many-body system, we may quote the case of a regular crystal. The elec-

trons are not only affected by the nuclei in their lattice sites, but also by the other electrons.

An exact solution of the Schrodinger equation is impossible in the case of poly-electronic

systems. It is therefore necessary to implement simplifying procedures associated with some

mathematical tricks in order to make possible the obtaining of an approximate solution.
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2.1.1.2 The Born-Oppenheimer Approximation

The mass of the electrons is much smaller than the one of the nuclei while the electro-

magnetic forces acting on them are of comparable magnitude. Consequently, the electronic

motion (≈ 106m/s) is considerably faster than the nuclear motion (≈ 103m/s). Because the

nuclei move so slowly on the scale of velocities of relevance to the electrons, it is justified

to assume that at any moment the electrons will be in their ground state with respect to the

instantaneous nuclear configuration. The assumption of instantaneous electronic equilibrium

for every nuclear configuration implies that the electron wave function is a solution of the

Schrödinger equation for Hamiltonian 3.1 with fixed nuclear positions:

Ĥ = −
ℏ2

2

∑
i

∇2
r⃗i

me︸ ︷︷ ︸
T̂

−
1

4πε0

∑
i,j

e2Zi

|R⃗i − r⃗j |︸ ︷︷ ︸
V̂ext

−
1

8πε0

∑
i̸=j

e2

|r⃗i − r⃗j |︸ ︷︷ ︸
V̂

−
1

8πε0

∑
i̸=j

e2ZiZj

|R⃗i − R⃗j |︸ ︷︷ ︸
V̂NN

(2.9)

This Hamiltonian corresponds to the electronic motion in the external potential produced by

the nuclei. Important to note here is that the nuclear repulsion ( V̂NN ) contributes to the total

energy by augmenting it with a constant amount. As a consequence, removing this term from

the hamiltonian will not affect the corresponding wave function. The resulting hamiltonian

can be written as:

Ĥe = −
ℏ2

2

∑
i

∇2
r⃗i

me︸ ︷︷ ︸
T̂

−
1

4πε0

∑
i,j

e2Zi

|R⃗i − r⃗j |︸ ︷︷ ︸
V̂ext

−
1

8πε0

∑
i̸=j

e2

|r⃗i − r⃗j |︸ ︷︷ ︸
V̂

(2.10)

Ĥ = Ĥe + V̂NN (2.11)

Equation 3.4 is called the electron Hamiltonian, T̂ represents the kinetic energy of the elec-

trons, V̂ the electronic repulsion and V̂ext the electron-nucleus interaction. From now on,

electrons and nuclei can be treated separately. This decoupling of the electronic and nuclear

motion is known as the Born-Oppenheimer or adiabatic approximation [35].
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2.1.1.3 One-electron approximation

The electronic wave function depends on the position of every single electron:

ψ = ψ(X1, X1, X1.....XN) (2.12)

where Xi represents both the position and the spin of the i-electron. If the interaction be-

tween electrons, V̂e−e(r), is assumed constant, the Hamiltonian can be expressed as a sum

of independent one-particle Hamiltonians, one for every single electron. Consequently, the

electronic wave function can be further factorized:

Ĥe =
N∑

n=1

ĥe,i (2.13)

ψi(X1, X1, X1.....XN) =
N∏

n=1

χi(Xi) (2.14)

Equation 3.8 is called Hartree function, but it is not enough to describe a multielectron

system. Electrons are Fermions and therefore are described by an antisymmetric wave func-

tion:

ψe(X1, X1, ...., Xi, Xj, .....XN) = −ψe(X1, X1, ...., Xj, Xi, .....XN) (2.15)

To avoid this issue it is possible to build a specific function called Hartree-Fock equation or

Slater determinant:

ψe(X1, X1, ...., Xi, Xj, .....XN) =
1√
N !

∣∣∣∣∣∣∣∣∣∣∣∣∣∣

χ1(X1) χ2(X1) .... χN(X1)

χ1(X2) χ2(X2) .... χN(X2)

: :
. . . :

χ1(XN) χ2(XN) .... χN(XN)

∣∣∣∣∣∣∣∣∣∣∣∣∣∣
(2.16)
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Due to matrix determinant properties [36] the Slater determinant will respect prerequisite

anti-symmetric property. The problem is then to reduce the resolution of the single electron

wave functions. When all the solutions are computed, it is then possible to calculate the

energy or other properties of the system [37].

2.1.1.4 Hartree-Fock method (HF)

The HF methods allows the calculation of the ground state of a system in an iterative way.

In order to achieve this equation, 3.4 have to be rearranged in such a way to define a special

operator called Fock operator. This new operator is defined using the function itself and

for this reason, an iterative approach is needed to solve this equation. This particular iter-

ative operation is called Self-Consistent Field (SCF) and if the energy is minimized it can

be demonstrated that (ideally) it is possible to obtain convergence to the ground-state of a

system. Nonetheless, it must be kept in mind that some approximations are present:

• Born-Oppenheimer approximation.

• no relativistic effects.

• mean and constant electron-electron interaction.

• omission f electronic correlation.

The HF method describes a single-determinant wave function. For this reason, it can not take

in account the interaction between electrons with opposite spins, but it fully accounts for the

exchange interaction that arises from the anti-symmetry of the wave function. Correlation

and exchange are crucial aspects of related Density Functional Theory (DFT) calculations

and we will discussed it in the next sections. The dimension of the system affects the com-

plexity of the calculation which becomes impracticable for large system. Formally the cost

to solve the HF equations scales as the fourth power of the number of elements in the basis
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set. The complexity for large systems can be reduced by a range of approximations and thus

the actual scaling will be close to the square of the number of the basis set.128 This problem

has been the starting point to develop methods that allowed the description of larger systems

2.1.1.5 The theorems of Hohenberg and Kohn

In 1964 Hohenberg and Kohn stated two theorems on which DFT has been built:

Theorem 1 : There is a one-to-one correspondence between the ground state density ρ(r⃗)

of a many-electron system (atom, molecule, solid) and the external potential Vext. An imme-

diate consequence is that the ground state expectation value of any observableO⃗ is a unique

functional of the exact ground state electron density:

⟨Ψ|Ô|Ψ⟩ = O[ρ] (2.17)

Theorem 2 : For Ô being the Hamiltonian Ĥ , the ground state total energy functional

H[ρ] ≡ Evext [ρ] is of the form

Evext [ρ] = ⟨Ψ|T̂ + V̂ |Ψ⟩+ ⟨Ψ|V̂ext|Ψ⟩ (2.18)

= FHK[ρ] +

∫
ρ(r⃗)Vext(r⃗)dr⃗ (2.19)

where the Hohenberg-Kohn density functional FHK[ρ] is universal for anynmany-electron

system. EV ext[ρ] reaches its minimal value (equal to the ground state total energy) for the

ground state density corresponding to Vext

We will not prove the theorems here [1], but we will clarify their meaning. The one-to-

one correspondence between the ground state density and the external potential has some
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important implications. It is obvious that, given the external potential of the system, it is

possible to find a unique ground state density for the system. Solving the Schr¨odinger

equation yields the ground state wave function out of which the ground state density can be

calculated. Intuitively, the ground state density seems to contain less information than the

ground state wave function. If this were true, the inverse correspondence (from ground state

density to external potential) would not hold. The first theorem of Hohenberg and Kohn,

however, states that this correspondence holds as well. In other words: the density contains

as much information as the wave function. As a consequence of the second theorem, and

more precisely of the fact that the ground state density minimizes EV ext[ρ], the Rayleigh-

Ritz variational method can be used to obtain the ground state density. Important to note is

that EV ext[ρ] evaluated for the ground state density corresponding to Vext equals the ground

state energy. Only this value of EV ext[ρ] has a physical meaning. And finally, in the second

theorem the Hohenberg-Kohn-functional FHK contains no information on the nuclei and the

nuclear positions. Consequently, the functional is the same for all many-electron systems

(universal). Unfortunately FHK is not known and, at this level, the DFT remains a formally

exact but useless theory. The second term in equation 3.8 is trivial.

2.1.2 Density Functional Theory

In the HF approach the dimension of the system directly affects the number of variables,

i.e. electrons coordinates, needed to describe properly the system. Hohenberg and Kohn in

1964 and 1965 [38, 39], demonstrated two theorems that allowed the replacement of the HF

function and its large number of the variables, with a single function that depends only on

the three spacial coordinates (n(x; y; z)). The two theorems stated that:

◦ The ground state of a multi electronic system is a functional4 of the electronic density n(r).
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◦ This functional exists and it is unique (universal functional)

It follows then:

E0 = E0[n(R)] (2.20)

It is possible to decompose the total energy into different parts. This operation is similar

to what can be done in the HF method and, for this reason, it had been previously omitted.

In 1965, in fact, the work of Kohn and Sham proved that the ground-state energy could be

rewritten as:

E0 = ET + EV [n] + Ej[n] + EXC [n] (2.21)

where

ET = 2
n∑
i

∫
vol

χ∗
i (j)[−

1

2

∑
▽2

j ]χi(j)dτj (2.22)

represents the Kinetic energy of the electrons. dτj is the infinitesimal volume occupied by

the j electron for all the considered χi orbitals.

EV = −
n∑
α

∫
vol

Zαn(rj)
|Rα − rj|

dτj (2.23)

is the electron-nuclei interaction potential,

Ej =
n∑
α

∫
vol

n(ri)n(rj)
|ri − rj|

dτidτj (2.24)

is the term related to the Coulomb electron-electron interaction. The first three terms are the

quantum correspondent to the classic mechanics quantities. The last term, EXC [n], on the

other hand, is a peculiar quantity present only in a quantum interpretation of reality and it is

impossible to describe it with a classic-physics analogy. This quantity takes into account the

interaction between two electrons in the same spacial position with the same spin (exchange),

and also with opposite spins (correlation). This interaction arises from the anti-symmetry

of the wave-function and is a purely quantum effect. Even if, in principle, the problem

is reduced to find a 3-variable function, operatively this is not possible. It is necessary to



33 CHAPTER 2. THEORY AND COMPUTATIONAL METHODS

decompose the whole density in a sum of single-electronic contributions as in the HF theory.

Since the density of a function is the square module of the wave-function, this can be written

as:

n(r) = |Ψ(x)|2 = 2
n∑
i

|χi(r)|2 (2.25)

where the factor of 2 takes into account the spin degeneracy and the χi(r) functions, which

are known as the Kohn-Sham orbitals and are solutions of the following equation :

FKS(i)χi(i) = ϵi,KSχi(i) (2.26)

where

FKS = −1

2
▽2

i −
∑
α

Zα

|Rα − ri|
+

∫
vol

n(ri)
|ri − rj|

dτi + VXC(i) (2.27)

and it is called the Kohn-Sham operator. It is important to underline how the Kohn-Sham

orbitals are a purely mathematical object and they do not have necessarily any physical mean-

ing, if not to reproduce the total charge density. Differently from HF, DFT includes both the

correlation and the exchange effects. They are described in 3.28 by the VXC(i) term, which

is the exchange-correlation potential, and of which the exact form is not explicitly known:

VXC =
∂EXC [n]

∂n
(2.28)

Therefore to solve the problem it is necessary to define a VXC that effectively approximates

the real potential. Once the exchange-correlation potential is defined, equation 3.27 is solved

using some trial Kohn-Sham orbitals which, accordingly to 3.26, determine the initial elec-

tronic density. Since the density appears also in the operator, a SCF approach is needed.

However, there are some differences with the HF method. In fact, as previously said, the

Kohn-Sham orbitals don’t necessarily have a physical meaning and the self-consistent pro-

cedure returns only the electronic density, and no direct information on the wave-function is

provided. Besides it must be pointed out that since the VXC is not exactly known, the DFT
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energy can not be considered an upper bound of the true value.131,132 This implies that

contrary to the HF, the SCF procedure can not be improved in a consistent manner.

2.1.2.1 The Kohn-Sham equations

An important step towards applicability of DFT has been made by Kohn and Sham [2]. They

proposed to rewrite FHK as follows:

FHK[ρ] = T0[ρ] + VH [ρ] + (Vx[ρ] + Vc[ρ])︸ ︷︷ ︸
Vxc[ρ]

(2.29)

where T0[ρ] is the kinetic energy functional for noninteracting electrons and VH [ρ]is the

Hartree contribution, which describes the interaction with the field obtained by averaging

over the positions of the remaining electrons. Although no on-site electron-electron interac-

tion is taken into account, VH [ρ] is already a good approximation for the electron interaction.

Assuming we know the exchange-correlation functional Vxc[ρ], we can now write:

EVext [ρ] = T0[ρ] + VH [ρ] + Vxc[ρ] + Vext[ρ] (2.30)

Equation 3.10 can be interpreted as the energy functional of noninteracting particles submit-

ted to two external potentials Vext[ρ] and Vxc[ρ], with corresponding Kohn-Sham Hamilto-

nian:

ĤKH = T̂0 + V̂H + V̂xc + V̂ext (2.31)

= − ℏ2

2me

∇2
i +

e2

4πε0

∫
ρ(r⃗)

|r⃗ − r⃗′|
+ V̂xc + V̂ext (2.32)

with the exchange-correlation operator given by the functional derivative:

V̂xc =
∂Vxc[ρ]

∂ρ
(2.33)
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The Kohn-Sham theorem can now be stated as follows:

The exact ground state density ρ(r⃗)of an N-electron system is

ρ(r⃗) =
N∑
i=1

ψ∗
iψi(r⃗) (2.34)

where the single-particle wave functions ψi(r⃗) are the N lowest-energy solutions of the Kohn-

Sham equation

ĤKSψ = ϵiψi (2.35)

To obtain the ground state density of the many-body system the Schroedinger single-particle

equation must be solved. The only unknown contributor to this problem is the exchange-

correlation functional. Available approximations for this functional will be treated in the

next section.

Two additional remarks have to be made. First, one has to realize that the single-particle

wave functions ψi(r⃗) as well as the single-particle energies ϵi are no electron wave functions

or electron energies. They are merely mathematical functions without a physical meaning.

Only the total ground state density calculated from these “quasi-particles” equals the true

ground state density. And second, the Kohn-Sham Hamiltonian depends on the electron

density through the Hartree and the exchange-correlation term, while the electron density

depends on the ψi to be calculated. This means that we are actually dealing with a self-

consistency problem: the solutions determine the original equation. An iterative procedure

is thus needed to solve the problem. In the first iteration a pondered guess is made for the

starting density. The latter allows for the construction of the initial Kohn-Sham Hamiltonian.

Solving the equation results in a new set of ψi and a new electron density. The new density

will differ strongly from the previous one. With this density a new ĤKS can be produced

etc. In the end succeeding densities will converge, as will the Hamiltonians. A solution

consistent with the Hamiltonian has been reached.
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The Kohn-Sham equation proves to be a practical tool to solve many-body problems.

2.1.2.2 The exchange-correlation functional

The third term in the effective potential (2.63) is the exchange− correlation potential. This

is of central importance in the accuracy of DFT calculations, and there has been much work

finding accurate forms of vxc [5].

2.1.2.3 Local Density Approximation LDA

The simplest approximation is to assume that the density can be treated locally as an

uniform electron gas; the exchange correlation energy at each point in the system is the same

as that of an uniform electron gas of the same density. This approximation was originally

introduced by Kohn and Sham [22]. and holds for a slowly varying density. Using this

approximation the exchange-correlation energy for a density ρ(r) is given by ,

ELDA
xc =

∫
ρ(r)ϵxcρ(r)dr (2.36)

veff (r) = v(r) +

∫
ρ(r′)

|r− r′|
dr′ + vxc(r), (2.37)

where vxc(r) is the exchange-correlation potential given by

vxc(r) =
δExc

δρ(r)
. (2.38)

where ϵxc(ρ) is the exchange-correlation energy per particle of an uniform electron gas of

density ρ. The exchange-correlation potential is then given by [40] This can then be inserted
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into (2.38) for use in calculations.

vLDA
xc [ρ(r)] =

δELDA
xc

δρ(r)
= ϵxc(ρ) + ρ(r)

∂ϵxc(ρ)

∂ρ
.

For practical use of the LDA in calculations it is necessary to determine the exchange-

correlation energy for an uniform electron gas of a given density. It is common to split ϵxc(ρ)

into exchange and correlation potentials ϵxc(ρ) = ϵx(ρ) + ϵc(ρ). The exchange potential is

given by the Dirac functional [5]

ϵx[ρ(r)] = −3

4

(
3

π

) 1
3

ρ(r).

Accurate values for ϵc(ρ) have been determined from Quantum Monte Carlo (QMC) calcu-

lations [41]. These have then been interpolated to provide an analytic form for ϵc(ρ) [42]

2.1.2.4 Generalized Gradient Approximations GGA

As the LDA approximates the energy of the true density by the energy of a local constant

density, it fails in situations where the density undergoes rapid changes such as in molecules.

An improvement to this can be made by considering the gradient of the electron density, the

so-called Generalized Gradient Approximation (GGA). Symbolically this can be written as

Exc = Exc[ρ(r),∇ρ(r)].

This can lead to a large improvement over LDA results with accuracy approaching that

of correlated wavefunction methods such as MP2 and in some cases surpassing these [43].

While there is only one LDA there are several different parameterizations of the GGA.
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Some of these are semi-empirical, in that experimental data (e.g. atomization energies) is

used in their derivation. Others are found entirely from first principles. A commonly used

functional is the PW91 functional, due to Perdew and Yang [44, 45].

2.1.2.5 van der Waals

Van der Waals forces are driven by induced electrical interactions between two or more

atoms or molecules that are very close to each other. Van der Waals interaction is the weak-

est of all intermolecular attractions between molecules. However, with a lot of Van der

Waals forces interacting between two objects, the interaction can be very strong. Density

functional theory (DFT) for molecules and materials is widely applied with approximate lo-

cal and semi-local density functionals for the interaction effects. For largely homogeneous

systems, for example, simple metals and semiconductors, the local-density approximation

(LDA) for these effects is appropriate. For inhomogeneous systems, for example, transition

metals, ionic crystals, compound metals, surfaces, interfaces, and some chemical systems,

semi-local-density approximations, such as members of the family of generalized gradient

approximations (GGA), work well. Today DFT describes cohesion, bonds, structures, and

other properties very well for dense molecules and materials, as shown by recent studies for

both single molecules [46] and dense solid-state [47] systems. However, sparse systems,

including soft matter, van der Waals complexes, and biomolecules, are at least as abundant.

They have inter particle separations, for which nonlocal, long-ranged interactions, such as

van der Waals (vdW) forces, are influential. The aim of this Letter is to develop and apply a

van der Waals density functional (vdW-DF) for general geometries to supplement the planar

vdW-DF that we recently, applied with some success [48] to several layered materials.

We considered various approximations to the exchange andcorrelation functionals. Initially,
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we tested two functionals constructed in the generalized gradient approximation (GGA): the

Perdew, Burke, and Ernzerhof (PBE) [37, 48] and its revised version (revPBE). [37] These

functionals differ only in one parameter of the exchange term, k, changed from 0.804 in PBE

to 1.245 in revPBE, and both have been extensively applied in physics and chemistry. In a

second step, we employed the vdW density functional (vdW-DF) by Dion et al., [37]

EvdW−DF
xc [n] = ErevPBE(x)[n] + ELDA(c)[n] + Enl(c)[n] (2.39)

whereErevPBE(x)[n] is the exchange energy obtained with the revPBE functional,ELDA(c)[n]

is an LDA correlation and Enl(c)[n] is a nonlocal correlation term that approximates the

vdW interactions. We also considered the optimized Becke86 van der Waals (optB86b-vdW)

functional introduced byKlimešetal

EoptB86b−vdw
xc [n] = EoptB86b(x)[n] + ELDA(c)[n] + Enl(c)[n] (2.40)

where a reparametrized version of the Becke86 exchange functional replaces the revPBE ex-

change used in equation 2.39. Among the two functionals described in equations 2.39 and

equation 2.40, the optB86b-vdW is generally more accurate, [49] and the results obtained

with it should be preferred as reference.However, we apply the vdW-DF to analyze the ef-

fects of nonlocal correlation, since we can subtract the contributions of the other terms by

introducing a revPBE+LDA functional,

EoptB86b−LDA
xc [n] = ErevPBE(x)[n] + ELDA(c)[n] (2.41)

which involves terms that have been tested and applied in a wide range of materials and

whose behavior, in contrast to the exchange term in equation 2.40, is well-known.
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2.1.2.6 Methods for electronic structure calculations

The Kohn-sham equation is solved self-consistent according to Figure 2.1. This figure in-

cludes the following steps:

1. The first step consists in choosing an initial density in n(r) based on the eigen densities

of the free atoms of the solid

2. We then calculate the effective Kohn-Sham potential using the density defined in first

step.

3. We solve the Schrodinger equation in order to obtain the wave functions of the system.

4. We recalculate the density

In the next sections we will briefly discuss themost popular methods that are used to calculate

the electronic structure of materials.

2.2 Crystal structure and Bloch Theorem

In the case of solids, the situation is more complicated than that of a single atom or molecule,

because the properties of the solid can depend on a very large number of electrons, since there

are a large number of atoms distributed in a macroscopic volume. For standard calculation

methods, that would be a huge cost in time, even for powerful computers if we were to try

to calculate the electronic structure of the whole system. In the case of crystal structures,

this process is greatly simplified because the network is periodic. Since the same structure,

or supercell is generally small, and has just repeated a large number of times, which allows
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the density and total energy are not converged, the effective potential is determined again using
the new density, which is typically generated by a mixture of previous and new density. Hence,
this approach is a self-consistent calculation method. In addition, for the relaxation of ions and
lattice, the forces on atoms must be converged to a sufficiently small value.

Initial guess of atom configuration and estimate the ρ(r)

Calculate potential VKS(r) from ρ(r)
VKS(r) = Vext(r) +

∫
dr′ ρ(r′)
|r−r′| + Vxc(r)

Solve Kohn-Sham equation for each k-point(
− ∇2

2 + VKS(r)
)
ψKS

n,k(r) = εKS
n ψKS

n,k(r)

E[ρ] =
N∑
n
εKS

n − 1
2

∫ ∫
drdr′ρ(r)ρ(r′)

|r−r′| + Exc[ρ]−
∫

Vxc(r)ρ(r)dr

Calculate Fermi energy EF

New density ρnew(r) =
N∑
n

∑
k
|ψKS

n,k(r)|2

Determine the new density from
a mixture of ρ(r) and ρnew(r)

Converged E[ρ]?
ρnew(r) == ρ(r)?

Results: total energies, forces, etc.

New atoms positions

Converged
forces on atoms?

Finished

No

Yes

No

Yes

Figure 3.1. Self-consistent calculations and relaxation for solving the KS equation.

3.5 Full-potential linearized augmented plane wave method

When solving the KS equation, one needs to decide how to describe the form of the wavefunction.
A set of plane waves (PW) is chosen as a basis function for the wavefunction because of the Bloch
theory [191, 192]. The drawback of using PW as basis set is that wavefunction varies rapidly in
the atomic core region, and therefore one needs to choose a huge set of plane waves to describe
that. It implies that the calculations are time-consuming.

Slater re-considered an alternative way to describe the wavefunction (Eq. 3.45). The unit cell
is divided into two regions [215, 216]: one is a sphere region called the muffin tin (MT) region,
which is defined by the center of atom, but non-overlap each sphere; the remaining region is

Figure 2.1: e-k relation of valence and conduction bands in an intrinsic semiconductor. Upward and right

directions are taken as positive directions of the energy and wave vector in coordinates (A), whereas downward

and left directions as positive directions in coordinates (B), respectively. Coordinates (A) arc used to describe

the motion of an electron near the bottom of the conduction band. Coordinates (B) are used to describe that of

a hole near the top of the valence band.
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to consider just this cell for the purpose of calculations (something that cannot be done in a

non-crystalline structure). This is done in the calculation using periodic boundary conditions,

which comes from the cell which are repeated again and again in the simulation, just like

in a real solid. Another theorem useful for these solid state calculations is called Bloch’s

theorem. A Bloch wave is defined as the wave function of a particle (in terms of interest here

an electron) inside a periodic potential. The definition of this theorem is given below;

2.2.0.0.1 Bloch theorem : The proper function of such a system can be written as the

product of a plane wave envelope function and a periodic function (of periodic function

Bloch) µnk(r) which has the same periodicity as the potential:

Ψnk(r) = eikrµnk(r) (2.42)

The importance of this theorem is that the part of the envelope of the plane wave can be

extended as a series of plane waves, allowing all functions of electrons to be expressed by

plane-wave. It will become important and is discussed further in the following sections [50].

2.2.1 Plane-Waves

One of the most common methods for DFT when working in solids is the pseudopotential

plane wave method [51]. It basically works out of a set of approximations and symmetries

that work well in periodic boundary conditions of a crystal lattice. It is based on the theorem

of Bloch identified as periodic boundary conditions as well as to create a set of basic wave

plane. Returning to the previous section, it has shown that the electronic wave functions

can be expressed as plane-waves. Another approximation, known as pseudopotential is also

integrated to simplify the basic set plane wave and is discussed in the next section. The basis
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of the theory is that it could go to infinity, that the great values of k will result in electrons with

high kinetic energy. Since the DFT calculations are for the ground state, we can reasonably

suppose that the wave functions of electrons can be given with a reduced basic set which will

contain only the plane waves lower than the cutting energy (denoted Ecut). Basically after a

certain value of k (denoted kcut), the coefficients for the plane-waves will become very low,

and can be overlooked because they are higher than the energy of electrons. However, we

must be careful to choose the right value of the cut-off energy, because a too low a value can

lead to inaccurate results.

2.2.2 Plane wave pseudopotential method

Plane waves offer a natural choice as a basis set to expand the periodic functions unk(r) as:

unk(r) =
∑
G

cnk,Ge
iG·r (2.43)

where the summation is over all the reciprocal lattice vectors G of the system under study.

Thus, the electronic wave functions can be written as:

ϕnk(r) =
∑
G

cnk,Ge
i(k+G)·r (2.44)

The electronic wave functions at each k-point are now expressed in terms of a discrete plane

wave basis set. In principle this Fourier series is infinite. However, in practice we cannot

work with an infinite basis set, it has to be truncated. The number of plane waves can

be restricted by placing an upper boundary to the kinetic energy of the plane waves. This

boundary is called energy cut-off Ecut and only plane-waves satisfying the condition:

|k + G|2

2
< Ecut (2.45)
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Figure 2.2: Schematic representation of pseudopotential and the pseudo wave function

are considered in the computation. With DFT, the complexity of the problem has reduced

appreciably. However, for systems with a large number of electrons still remains computa-

tionally very expensive. Pseudopotentials helped in a crucial way to make the calculations

tractable. Using the fact that the physical properties of solids depend mainly on valence

electrons, the computational effort can be minimized considerably. In the pseudopotential

approximation, the core electrons are removed and the strong ionic potential is replaced by

the weaker pseudo potential Vpseudo that acts on a set of pseudo wave functions Ψpseudo rather

than the true valence wave functions (Ψ). The pseudopotential and pseudo wave functions

are generated in such a way that they are identical to the true potential and wave function be-

yond a certain radius known as cut-off radius rc. In the core region the pseudo wave function

is constructed such that all the nodes are removed but the norm is conserved. Also, since the

nodes of the core states are removed, the number of plane-wave basis functions required to

describe this wave function in the core region is much less resulting in reduced computational

effort. This leads to a popular plane wave pseudopotential method for electronic structure

calculations. In this thesis, we use this method to calculate the DFT band structure within the

GGA approximation. These calculations are performed using the Quantum espresso code.
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2.2.3 Projector augmented wave method (PAW)

An approach that lies half-way between the LAPW and the pseudopotential methods has

been introduced by Bloch 2.2 known as the projector augmented waves (PAW) method. This

approach retains the all-electron character, but it uses a decomposition of the all-electron

wave function in terms of a smooth pseudo-wave function, and a rapidly varying contribution

localized within the core region. The true and pseudo-wave functions are related by a linear

transformation:

∣∣ΨAE
n

〉
=

∣∣ΨPS
n

〉
+
∑
i

(∣∣ϕAE
i

〉
−
∣∣ϕPS

i

〉) 〈
pPS
i | ΨPS

n

〉
(2.46)

The pseudo-wave functions ΨPS
n , where n is the band index, are the variational quantities

and are expanded in plane waves. In the regions between the PAW spheres surrounding

the atoms, the ΨPS , n are identical to the all-electron wave functions ΨAE
n , but inside the

spheres ΨPS are only a bad approximation to the exact wave functions, they are used only

as a computational tool. The all-electron partial waves ϕAE
i are solutions of the spherical

scalar-relativistic Schrödinger equation for a non-spin-polarized atom at a reference energy

Ei in the valence regime and for an angular momentum Ii,(
−1

2
∇2 + νAE

eff

) ∣∣ϕAE
i

〉
= εi

∣∣ϕAE
i

〉
(2.47)

where V AE
eff is the spherical component of the AE potential. The index i contains the reference

energy εi the angular momentum quantum numbers (Ii,mi), and the atomic coordinates Ri.

The PS partial waves ϕPS
i are nodeless and identical to the AE partial wave outside a core

radius rc (approximately equal to half the nearest-neighbor distance) and match continuously

to ϕAE
i inside these spheres. The projector functions pPS

i are constrained to be dual to the

partial waves, they are constructed by two-step procedure: First, intermediate functions χi



2.2. CRYSTAL STRUCTURE AND BLOCH THEOREM 46

are computed via

|χi⟩ =
(
εi +

1

2
∇2 − νPS

eff

) ∣∣ϕPS
i

〉
(2.48)

where V PS
eff is the spherical component of the effective pseudopotential, which can be chosen

arbitrarily inside the radius rc but must match V PS
eff for r ≥ rc. The projector functions are

linear combinations of the χi with

∣∣ϕPS
i

〉
=

∑
j

(
B−1

)
ji
|χj⟩ , Bij =

〈
ϕPS
i | χj

〉
(2.49)

such that the ϕPS
i and pPS

i are dual,
〈
pPS
i | ϕPS

j

〉
= δij and

〈
r | pPS

i

〉
= 0 for r ≥ rc

2.2.4 Molecular Dynamics calculation

2.2.4.1 Classical Molecular Dynamics

Molecular Dynamic (MD) is a microscopic form of computer simulation where the time

evolution of a system of atoms is gouverned by Newton’s laws of motion. Due to a lack

of computational power, it was not until digital computers were invented that MD became a

viable method of simulation. With the aid of modern computing, it is possible to numerically

solve the equations of motion and use statistical mechanical theory to measure quantities of

interest, such as temperature, pressure, and density. Thought the theory remains the same,

MD simulations can be used for a variety of applications such as phase transition, polymers,

biomolecules, and fluid dynamics. Numerical simulation consisting in calculating the tem-

poral evolution of positions ri and velocities vi of a system composed of N interacting atoms,

by numerically integrating the equations of classical Newtonian mechanics; F = ma; where

F is the force exerted on the particle, m is its mass and a is its acceleration. The most com-

putationally intensive part of an MD simulation is calculating the forces between pairs of
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particles. For a potential function without a cutoff radius, it is necessary to evaluate forces

for every pair within the simulation region. However, the use of a truncated potential func-

tion greatly reduces the number of interaction pairs, and subsequently the number of pairs

worth investigating. Different numerical methods are used in MD simulations to find the

trajectories of the particles. Besides, the size of the system should be set reasonably so the

atoms in the system can perform desired motions without any additional constraints. The

initial settings of a simulation also include the dimension of simulation, boundary condi-

tions, and the units of the parameters. In a soft sphere MD simulation, atomic interaction is

calculated based on the potential energy between individual particles. The ineteractions are,

in general, described by interatomic forces between particles . In the nature , these forces are

:

f = −∇U(r) (2.50)

Where U(r) is a potential energy function. The behavior of a simulation is largely based on

the choice of potential function(s). Potential function of interest are largely based on the

Born-Oppenhiemer approximation that electrons adjust to movement faster than the nuclei.

Therefore, particle interaction based on the movement of nuclei is valid

2.2.4.2 Ab initio Molecular Dynamics

Since the founding article by Car and Parrinello [52], ab initio molecular dynamics (AIMD)

has emerged from all of the atomic-scale simulation methods. Its success is intimately

linked to its capacity to describe the temporal evolution of the nuclear but also electronic

degrees of freedom of a system, including the rupture or the formation of covalent bonds.

Another crucial aspect is the moderate computational cost of the method (compared to Born-

Oppenheimer type molecular dynamics), an essential element for the study of biochemical
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systems. AIMD simulations thus provide reliable information on the structural, thermody-

namic and dynamic properties of these systems, opening the door to a wide range of appli-

cations. We have applied this simulation technique to various solid-state hadrogen storage

materials such as metal borohydride systems and their derivative. The difference betewen the

Ab initio molecular dynamics and classical molecular dynamics is that the AIMD uses forces

obtained from electronic structure theory calculations (typically density functional theory)

to evolve the system’s dynamics in time, while classical molecular dynamics uses forces

obtained from (semi)empirical force fields. Ab initio molecular dynamics calculations are

typically more accurate than classical MD calculations, especially for systems where there is

charge transfer, many body van der Waals, relativistic effects, strong spin orbit coupling, or

strong electron correlation (note there are many materials and molecules where these effects

are critical to include). Ab initio MD, however, is often limited to systems of much smaller

size and shorter time scales than classical MD due to the computational expense. Note,

classical force fields or machine learned potentials can be parameterized to highly accurate

reference data, thus in some instances they can be very accurate.

2.3 Software and Modeling

2.3.1 Quantum Espresso

In this thesis, all calculations were performed using the Quantum Espresso (PWSCF) code

[52]. Quantum ESPRESSO stands for opEn Source Package for Research in Electronic

Structure, Simulation and Optimization. It is a free software, released under the GNU Gen-

eral Public License. The code is designed to perform density functional theory calculations
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of the electronic structure. It uses plane wave basis sets and pseudopotential in its applica-

tions. Its features range from the calculation of ground-state energy and Kohn-Sham orbitals

to the calculation of atomic forces, stresses, and structural optimization, molecular dynamics

on the ground state Born-Oppenheimer surface, Nudged Elastic Band (NEB) and Fourier

String Method Dynamics. Quantum ESPRESSO is also able to perform other calculations

such as; phonon frequencies and eigenvectors at a generic wave vector, effective charges and

dielectric tensors, electron-phonon interaction coefficients for metals, Infrared and Raman

(non-resonant) crosssection etc. [52,53]. The main advantages of QE over VASP in the con-

text of this work are as follows: first, QE is able to characterize the vibrational frequencies

into either Raman or infrared active modes. Secondly, QE assigns modes on the basis of

the degeneracy of the vibrational frequencies (single, double or triple). In addition, QE tells

you to which irreducible representation a mode belongs. This makes it easy to interpret the

results of Raman and infrared spectra. Quantum Espresso is presently divided into several

executable, performing different types of calculations, although some of them have overlap-

ping functionalities. Typically, there is single set of functions or a single Fortran 90 module

that perform each specific task, but there are still important exceptions to this rule, reflecting

the different origin and different styles of the original components. Quantum Espresso has

in fact built out of the merging and re-engineering of different packages.

2.3.2 BoltzTraP Code

A program for calculating the semi-classic transport coefficients is described. It is based

on a smoothed Fourier interpolation of the bands. From this analytical representation we

calculate the derivatives necessary for the transport distributions. This method is compared to

earlier calculations, which in principle should be exact within Boltzmann theory, and a very
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convincing agreement is found. [54]. The BOLTZTRAP code allows the calculation of semi-

classical transport coefficients through the use of Fourier expansions to solve Boltzmann

equations. In the absence of fields, the stationary solution of the Boltzmann equation is

the Fermi distribution function f0(ϵk). The fact that the population in k and −kis the same

makes J = 0. In absence of magnetic field and temperature gradients, it is possible to

linearize, within the relaxation time approximation and we obtain the following solution for

the population:

fk = f0(ϵk) + (−∂f0
∂ϵ

)τkvk.E (2.51)

Now that we obtained the population of states thanks to BTE within the RTA, we substitute

equation (3.17) into (3.14) to get:

J = e
∑
k

fkvk (2.52)

It is easy to see that in the absence of a gradient of temperature, the macroscopic electrical

current is J = σ.E, therefore:

σ =
∑
k

(−∂f0
∂ϵ

)σ(k) (2.53)

In the same way as for the density of states, the energy dependence of the conductivity tensor

can be obtained by:

Ξ(ϵ) =
1

N

∑
k

σ(k)
δ(ϵ− ϵk)

dϵ
(2.54)

With this, the transport tensors that depend on the chemical potential (µ) and temperature

(T ) can be obtained through:

σ(T, µ) =
1

Ω

∫
Ξ(ϵ)[−∂fµ(T, µ)

∂ϵ
]dϵ (2.55)

S(T, µ) =
1

ΩeTσ(T, µ)

∫
Ξ(ϵ)(ϵ− µ)[−∂fµ(T, µ)

∂ϵ
]dϵ (2.56)

where the electrical conductivity still depends on the relaxation time τ , but not the Seebeck

coefficient. τ is considered constant (no longer k dependent) and can be taken out of the
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integral in equation (2.56).

2.4 COMPUTATIONAL METHODS

The results presented in this study were obtained from density functional theory (DFT) cal-

culations using Quantum-ESPRESSO code [52] with the projector augmented-wave (PAW)

method [50, 55]. Since van der Waals (vdW) interactions are a key factor in HER [56], the

exchange-correlation (XC) functional vdW − optB86b was employed for all DFT compu-

tations [46]. A kinetic-energy cutoff of 40 Ry was selected for the plane-wave basis set. All

the structural models were fully optimized until the forces were less than 10-2 eV⁄Å with an

energy convergence of 10-6 eV between two consecutive self-consistent steps. A vacuum

space of 20 Å was applied perpendicularly to the slab to avert the interactions caused by

periodic images. Due to the weak interaction between MAPbI3 coupled with Fe2O3 and

ZnO : Al, the vdW forces in the heterostructure interface are simulated by vdW − optB86b

method of Grimme [46, 47, 57]. We also performed molecular dynamics simulations of the

bare slabs, i.e., without any water molecules, using the same a = b cell dimensions but leav-

ing 10 Å of vacuum along the non-periodic direction orthogonal to the perovskite surface.

In this sense, Car-Parrinello molecular dynamics (CPMD) simulations have been carried out

within the Quantum Espresso package along with the GGA-PBE functional. For all calcu-

lations, electron-ion interactions were described by scalar relativistic ultrasoft pseudopoten-

tials with electrons from O,NandC : 2s, 2p;H : 1s; I : 5s, 5p;Pb : 6s, 6p, 5d;Zn, Fe :

3s, 3p, 3d, 4s, andAl : 3s, 3p shells explicitly included in the calculations. CPMD simula-

tions have been performed with an integration time step of 10 au. For a total simulation time

of ca. 50 ps. Initial randomization of the atomic positions has been used to reach temperature
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of 300 ± 30 K. Variable cell geometry optimization of the ZnO : Al, MAPbI3 and Fe2O3

systems was carried out using the QE code with plane-wave basis set cutoffs for the smooth

part of the wave functions and the augmented density was 40 Ry, respectively and including

dispersion contributions as reported elsewhere [58–60].

2.4.1 Power Conversion Efficiency

In an ideal perovskite of ABX3, the radii of all these cations and anions should meet the

tolerance factor:

t =
(rA + rX)√
2(rB + rX)

(2.57)

and octahedral factor:

µ =
rB
rX

(2.58)

where RA, RB, and RX refer to the ionic radii of A, B and X, respectively [30]. Finally, the

JSC can be calculated by the equation (2.60):

PS =
2πf

c2h3

∫ ∞

Eg

ϵ2

(e
( ϵ
KBTS

) − 1)
dϵ (2.59)

The short-circuit current and open-circuit voltage can be calculated by Eq (2.60)

JSC = e× (Fcell − F0) (2.60)

where Fcell and F0 are photon flux emitted by the solar and the photon flux at zero applied

voltage, respectively.

JSC =
2πf

c2h3
(1− e−α(ϵ)L)(

∫ ∞

Eg

(
ϵ2

(e
( ϵ
KBTS

) − 1)
)dϵ−

∫ ∞

Eg

(
ϵ2

(e
( ϵ
KBT

) − 1)
)dϵ) (2.61)

The open-circuit voltage according to the Shockley-Queisser limit can be calculated by

Eq.(2.67)

VOC =
KTcell
e

ln(
Fcell

F0

) (2.62)
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The fill factor and energy conversion efficiency of the solar cell are given by Eq.(2.63):

FF =
max[J(V )× V ]

JSC × VOC

(2.63)

η =
max[J(V )× V ]

PS

(2.64)

where e, E, and PS are the charge of an electron, the incident photon energy, and the power

radiated by the sun on earth per unit area, respectively[6,32,33].

2.4.2 Stain effect and Transport

2.4.2.1 Stain effect

Once the properties of unit cell of OHP-CH3NH3Pbl3 were obtained, the mechanical biaxial

strain is imposed on the relaxed unit cell along x (100), and y (010) directions according to

Eq. ((2.65)) as shown in Figure. 4.7:

ϵxx(%) =
a− a0
a0

× 100% (2.65)

2.4.2.2 Electron Relaxation Time:

Since the electrical conductivity (σ) obtained from BoltzTraP is a quantity scaled by the

constant relaxation time of unity (1 fs), the actual value of σ should be estimated using an

appropriate relaxation time, giving the temperature and carrier concentration.

In this work, we adopted the self-consistent single parabolic band model to evaluate

the electron relaxation time.

In the approach, we first determined the Fermi energy in the Fermi integral self consis-
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tently from eq 3 for the given T and q concentration (n(T )).

n(T ) =
(2m∗

dKBT )
1
2

2π2ℏ3
(2.66)

The density of states effective mass is m∗
d = NV

3
2m∗, where m∗ is the effective mass at the

band valley and the degeneracy of the band valley is given by NV , which is related to the

symmetry of the k-point in the Brillouin zone. The Fermi integral is given by eq**.

τ =
2

1
2πℏ4ρν2l

3E3
d(m

∗KBT )
3
2

F0(η)

F 1
2
(η)

(2.67)

Here η =
Ef

KBT
, where Ef is the Fermi energy. Using the Ef determined from eq **, the

electron relaxation time can be obtained from eq **.

Fx(η) =

∫ ∞

0

ϵ2

(1 + eϵ−η)
dϵ (2.68)

In the above equation, ρ refers to the mass density, and the longitudinal sound velocity

is given by νl. In our calculations, the longitudinal sound velocities in the a and c directions

were computed as (C11/ρ)
1/2 and (C33/ρ)

1/2, respectively.

The deformation potential (Ed) at the band valley was obtained byEd =
∂EV

∂(V/V0)
, where

V and V0 denote the cell volumes.

2.4.3 Heterostructure Photocatalysis

2.4.3.1 Band-edge positions

In any of the photocatalytic processes, the position of band edges determines the redox be-

havior of the charge carriers. Calculation of band edge position has a significant role in
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determining the extent and feasibility of a particular photo-catalytic reaction. In this section,

we are describing the conventional ways of determining the band positions of a semiconduc-

tor material. Manually one can arrive at the flat band potential of the semiconductors from

the equation connecting electronegativity of the semiconductor (χ), energy of free electron

on hydrogen scale (Ee = 4.5eV ), conduction band position (ECB) and bandgap(Eg)[37].

χ(S) =
N

√
χZ1
1 χ

Z2
2 χ

Z3
3 .......χ

Zn−1

n−1 χ
ZN
N (2.69)

where χ(S) is Elements Electronegativity from χZ1
1 to χZN

N .

χi(S) =
EIE

i − EEA
i

2
(2.70)

where IE and EA are Ionisation Energy Electron Affinity respectively

ECB = χi(S)− Ee − 0.5Eg (2.71)

E0
V B = E0

CB + Eg (2.72)

The geometric mean of the individual electronegativities of constituent atoms in a semicon-

ductor would give the electronegativity of a particular semiconductor.

2.4.3.2 production yield of H2

The calculated production yield of H2 we have used the Rate of generation of excess carriers

∆GL (unit volume/time):

∆Iph = V∆GL (2.73)

∆GL =
η∆P

hνAW
(2.74)

where P is solar power (η = (1 − R)(1 − e−αw) < 1) is the quantum efficiency, A is the

surface of device, R is refractive index, α is absorption coefficient, and W is the width the
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device Figure 5.6.

ne =
η∆P

hν

τn
t
∆t (2.75)

where τ , t, and ∆t are relaxation time of pair electron-hole, time of moving electron between

the surface of semiconductor, and time of moving in the circle from the anode to cathode

respectively.
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CHAPTER 3

Efficiency and Substitution

3.1 Introduction

The perovskites with general formula ABX3 have a wide range of attractive properties, which

include both application-towards phenomena and fundamental physics [10, 61]. One of the

main factors that make perovskites so successful is the adaptability of this structure type to-

wards A, B, or X site substitution, which allows for tailoring properties to meet particular

requirements. As has attracted a great deal of attention due to an impressive series of light

to electricity efficiency conversion improvements. [62–64] Indeed, in just over five years of

intense research activity, the efficiency of (CH3NH3)PbI3 (from now on referred to as ABX3

where A=cations, B=Pb, and X=I) is around 25% [65]. In this relatively young family, the

perovskite architecture is essentially maintained, while at least one ion - usually A or X is

substituted by an organic ion which makes the perovskite a hybrid as A, and B are cations

(A has a larger radius than B), and X is a halogen or oxygen anion. The two different anions

and various metal cations form halide perovskites and oxide perovskites [66]. These two

59
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types of perovskites have many similar crystal structures, and both of them contain BX6 oc-

tahedra in their crystal structures, and A atoms locate in the interstitial void of neighboring

octahedra [67]. Bernal et al. from first principles calculations was shown that the introduc-

tion substitutional halides [Br, Cl, and F] dopants for I anions in MAPbI3 could facilitate

charge transfer from the hybrid perovskite to the electrodes [68]. Whereas, substituting in

B-site changes the band gap. In our study, we investigated the possibility of substitution of

the cation at the A-site and its effect on perovskite organic properties. The above analysis

suggests that substitution the cation A into perovskites may be a possible way to obtain the

optimal band gaps (1.1–1.4 eV) and high efficiency. Where Ai (Ai = CH3NH3, CH(NH2),

Li3O, Li3S, NH4 [10], Cs, CH3OH, CH3−C−(NH2)2, and C(NH2)3) were substituted into ℵ

phase (cubic) CH3NH3PbI3 hybrid perovskites. Ali et al, claim that the halide perovskites

can show photovoltaics property by replacing Pb +
2 with Sn +

2 and Ge +
2 , while the single re-

placement of Pb +
2 with other B +

2 (B = Mg, Mn, Fe, Co, Ni, Cu, Zn, and so on) cation is

suitable for other physical properties, such as magnetism, dielectric, ferroelectricity, multi-

ferroicity, and so on [69].

3.1.1 Tolerance factor and octahedral factor:

Recently, Tolerance Factor concept of Goldschmidt’s has been a central mantra in the devel-

opment of perovskites for decades, was extended to the emerging field of organic-inorganic

perovskites [70–72]. The t value often varies from 0.8 to 1.11; otherwise, the cubic or

cubic-like crystal structure would be distorted, and even destroyed.4 A smaller t value would

result in lower-symmetrical tetragonal or orthorhombic structures. The t value of an ideal

cubic structure varies in the range from 0.89 to 1.0. The value of µ ranges between 0.44

and 0.90, which determines the stability of the octahedron, and further affects the stability
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of the perovskite structure [73]. Among of 2352 calculated TF, 742 show TF between 0.8

and 1.0 that include about 140 known materials [67], such as the well characterized hybrid

perovskites Figure.3.1 This work was limited to nine cations (CH4, Cesium, Li3O, CH3OH,

structure would be distorted, and even destroyed.4 A smaller t value would result in lower-

symmetrical tetragonal or orthorhombic structures. The t value of an ideal cubic structure varies 

in the range from 0.89 to 1.0. The value of μ ranges between 0.44 and 0.90, which determines the 

stability of the octahedron, and further affects the stability of the perovskite structure.[15][7] 

Among of 2352 calculated TF, 742 show TF between 0.8 and 1.0 that include about 140 known 

materials [9], such as the well characterized hybrid perovskites Figure.1 

 

This work was limited to nine cations (CH4, Cesium, Li3O, CH3OH, Li3S, CH3NH3, CH(NH2)2, 

CH3C(NH2)2, and C(NH2)3) , which have ionic radii (146, 167, 170, 216, 220, 222, 253, 277, 

and 278) respectively.[16] 

Figure 3.1: A diagram showing a method for selecting organic cations from a protein by machine learning,

which fulfills the conditions of tolerance factor and octahedral factor .

Li3S, CH3NH3, CH(NH2)2, CH3C(NH2)2, and C(NH2)3) Figure 3.23.3, which have ionic

radii (146, 167, 170, 216, 220, 222, 253, 277, and 278) respectively [74].
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Evaluation of Efficiency 

For all perovskites (except for the perovskites with Li3O and Li3S), the short circuit current (JSC), 

the open-circuit voltage (VOC), and the PCE also calculated for the solar cells based their bandgap 

(Eg). We assumed that the energy more than Eg, for all photons, are absorbed, and always promote 

the perovskites to produce electron-hole pairs. [17–19][20] 

In order to consider the effect of the electrodes and interfacial layers, the VOS was calculated by 

the equation (5). Finally, by using Jsc, Voc, and FF as well as the total incident power density PS, 

we calculated the maximum theoretical limit of the PCE for all configurations, where the efficiency 

is regarded as a function of Eg, and PS is the total incident power, which can be calculated by using 

solar spectrum data [21–24].  

 

Computational Details: 

We have used density functional theory (DFT) and molecular dynamics, we theoretically 

investigated a crystal structure, electronic structure, Thermal and dynamical stability, and the 

Figure 3.2: The chemical formula and molecular radii of the cation we used in the work.
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I. Optimization

Figure 3.3: Geometric structures of AiPbI3 with different cation before the optimization.
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3.1.2 Evaluation of Efficiency:

For all perovskites (except for the perovskites with Li3O and Li3S), the short circuit current

(JSC), the open-circuit voltage (VOC), and the PCE also calculated for the solar cells based

their bandgap (Eg). We assumed that the energy more than Eg, for all photons, are absorbed,

and always promote the perovskites to produce electron-hole pairs. In order to consider

the effect of the electrodes and interfacial layers, the VOS was calculated by the equation

((2.63)). Finally, by using Jsc, Voc, and FF as well as the total incident power density PS,

we calculated the maximum theoretical limit of the PCE for all configurations, where the

efficiency is regarded as a function of Eg, and PS is the total incident power, which can be

calculated by using solar spectrum data [75–77].

3.2 Results and discussion:

3.2.1 Optimization:

We have used density functional theory (DFT) and molecular dynamics, we theoretically in-

vestigated a crystal structure, electronic structure, Thermal and dynamical stability, and the

power conversion efficiency of the substituted cubic AiPbI3 (Ai = CH3NH3+, N, , (NH2)2CH+,

PH +
4 ). Optimization: We optimized the structures after replacing the cations while observ-

ing the distortions in the nascent crystallites relative to the pristine crystal of CsPbI3. We

have noticed the distortion clearly in some structures, especially those that cations large, or

(Li3S+, Li3O+) size cations Figure.3.4. Otherwise, the other structures have not changed sig-

nificantly. A full list of all calculated parameters is given in table 3.1. Tolerance factor
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Parameter A B C α β γ Space Group:

NH4PbI3 6.3079 6.2407 6.3912 90.0000 90.0000 90.0000 P m

PH4PbI3 6.5455 6.5486 6.5574 90.0000 90.0000 90.0000 P m -3 m

Li3OPbI3 6.8934 6.9410 6.9572 90.0000 90.0000 90.0000 P m m 2

NH3OHPbI3 6.3388 6.3572 6.3517 90.0000 90.0000 90.0000 P m

Li3SPbI3 6.6913 6.6140 6.5984 90.0000 90.0000 90.0000 P1

MAPbI3 6.4271 6.4006 6.4547 90.0000 90.0000 90.0000 P m

FAPbI3 6.4918 6.5457 6.3295 90.0000 90.0000 90.0000 P m m 2

AcPbI3 7.6505 7.0395 6.2866 90.0000 90.0000 90.0000 P1

GuPbI3 7.2249 6.5031 6.4847 90.0000 90.0000 90.0000 P1

Table 3.1: The theoretical lattice constants A, B, C, α, β, and γ and Space Group of AiPbI3 with the different

cations .

and octahedral factor and parameters optimization: In our research, we replaced MA with

a number of different sized organic cations and their constituent atoms in perovskite in the

cube phase, and for a first examination of the stability of the crystal lattice with each cation,

we calculated the tolerance factor τ with the octahedral stability factor µ and matched them

with the permissible ranges, which were arranged. In ascending order of size as shown in

Table 3.1 below. Through the results, it was found that all of them fall within the range of

stability [78].
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I. Optimization

Figure 3.4: Geometric structures of AiPbI3 after optimization with V anderWaals correlation.

3.2.2 Electronic properties:

For photovoltaic applications, selection of materials for absorber layer with suitable elec-

tronic properties plays a vital role in improving the device performance. In this respect, the

nature and magnitude of band gap is extremely important to estimate the number of absorbed

photon and rate of photogenerated charge carriers with minimal optical losses. For efficient

generation and transport of free charge carriers, low exciton binding energy as well as low

effective masses of holes and electrons are also required. Moreover, DFT calculations show

that electronic structures of the investigated substituted perovskites were similar with that

of MAPbI3, while their bandgaps slightly decrease or increase compared to that of MAPbI3

except LiO3, LiS3, and Gu. Our results mean that substitution in halide perovskite is effec-

tive technique to improving thermal and dynamical stability and power conversion efficiency
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and tune the band gap. For this purpose, we have calculated the band structures of the opti-

Å RA (pm) Eg(eV ) Ef (eV ) µ t

Ammonium 146 1.7611 -0.32564 0.468182 0.801242

Phosphonium 167 1.8411 -0.34885 0.468182 0.847215

Li3OPbI3 170 0.5932 -0.34170 0.468182 0.853782

Hydroxyl-ammonium 216 1.5348 -0.35955 0.468182 0.954485

Li3SPbI3 220 0.4146 -0.34944 0.468182 0.963241

Methylammonium 222 1.5971 -0.36116 0.468182 0.967620

Formamidinium 253 1.4815 -0.36469 0.468182 1.035485

Acetamidinium 277 1.9645 -0.37708 0.468182 1.088025

Guanidinium 278 2.1517 -0.37980 0.468182 1.090214

Table 3.2: The theoretical size RA (pm), Bandgap Eg , Formation energy Ef , tolerance factor t, and octahe-

dral factor η of AiPbI3 with the different cations .

mized (Ai)PbI3 perovskite structures with GGA-PBE for (Ai = NH4, Cs, Li3O, NH3O, Li3S,

CH3NH3, CH(NH2)2, Ac, and Gu) along the high symmetry points of the Brillouin zone,

which has taken three space groups cubic, triclinic, and orthorhombic as shown in Figure

3.5. Here the Fermi level is set to zero. It is clearly observed from the figure that both

the valence band maximum (VBM) and conduction band minimum (CBM) for all the com-

puted band structures lie along the points R, Q, and E of the Brillouin zone for ((Cs, Li3O,

CH(NH2)2); (Li3S, Ace, Gu - NH4), (NH3O, MA)) respectively which represent direct nature

of the band gaps, and thus, can be called as good optical absorber materials Figure (4c). The

calculated band gaps for NH4PbI3, CsPbI3, Li3OPbI3, NH3OPbI3, Li3SPbI3, CH3NH3PbI3,

CH(NH2)2PbI3, AcPbI3, and GuPbI3 are 1.7611, 1.6101, 0.5932, 1.5348, 0.4146, 1.5971,
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1.4815, 1.9645, and 2.1517, eV respectively which is in fairly agreement with the experi-

mental results and other theoretical calculations as given in Table 3.2.

3.2.3 Stability:

3.2.3.1 Formation Energy:

The formation energies of cubic NH4PbI3, CsPbI3, Li3OPbI3, NH3OPbI3, Li3SPbI3, CH3NH3PbI3,

CH(NH2)2PbI3, AcPbI3, and GuPbI3 perovskites are -0.32564, -0.34885, -0.34170, -0.35955,

-0.34944, -0.36116, -0.36469, -0.37708, and -0.37980 eV per unit-cell (see Table 1), respec-

tively, which reveals that these perovskites can be synthesized in the laboratory. We also

observed that the formation energy was increasing with the increase in the cation size in

all structures except for the lithium and oxygen structures Figure 3.6. The reason may be

attributed to the poor thermal stability. Where the formation energies were calculated by

equation (3.1):
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EAi
F =

EAiBX3

Total − yEBX3
Total − xEAi

Total

x+ y
(3.1)

where Ai is the different cation, x and y are the numbers of Ai and BX3 atoms in a unit cell,

respectively

3.2.3.2 Dynamical stability:

The total phonon density of states (Ph-DOS) is calculated at the equilibrium volumes for

different cations of Ai. For the Ai modifications, the Ph-DOS are calculated both at the

equilibrium point. The calculated Ph-DOS of cations are displayed in Figure 3.7. For all
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Figure 3.7: The DOSPhonon of AiPbI3 are showing the density of state function frequency with different

cations.

these cations, no imaginary frequency was observed (for MA and Cs cations), also a small

imaginary frequency was observed in (FA and NH3OH cations), indicating these structures

are stable or at least dynamically stable at ambient conditions. Otherwise, the imaginary
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frequency was observed in the remaining structures, indicating these structures are unstable

at ambient conditions.

3.2.3.3 Thermal stability:

In this work, we used the ab initio molecular dynamics simulation (AMD) of AiPbI3 based

on forces calculated from density functional theory. The simulations were performed on

model systems having 3 × 3 × 3 supercells, and for a total simulation time of 25 ps in each

case. Analysis of the finite size effects, in particular the mobility of the organic component,

suggests that the smaller system is over correlated through the long-range electrostatic in-

teraction. In the larger system, this finite size artifact is relaxed, producing a more reliable

description of the anisotropic rotational behavior of cations. To compare the dynamics per-

formance of the perovskites with the cations, the AMD simulations are carried out for the

cubic NH4PbI3, CsPbI3, Li3OPbI3, NH3OPbI3, Li3SPbI3, MAPbI3, AMPbI3, AcPbI3, and

GuPbI3 perovskites with 3 × 3 × 3 supercell. Their AMD simulation results have illustrated

in Figure 3.9 after 25 ps that the cubic Li3OPbI3 and Li3SPbI3 perovskites with a 3 × 3 × 3

supercell have an unstable dynamics performance, and these perovskites quickly undergo a

phase transition to pseudo-perovskite phases. The unstable dynamic performances of these

perovskites can be attributed to the strong interaction between these cations LiO3 and LiS3

with anion PbI3. The previous study also showed that A-site cations in APbI3 (Ai = the

cation) perovskites have a strong interaction[34]. Otherwise, the CsPbI3, MAPbI3, AMPbI3,

AcPbI3, and GuPbI3 perovskites show stable dynamics performances and have no phase tran-

sition, during AIMD simulations of 25 ps, which may be attributed to the hydrogen-bonding

between the cation and anions (PbI3 frame). Figure 3.8 shows the fluctuation of the tem-

perature and total energy of AiPbI3 structures at the same time and temperature, where the
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average temperature and total energy of AiPbI3 remain constant over time where Ai= PH4

CH3NH3,NH4, NH3O, CH(NH3)2, Li3O, Li3S, Aec, and Gu.
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Figure 3.8: Ab initio molecular dynamics simulation: the fluctuation of the total energy and temperature

with time (50 pm) at 300 K of AiPbI3 structure where Ai= PH4 CH3NH3,NH4, NH3O, CH(NH3)2, Li3O, Li3S,

Aec, and Gu .



3.2. RESULTS AND DISCUSSION: 72

Mohammed V University Methyl Ammonium Lead Iodide

Background Study Goal and framework ConclusionComputational Tools Results and Discussion
T

h
e
r
m

a
l 

st
a

b
il

it
y

0 100 200 300 400 500
0

100
200
300
400
500
600
700
800
900

1000

 Temperture

 Energy

PH4PbI3

0 100 200 300 400 500

 Temperture

 Energy

MAPbI3

0 100 200 300 400 500

 Temperture

 Energy

NH4PbI3

-800

-700

-600

-500

-400

-300

-200

0 100 200 300 400 500
0

100
200
300
400
500
600
700
800
900

1000

 Temperture

 Energy

T
e

m
p

e
rt

u
re

 (
K

)

NHOPbI3

0 100 200 300 400 500

 Temperture

 Energy

FAPbI3

0 100 200 300 400 500

 Temperture

 Energy

Li3OPbI3

-700

-600

-500

-400

-300

-200

-100

 E
n

e
rg

y
 (

e
V

)

0 100 200 300 400 500
0

100
200
300
400
500
600
700
800
900

1000
 Temperture

 Energy

Li3SPbI3

0 100 200 300 400 500

 Temperture

 Energy

Time (ps)

AecPbI3

0 100 200 300 400

 Temperture

 Energy

-700

-600

-500

-400

-300

-200

-100
GuPbI3

-10 -5 0 5 10 15 20

D
e
n

si
ty

 o
f 

st
a

te
s P

h
o

n
o

n
 (

H
z
)

Frequency (Hz)

Gu

Ace

FA

MA

Li3S

NH3OH

Li3O

PH4

NH4

D
y

n
a

m
ic

a
l 

st
a

b
il

it
y

Calculated total phonon density of states Ph−DOS for AiPbI3 

with the different substituting cations.

T
h
e
 c

u
b
ic

 A
P

b
I3

 p
e
ro

v
sk

it
e
s’

 s
tr

u
c
tu

re
 c

h
a
n
g
e
d
 w

it
h
 a

 3
 ×

3
 ×

3
 

su
p
e
rc

e
ll

 a
ft

e
r 

a
b
 i

n
it

io
 m

o
le

c
u
la

r 
d
y
n
a
m

ic
s 

si
m

u
la

ti
o
n
 o

f 
5
0
 p

s

a
t 

3
0
0
 K

. 
A

to
m

ic
 c

o
lo

rs
 a

re
: 

P
b
 (

g
re

y
);

 C
 (

b
ro

w
n
);

 H
 (

w
h
it

e
);

 F
 

(b
lu

e
);

 L
i 

(c
y
a
n
);

 C
l 

(g
re

e
n
);

 N
 (

si
lv

e
r)

; 
O

 (
re

d
);

 S
 (

y
e
ll

o
w

);
 P

 

(l
a
v
e
n
d
e
r)

; 
a
n
d
 I

 (
p
u
rp

le
).

Fluctuation of the temperature and total energy of the considered perovskite 

systems from 0 to 500 ps using AIMD simulations at 300 K.

T
h

e
 S

ta
b

il
it

y

Figure 3.9: Structures of AiPbI3 obtained by molecular dynamics (AMD) simulations after 50 ps. For all

simulations at 300 K where Ai= PH4 CH3NH3,NH4, NH3O, CH(NH3)2, Li3O, Li3S, Aec, and Gu.
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3.2.4 Optical properties:

Optical properties viz. absorption edge, strength of absorption at different wavelengths and

reflection coefficient are vital and essential in determining the internal and external quantum

efficiencies of the solar cell, see eq (5). These optical properties are the outcome of the

interactions of light wave with the valence electrons of the material. When electromagnetic

radiation such as light wave interacts with a material, the optical response of the material is

given by the complex dielectric function ε(ω).
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3.2.5 Power conversion efficiency (PCE):

In order to roundly assess the PCE (η) of the single-junction perovskite solar cells based on

MAPbI3, and CsPbI3 perovskites, their Voc, Jsc, and η are shown in Table 3. The maximum

open-circuit voltage of 1.1 V, the maximum short circuit current density of 26.94 mAcm−2,

and the maximum PCE of 25.85% are obtained for the single-junction perovskite solar cells

based on the cubic NH4PbI3, CsPbI3, HAPbI3, MAPbI3, FAPbI3, AcePbI3, and GuPbI3 per-

ovskites, respectively. For each calculation the considered power input is Ps = 100mW/cm2,

JCS FF VOC η (%) Eg

NH4PbI3 24.84 66.4391 1.02 21.39543 1.7611

CsPbI3 25.9 68.3652 1.07 24.08043 1.6101

HAPbI3 26.94 68.6404 1.10 25.85328 1.5348

MAPbI3 26.04 68.2843 1.09 24.63394 1.5971

FAPbI3 27.38 69.4876 1.006 24.32676 1.4815

AcePbI3 23.75 63.1115 1.01 19.24151 1.9645

GuPbI3 20.97 61.6615 1.005 16.51673 2.1517

Table 3.3: The calculation of current JCS mAcm−2, the fill factor FF , voltage open circuit VOC eV , and the

power conversion efficiency (PCE) η (%) of NH4PbI3, CsPbI3, HAPbI3, MAPbI3, FAPbI3, AcePbI3, GuPbI3

respectively .

that is the power under the maximum AM1.5 solar illumination spectrum. The different com-

position of the charge densities for CBM and VBM states indicates that the electron-hole

pairs are easily separated and transported, which suggest that the solar cells based on these

perovskites have potential advantages for obtaining high PCE. To further estimate the PCE



75 CHAPTER 3. EFFICIENCY AND SUBSTITUTION

of the solar cells based on these perovskites, their PCE as the function of the band gaps is

shown in Figure 3.11. The PCE of 25.85% of the single-junction solar cells based the cubic
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Figure 3.11: The curves of short-circuit current are a function of the open-circuit voltage of AiPbI3 with

different cations under AM 1.5 G illumination at 100 mW/cm2.

HAPbI3 perovskite is the highest, and the PCE of 24.63% of the single-junction solar cells

based the cubic MAPbI3 perovskite take second place. Table 3.3

The maximum of the power conversion efficiency is observed for a bandgap of 1.4–1.6

eV. While the cubic GuPbI3 perovskite with the maximum direct band gap of 2.15 eV can

also show the PCE of 16.52% in these perovskites. The PCE results of these perovskites

suggest that they can be viewed as an excellent light-absorbing material for single-junction

solar cells Figure 3.12.
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Figure 3.12: a. The variation of theoretical efficiencies under AM1.5 illumination in relation to bandgap

energy is due to cation substitution in the A-site b. The efficiency varies according to the thickness of all

structures..

3.3 Conclusions

In conclusion, we estimated the possibility of the formation of 3D perovskite structures by

calculating tolerance factors t and and octahedral factors µ for 486 permutations of ABX3

organic-inorganic hybrid compounds. 9 organic monoammonium cations were investigated

in combination with Pb metal ions and I halide. In order to estimate the steric size of the

molecular cations, we considered the simple NH4+ as reference. However, there a lot of

hitherto unknown hypothetical compounds can be claimed to build-up stable 3D perovskite

phases at ambient conditions. We expect that this study will animate further research activ-

ities in designing perovskite structures with defined optoelectronic properties, and that the

great constitutional flexibility of perovskites along with their promising physical properties

will render them a prominent chemical structure in ferroelectrics and the next generation of

photovoltaics.
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Electronic and transport properties of CH3NH3PbI3

4.1 Introduction

Perovskite is the most recent and promising form of research and represent a real techno-

logical breakthrough in photovoltaics (PV) technologies. Especially, the yield of perovskite-

hybrid cells increased in last years, from 12% to exceed 20% [4, 79, 80]. This makes per-

ovskite hybrid system a promising one suited to many applications and less expensive than

conventional silicon solar cells. Nowadays the best known hybrid perovskite and wish as

the origin of the "break through" material in the photovoltaic field is OHP −MAPbI3. The

state of the art on the crystalline, electronic and optical structures of OHP − MAPbI3, is

evolving very quickly due to the enthusiasm of researchers for this material. The spectacular

success of this material is primarily due to these different properties: ambipolar transport

properties, high charge carrier mobilities, diffusion lengths of carriers and the possibility of

changing the optical gap by simple substitution of the halogen. Moreover, the chemical flex-

ibility of these hybrid perovskites and their different shapes give the hope of being able to

77
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work and improve the material in the context of PV applications. The particularly feature of

OHP −MAPbI3 which distinguish it from other materials for photovoltaic applications, is

the orientation of MA+ = CH3NH
+
3 ions that has a critical impact on the optical and elec-

trical properties relevant for photovoltaic applications [81]. The microscopic mechanism of

the high photovoltaic performance and these properties is yet to be fully understood. Among

proposed microscopic pictures, one scenario is based on presence of nanoscale ferroelectric

domains [82] and rearrangement of the inorganic scaffold which is intimately linked with

the MA+ = CH3NH
+
3 ion orientation [83]. In this regard, it will be extremely interesting

if manipulations of MA+ = CH3NH
+
3 ions orientation can be done. Nowadays, various

approaches can be applied to engineer electronic structures, optical and electrical properties

of materials and nano-materials for PV application [84,85]. In order to useOHP −MAPbI3

as photovoltaic materials and for other applications, it is interesting to find out a way to ame-

liorate their physical properties. In this study, the role of biaxial strain on OHP −MAPbI3

and their effect on the stability, optical and transport properties was investigated. It was ob-

vious to attempt to use strain to control those appealing anisotropies of OHP − MAPbI3.

Our results present an important advancement towards controlling physical properties of

OHP −MAPbI3 via strain engineering, with important implications to create new materials

and devices for a wide range of applications. In this study, typical functionals for each ap-

proach have been chosen to represent their respective class. The functionals parameterized

by (PZ81) [23] and Perdew-Burke-Ernzerhof (PBE) [86] are employed for local LDA and

semi-local GGA methods, respectively. Here, we use the non-local vdW-DF method pro-

posed by Dion et al. to describe the vdW interaction as modified by Klimes etal [87], [88]

In this approach, the XC energy EXC takes the form:

EXC = EGGA
X + ELDA

C + Enl
C (4.1)
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Here, the exchange energy EGGA
X uses the optimized optB86b GGA functional, [41] and

ELDA
C is the LDA functional for correlation energy. Enl

C is obtained using a relatively simple

double space integration. Once the properties of unit cell ofOHP−MAPbI3 were obtained,

the mechanical biaxial strain is imposed on the relaxed unit cell along x [100], and y[010]

directions according to Eq. 4.1 as shown in Fig. 1b:

4.2 Results and discussion

4.2.1 The Optimal Relaxation Parameter for the Organometallic

Approximation para Exp(Å) [89] Our results (Å) V0(Å
3
) V (Å

3
) ϵ(%)

a 8.861 8.807

Van der Waals b 12.659 12.611 962.543 950.638 1.236%

c 8.581 8.559

a 8.861 8.548

GGA b 12.659 12.320 962.543 892.467 7.28%

c 8.581 8.475

a 8.861 8.361

LDA b 12.659 12.149 962.543 844.986 12.21%

c 8.581 8.318

Table 4.1: The theoretical lattice constants and Pb−I bond lengths of orthorhombic CH3NH3PbI3 in com-

parison with the experimental data .

This conclusion is different from the assumption presented in the recent theoretical stud-
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ies on organic-inorganic hybrid tetragonal perovskite materials [7]. The optimized atomic

structure of the orthorhombic CH3NH3PbI3 crystals using the optB86b+ vdWDF functional

is shown in Figure 1.6. The structures deduced from the XRD refinement experiments show

angular distortions of the [PbI6] octahedra, [90] such as anions showing a significant trans-

verse displacement from the mid-point of the Pb-Pb distance to which they are constrained

in the ideal crystallographic description Figure 1.6.

Mohammed V university Methyl Ammonium Lead Iodide

up

Parameter relax

Table: The theoretical lattice constants and Pb–I bond lengths 

of orthorhombic CH3NH3PbI3 in comparison with the 
experimental data

AfterBefore

DOI: 10.1039/c3cp54479f Van der Waal’s

The semicores of Pb atoms are treated as valence electrons

i.e. valence electrons for Pb (5d106s26p2).

The I-5s25p5, C-2s22p2, N-2s22p3 and H-1s were considered as
valence electrons.

Table: Methyl-ammonium lead iodideic Perovskite CH3NH3PbI3

Figure 4.1: The relaxation of lattice orthorhombic CH3NH3PbI3 in comparison with Van der Waals.

4.2.2 Structural, Electronic and Thermal Properties:

The displacement of atoms causes a reduction in symmetry of the CH3NH3PbI3 crystal from

the cubic phase to the orthorhombic phase. These structural differences indicate that I1 and I2

atoms are inequivalent atoms. Since the organic-inorganic hybrid perovskite CH3NH3PbI3

materials are used as light harvesters in DSCs, [54, 81–83] their electronic structures are

crucial factors for sunlight absorption. In this regard, the total density of states (TDOS) is

calculated using the various functionals (see Figs 4.2 ). In our calculations, the bandgap

energy with the PZ81/LDA functional is 1.553eV , which is 8.65% less than that with the

PBE/GGA functional. Our bandgap energy of the PBE/GGA functional is ca. 5.88% larger

than the previous theoretical value [90]. This is because the lattice constants used in our
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study are 7.28% larger than the previous one, in which the experimental lattice constants

were used. Our results support the strong relationship between structural properties and

bandgap energies, and highlight the importance of using approximations which accurately

reproduce the correct geometry [91]. When the optB86b+ vdWDF functional is employed,

the theoretical bandgap energy is 1.74eV , which is ca. 0.1eV smaller than that with the PBE

functional. This difference can also be ascribed to the different theoretical lattice constants

given by various functionals. According to the optical absorption experiments, the electronic

bandgap of orthorhombic CH3NH3PbI3 crystals is 1.68 − 1.72eV at low temperature. [92]

Consequently, the experimental bandgap energies of hybrid CH3NH3PbI3 are surprisingly

close to the theoretical predictions at the semi-local and non-local levels. Previous DFT

studies demonstrate that the bandgap energies of solid-state semiconductors are seriously

underestimated by using pure DFT functionals. In some cases, the deviation is about 30%

[93]. This is because good band gaps are not normally to be expected from functionals of

the types tested here, which do not have hybrid characters [94]. This successful match is

likely to be fortuitous, which is also observed in other Pb-based materials [95]. (see Figure

4.2) also DFT functionals shows that the characteristics of peaks using various functionals

in TDOS images are broadly similar, except for the locations of the peaks.

To understand the bonding mechanisms between the atoms, the analysis of partial density

of states (PDOS) has been performed. The calculations of TDOS reveal that the functionals

have small effects on the main characteristics of peaks. Therefore, only the analysis of PDOS

using the optB86b+ vdWDF functional is shown in Figure 4.3. The PDOS images of I1 and

I2 support the argument that these two kinds of I atoms are chemically inequivalent. The

PDOS peaks of I2 atoms are closer to the Fermi energy and sharper than those of I1 atoms in

the top valence bands.
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Figure 4.2: Total density of states (TDOS) of orthorhombic CH3NH3PbI3 crystals and their band gap

energies using different approximations. (a) total DOS by LDA, (b) total DOS by GGA, and (c) total DOS by

Van deer Waals .

The stronger hybridization of the orbitals can shift the location of valence bands to the lower

energy area with wider peaks. [96] Thus, the different PDOS images of I1 and I2 atoms indi-

cate a weaker bonding between Pb and I2 atoms. From Figure 4.3, it was found that organic

CH3NH
+

3 cations made little contribution to the top valence and bottom conduction bands

around the Fermi energy level (-4.0eV<E-Fermi< 4.0 eV). The main contribution to the top

valence band is from the I 5p states with an overlapping of Pb−6 s states. In the bottom

conduction bands, the main components are Pb−6 p states. The PDOS images suggest that

(I−5 p) electrons, especially the (I2−5 p) electrons, can be photo-excited to Pb−6 p empty

a) b)

c)
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Figure 4.3: TDOS and partial density of states (PDOS) of atoms in orthorhombic CH3NH3PbI3 crystals

using the optB86b+ vdWDF functional The black and red tines indicate s and p states, respectively. The

semicores of Pb atoms are treated as valence electrons i.e. valence electrons for (Pb − 5d10, 6s2, 6p2). The

(I − 5s2, 5p5), (C − 2s2, 2p2), (N − 2s2, 2p3) and (H − 1s1) were considered as valence electrons.

states. Consequently, I atoms change into photo hole sites and Pb atoms hold the photo-

electrons after the photo-excitation. From Figure 4.3, we also find that the highest C and

N2p bands and H−1 s bands locate at -6.8 and -4.8 eV, which shows little overlap with the

Pb and I orbitals. Thus, there is no covalent interaction between the organic cations and the

inorganic Pb− I framework.

Approximation V anderWaals GGA LDA Exp [90] Calcul [92]

Bandgap 1.73 1.81 1.553 1.68-1.72 1.74

Table 4.2: The theoretical lattice constants and Pb−I bond lengths of orthorhombic CH3NH3PbI3 in com-

parison with the experimental data .

The band structures of orthorhombic CH3NH3PbI3 using different functionals are shown

in Figure4.4. Our results agree with previous studies in showing that orthorhombic CH3NH3PbI3
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is a direct-bandgap crystal with the minimum band gap at the Γ symmetry point [97]. The

minimum indirect bandgap is from the G point to the X point.
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Figure 4.4: Calculated band structure of orthorhombic CH3NH3PbI3 crystals along the high-symmetry tines

in the first Brittouin zone where (a) bandstructure by LDA, (b) bandstructure by GGA, and (c) bandstructure

by Van deer Waals.

For all band structures, several sets of bands can be found. They correspond to C−2 p

and H−C (the H atoms bonded to C atoms) 1 s states around -5 eV, mainly I−5 p states be-

low the Fermi level and Pb−6 p states above the Fermi level. Both the top valence band and

the bottom conduction band are broad, indicating that these states are non-localized. This

explains why the excitons can be trans-ported to a long distance in this material. [98]’ [99]

Moreover, the fluctuations of the states in the bottom conduction band are stronger, indicating

a faster transport of photoelectrons that matches the experimental observations. In contrast,

a) b)

c)
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the band for organic fragments (the band around -5 eV) is flat and narrow, suggesting that

the electrons around them are localized. It should also be noted that the band structure of

the orthorhombic CH3NH3PbI3 crystal is quite different from that of the cubic phase due to

the lower symmetry and the bigger primitive cell. The main functional dependent proper-

ties are the locations of the bands, which confirm the conclusion from the analysis of DOS

images. The Bader charges of Pb, I1, I2, N and C atoms in the orthorhombic perovskite

CH3NH3PbI3 crystals based on the pseudo valence density using different functionals. The

Pb−I covalent bonding characteristics can also be supported by the hybridization of the

Pb−6 s, 6 p states with the I−5 p states at the top valence bands shown in Figure 4.3. Within

CH3NH
+

3 cations, the NH3 group is almost charge neutral; and most of the positive charge

is due to the contribution from the CH3 group.

This charge distribution matches the chemical instinct because NH3 is a charge neutral

molecule and CH3 is a positively charged cation in the gas phase. The charge distribu-

tion shown in Figure 4.3 indicates that there is a slightly stronger ionic interaction between

the CH3 group and I1 atoms. From the PDOS analysis, it was found that there is a stronger

Pb−I1 covalent bonding. Thus, I1 atoms have overall stronger interactions with their ad-

jacent atoms, which explains why I1 and I2 atoms are chemically inequivalent, as observed

in Figure 4.3. In the tetragonal and cubic phases, the symmetries of Pb−I frameworks are

improved due to the thermal movement of organic cations. [100] In those cases, the in equiv-

alence of I atoms may be eliminated. A study on the thermal effect on the phase change and

properties of CH3NH3PbI3 materials is currently underway. Since the charge analysis using

the all-electron (AE) reconstructed valence density could give more accurate results, the cal-

culations based on the (AE) data using optB86B + vdWDF are also performed, as listed in

Table 4.2. It can be seen that conclusions drawn from both sets of data are almost identical.

The main difference is the charge of N atoms and the H atoms bonded with N atoms.
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4.2.3 Transport properties:

Theoretical calculations predict very high orthorhombic mobilities: µe = [3032.7−12810.2]

cm2V −1s−1 and µh = [5383.01−8563.9]cm2V −1s−1 for theMAPbI3 perovskites at charge

carrier concentrations of ∼ 1017 cm−3. These values, very high compared to other hybrid or

organic semiconductors, are of the same order of magnitude of crystalline inorganic semi-

conductors such as silicon or gallium arsenide. Calculations have shown that the large

carrier mobilities mainly originate from a combination of two factors. The effective mass

and temperature-dependent mobility for two different crystalline phases of MAPbI3, or-

thorhombic (below T = 160 K), show slightly better conductivity for electrons than holes,

as shown in Figure 4.5 . Low effective masses are predicted, close to the values reported

above, with slightly larger values for the orthorhombic phase and overall larger hole effec-

tive masses, consistent with lower predicted hole mobilities ( orthorhombic: m∗
e = 0.271m0,

m∗
h = 0.3351m0). Within the investigated temperature range (80-160 K), electron mobilities

exceed hole mobilities by approximately a factor of two, and an increase by nearly one order

of magnitude, for both electron and hole mobilities, is predicted below the phase transition

temperature (µe = 6567cm2V −1s−1 and µh = 6837cm2V −1s−1 for the MAPbI3) for the

orthorhombic phase. The effective mass and temperature-dependent mobility for two dif-

ferent crystalline phases of MAPbI3, orthorhombic (below T = 160 K), show slightly better

conductivity for electrons than holes,(σe = 9.6 ∗ 102Ω−1cm−1 and σh = 1.4 ∗ 103Ω−1cm−1

for the MAPbI3) as shown in Figure (4.5). The positive Seebeck coefficient argues for holes

as the dominant type of charge carriers, but its non-monotonic temperature dependency in-

dicates that electrons, whose temperature-dependent mobility differs from the one of holes,

also participate in the charge transport.
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4.2.4 Strain Effects on the Electronic Band Structure:

CH3NH3PbI3 crystallizes in the orthorhombic structure with space group Pnma (No. 62)

[101]at ambient conditions. The lattice constants of its unit cell are a, b and c. [3]C,N,H, Pb

and I atoms occupy sites respectively see table (4.2). In order to simulate the interface misfit

N Element x y z occupation Wyckoff site

1 I I1 0.1865 0.01383 0.18556 1 8d

2 H H2 0.39555 0.31826 38481 1 8d

3 H H3 0.59173 0.314 0.58186 1 8d

4 Pb Pb4 0.5 0 0 1 4b

5 I I5 0.48258 0.25 -0.05115 1 4c

6 C C6 0.91185 0.25 0.04446 1 4c

7 H H7 0.33406 0.25 0.55344 1 4c

8 H H8 0.64777 0.25 0.42545 1 4c

9 N N9 0.93049 0.75 0.01491 1 4c

Table 4.3: The fractional atomic coordinates of C,N,H,Pb and I elements in orthorhombic-MAPbI3 structure

(Space group Pnma (62)) .

strain, the MAPbI3 unit cell model is employed and the biaxial isotropic tensile (compres-

sive) strains are applied to MAPbI3 unit cell along the [100] and [010] directions respectively

as shown in Figure (4.7). Namely, the equivalent ϵxx and ϵyy strains are introduced along the

directions of x and y axes respectively, where the lattice constants a and b of MAPbI3 unit

cell are constrained to several different values, differing from the equilibrium lattice con-

stants by fractions ranging from -5% to +5% in the step of 1%. The perpendicular lattice
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constant c is obtained by allowing all atomic positions to relax to a minimum energy. state

under each strain.

For strain-free MAPbI3 unit cell, the calculated equilibrium lattice constants are a = 8.807

Å, b = 12.611 Å, and c = 8.559 Å, which are close to the experimental values of a = 8.861

Å, b = 12.659 Å, and c = 8.581 Å [?]. Once the equilibrium lattice constants are deter-

mined, the biaxial isotropic strains ϵxx and ϵyy will be imposed on MAPbI3 unit cell along

the directions of x and y axes by equivalently constraining the lattice constants a and b. Then

the biaxial isotropic strain is defined as Eq. (2.65):

Mohammed V university Methyl Ammonium Lead Iodide

up

change in the 
Orientation of cation

shifting of 
cation

-5 0 5

Strain Effects on organic–inorganic hybrid perovskite CH3NH3PbI3 :-

Lattice strain alters the band structure of a 
semiconductor by either:
 Shifting it in energy,
 Distorting in energy,
 Removing degeneracy effects,
 Or any combination of the three

Figure 4.7: MAPbI3 unit cell model under biaxial isotropic strain. Tensile or Compressive arrows represent

isotropic tensile or compressive strain εxx, εyy along x and y axes respectively.

4.2.5 Strain Effect on lattice structure:

This figure shows the extent of the strain effect on the lattice, especially with cation organic.

We notice in part (a) the change in Orientation of cation N-C at (-5,0,5) points. And in part

(b), we notice the shift of cation from their original place. This demonstrates the change in

the structure band at the same points, and the overlap in the bands of valence and conduction.
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 Removing degeneracy effects,

 Or any combination of the three

Tensile

compressive

Figure 4.8: An atoms of lattice with strain (a) shows deviation in orientation for cation organic, (b) shows

shifting in orientation for cation organic.

4.2.6 Band structure with strain:

As seen in the previous section, the disorder caused by the shifting and deviation in towards

cation affected the band structure. This is clear at point -5 by the drop of the band-gap. We

can see this drop is a result of the rotation and shift of the cation, and the cation organic

approaching the iodine atom as noticed in the chart of charge distribution. The increase

in the band structure to point 0, and then the decrease to point 5 as a result of shift and

approximation of the iodine and copper atoms, as in figures (4.9) and (4.11).

4.2.7 Band-gap with Strain:

In the application of strain effect on MAPbI3 through compression or tension with the in-

crease of 1%, we found a decrease in the band structure with compression of MAPbI3 from

1.73 eV to 1.48 eV and regarding the tension from 1.73 eV to 1.61 eV as shown in fig-

a)

b)
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Figure 4.9: band-gaps in the (-5,0,5) points

ure (4.11). This decrease results from the shift and approximation of the iodine and copper

atoms, as mentioned earlier.

ξ(%) -5 -4 -3 -2 -1 0 1 2 3 4 5

Band-gap (eV) 1.48 1.52 1.58 1.63 1.67 1.73 1.71 1.69 1.65 1.63 1.61

Table 4.4: The values of bands gap with percentage of strain effect.

4.2.8 Fermi Energy with Strain:

During the application of strain effort on MAPbI3 and with the change in the band-gap,

especially in the connection band on MAPbI3, we noticed the change in the Fermi level with

compression or. Yet, it is worth noting that during this compression, the shift of Fermi level

towards the connection band indicates a change material type, particularly p-type to n-type,

and with reserving the type p during the tension process and with making sure of this case,
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we will study this broadly by focusing on the transport of this system. From the calculations,

a clear change appear in the band connection in the process of compression, in contradiction

to band valence, where pb is predominant as we noticed in figure 4.11. And here, we can see

the clear role of copper Pb with cation in compression. Yet, in the case of tension we can see

the key role of iodine and its strong connection with polyhedral.

4.2.9 Strain Effect on Charge Distribution:

We notice the overlap in the orbital between cation and the Iodine ions and we can also

notice the overlap in the orbital between the cation and the ion and the overlap of I1 with

pb I2 without strain effort, with clear overlap between I1 with copper, and also breaking this

overlap between cation and I2 in the case of strain 5% Figure 4.10. The opposite happens

with strain effect -5%, where we notice clear overlap in the orbital of the cation with I2. And

Mohammed V university Methyl Ammonium Lead Iodide

up

(001) (001)(001)

5-5 0

Charge distribution with strain

Figure 4.10: The difference in charge distribution -5) is overlap between cation ions with I2 ions 0) is overlap

between cation ions with I2 ions, and overlap between I1 ions with Pb ions 5) is overlap between I1 ions with

Pb ions

this explains at the same time the change of the band-gap mentioned earlier in part 4.3.3.
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This clear difference in the change distribution plays a key role for the change process in the

system n-type to p-type. The opposite happens with the increase and decrease of the carrier

density of n or p, as we will see in the coming sections.

4.2.10 Electrical Conductivity, Carrier Density and Mobility:

Through the theoretical calculations, and using the DFT functional for studying the trans-

port of this system, and also by using the Boltstrap Package; we arrived at many significant

findings that confirm our previous findings. We focused on the electric conductivity, carrier

density and mobility under strain effect (-5,0,5) , and behavior with this effect. We achieved

Mohammed V university Methyl Ammonium Lead Iodide

strain P(cm-3) N(cm-3) sigh(𝛀-1cm-1) Sige(𝛀-1cm-1) Moh(cm2v-1s-1) Moe(cm2v-1s-1)

-5 1.07E+18 1.29E+18 6.9E+02 1.6E+03 4026.342 7522.375

0 1.3E+18 9.13E+17 1.4E+03 9.6E+02 6837.335 6567.107

5 1.39E+18 9.46E+17 3.1E+03 8.0E+02 13719.56 5259.324

The predicted electron mobility and bandgap varied with the strain based on

the present calculations compared with that from the atomistic simulations

The Seebeck effect is a phenomenon in which a temperature difference
between two dissimilar electrical conductors or semiconductors produces a
voltage difference between the two substances.

Electron and hole nobilities, is predicted below the phase transition temperature (μe= 2,577–11,249 cm2V-1s-1and μh = 1,060–4,630 cm2V-1s-1for the orthorhombic phase
DOI 10.1007/978-3-319-35114-8_8
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Figure 4.11: The predicted electron mobility varied with the strain based on the present calculations com-

pared with that from the atomistic simulations.

different values for each variable, which all indicate a clear change in the behavior before

and after the application of the strain effect, beside its change with the change of the strain

level. To summarize, in table 4.5 we notice the increase in the hoe carrier density under strain

effect from -5 to 5. On the contrary, there is decrease in the electron carrier density under
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ξ(%) p ( 1
cm3 ) n ( 1

cm3 ) σh (
1

Ω∗cm) σe (
1

Ω∗cm) µh (
cm2

V ∗s ) µh (
cm2

V ∗s )

5 1.39 ∗ 1018 1.29 ∗ 1017 3.1 ∗ 103 8.0 ∗ 102 13719 5259

0 1.3 ∗ 1018 9.13 ∗ 1017 1.4 ∗ 103 9.6 ∗ 102 6837 6567

-5 1.07 ∗ 1018 9.46 ∗ 1018 6.9 ∗ 102 1.6 ∗ 103 4026 7522

Table 4.5: Carrier density, conductivity electric and mobility values under strain effect in

(-5,0,5) points .

strain effect from –5 to 5 Figure 4.12. The same thing can be said about the conductivity and

Mohammed V University Methyl Ammonium Lead Iodide
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Figure 4.12: The predicted electron mobility varied with the strain based on the present calculations com-

pared with that from the atomistic simulations where a- with (ϵ=-5), b- with (ϵ=0), and c- with (ϵ=+5) .

mobility. This confirms our conclusions in the previous sections about the change in the type
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of system with strain effect. This is to say, the increase in the hole carrier density through

the process of tension, means that the hole carrier density is responsible for the nobility in

the system. The opposite happens with the compression where electron carrier density is

responsible for the mobility as displayed in figure (4.11).

4.3 Conclusions

A novel mechanism for strain engineering the optical and electrical properties of orthorhom-

bic hybrid perovskite MAPbI3 have been proposed and demonstrated by using simple strain

conditions. Firstprinciples simulations reveal that appropriate strain (5%) tensile or compres-

sive; the conduction type can be rotated from n-type to p- type and vice versa, depending on

the kind of process (tension or compression). This strain effect on the optical and electrical

properties of OHP MAPbI3 will be useful for exploring unusual optical and electrical effects

and exotic electronic and photovoltaic cells applications based on Perovskite MAPbI3
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CHAPTER 5

Enhanced photocatalytic activity

5.1 Introduction

The increasing demand for energy and the deleterious environment impact resulting from

the use of fossil fuels, urged the policy makers and the scientists to heavily look for alter-

native renewable energy production [102]. One of the most exciting research topics in the

field of energy harvesting, nowadays, is the use of solar energy to produce green hydrogen

(H2) considered as a desirable energy vector [77, 103]. The pioneering work of Fujishima

and Honda on solar-driven water splitting (WS) into H2 and oxygen (O2) using a titanium

oxide (TiO2) as photoanode, has triggered researchers to investigate novel strategies to pro-

duce and store clean H2 [63,79,104,105]. A major challenge is that the hydrogen-evolution

reaction (HER) catalysts require complex materials with various functional properties, such

as increasing surface area, high ions permeability, appropriate redox energy levels for the

conduction and valence bands with respect to the WS potentials . During several decades,

various semiconductors and molecular assemblies have been reported to achieve photocat-

97
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alytic WS such as Ta3N5, CdS, ZnS, ZnO, TiO2 among others [63, 79, 104, 105],. In

view of the solar energy utilization and considering the surface overpotential, an ideal pho-

tocatalyst should possess a suitable bandgap of around 1.83 eV in the 2D state and band

alignment with WS redox to better harvest the full sunlight spectrum and transform the ab-

sorbed solar energy into H2 [106]. In the search for chemically stable and earth-abundant

visible-light-driven photocatalysts, hybrid organic-inorganic perovskites such as methylam-

monium lead iodide perovskite, with the chemical formula CH3NH3PbI3 (mostly known

as MAPbI3), has shown a great absorption coefficient (104-105 cm−1) and an interesting

optical bandgap (1.74 eV) that allows absorbing the visible light within wavelengths rang-

ing from about 280 nm to 800 nm [107, 108]. Additionally, MAPbI3 exhibits excellent

electronic properties such as an ambipolar charge transport and long charge diffusion length

(∼ 25µm in MAPbI3 single crystals) and thus has advanced the conversion power effi-

ciency of new-generation solar cells to over 20 % in the last 10 years [109]. These attractive

properties enabled MAPbI3 to be a desirable candidate for photocatalytic HER, where its

catalytic activity and durability have been promoted significantly since the pioneering work

onMAPbI3 in 2016 [65,110]. Nevertheless, MAPbI3 materials still suffers from instability

in the presence of water [111]. Besides, the holes generated in the MAPbI3 valence band

are unable to move through the electrolyte because they do not generate enough potential to

produce OH−. In fact, previous studies have reported on the interfacial electronic properties

of coupled ZnO : Al/MAPbI3 [50, 52, 112]. In this work, MAPbI3 is investigated as a

potential photocatalyst for HER through WS reaction using a ZnO : Al/MAPbI3/Fe2O3

heterojunction model achieving the z-scheme photocatalysis mechanism.
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5.2 Results and Discussion

Metal Halides, generalized by the chemical formula of ABX3 (A = CH3NH3, CHN2H4, ...;

B = Sn, Pb, ...;X = I, Br, ...), have versatile and unique properties that widen their range

of applications. Particularly, MAPbI3 (MA= methylammonium or CH3NH +
3 ) perovskites

have emerged as one of the best performing photoanode materials due to their high absorp-

tion (1.4 a.u.), suitable bandgap of 1.73 eV for bulk MAPbI3 and low production cost [113].

However, the position of their valence band (VB) relative to the redox potential of the water

oxidation still hinders their performance for H2 photocatalytic production. In such materials,

electrons in the VB are excited to the conduction band (CB) by light irradiation with an en-

ergy equivalent to or larger than the material’s bandgap, subsequently electron-hole pairs are

formed. These latter contribute directly to the reactions of reducing protons to generate H2

and oxidize H2O to produce O2, respectively. To facilitate the WS reaction, the bottom of the

CB and the top of the VB must be respectively lower and higher than the reduction/oxidation

potentials of H+/H2: 0 V vs. normal hydrogen electrode (NHE) at pH nil and O2/H2O

(1.23 V vs. NHE), respectively [114]. In what follows, we will attempt to engineer the

band edge potentials of MAPbI3 by coupling its side surfaces with Fe2O3 and ZnO : Al

while keeping its band gap within the visible region Fig 5.3. It is worth noting that, design-

ing efficient z-scheme devices requires clarifying the interfacial properties and the ability to

discern the physics behind the competing mechanisms. While the theory of semiconductor

electrolyte interfaces has been well developed, it has not been rigorously expanded to accom-

modate double semiconductors and co-catalyst on their z-scheme surfaces [115]. In addition

to exploring the improvement of the mechanism ofH2 generation usingMAPbI3 based pho-

tocatalyst, one can notice that coping with its surface degradation and finding a mechanism
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for generating holes to activate the oxidation process through the z-scheme [116] could help

to build an efficient reported experimentally elsewhere [117, 118].

5.2.1 Heterostructure Fabrication and Interface Electron Extraction:

5.2.1.1 MAPbI3 (001)/Fe2O3 (110) z-scheme:

As mentioned above, one of the major challenges with MAPbI3 in photocatalysis is the

edge position of its valence band (1.15 V) lower than the oxidation energy of water oxida-

tion redox (1.23 V), required to achieve WS. For MAPbI3, the holes do not have enough

energy to achieve this process, hence we first simulate the composition of MAPbI3 coupled

with Fe2O3 which was found to have the sufficient bandgap for WS as the oxidation (1.23

V) and reduction (0 V) potentials of MAPbI3 (001)/Fe2O3 (110) are within the desired re-

duction (0 V vs. NHE at pH=0) and oxidation (1.23 V vs. NHE at pH=0) WS potentials.

The introduction of Fe2O3 allows to obtain a z-scheme composition leading to an increasing

light absorption, as will be discussed later, with a rise in the formation of electron-hole pairs,

which in turn increased the number of split H2O molecules into HO− and H+ ions leading

to H2 production. To assess the stability of the established heterostructure, we have calcu-

lated the binding energy (Ebinding) of the ZnO : Al/MAPbI3/Fe2O3 composition using the

following equation:

E
A/B/C
Binding =

E
A/B/C
tot − (EA

tot + EB
tot + EC

tot)

Surfacearea(2)
(5.1)

where A = ZnO : Al, B = MAPbI3, and C = Fe2O3. The heterostructure AB and BC

have found to be stable with a calculated Ebinding value of 3.64 and 3.94 V/2 respectively.

The binding energy is calculated by varying the interlayer distance between the monolay-

ers constituting the heterostructure by taking into consideration the van der Waals interac-
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tions in the form of vdW-optB86b Fig 5.1 As can be seen in Fig ??, binding energies of
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Variation in the interlayer binding energies, calculated using vdW-

optB86b, with interlayer distance, d (Å), in 𝑍𝑛𝑂:𝐴𝑙/𝑀𝐴𝑃𝑏𝐼3(3.64369 

Å), and 𝑀𝐴𝑃𝑏𝐼3/𝐹𝑒2𝑂3 (3.94472 Å) heterostructures.

Calculated energy band structures of (a) freestanding ZnO:Al, 

MAPbI3, and Fe2O3 respectively and (b) Fe2O3/MAPbI3/ZnO:Al

heterostructure based on GGA-PBE. The Fermi level is set to be 0 

eV and denoted as a black line.

Figure 5.1: Variation in the interlayer binding energies, calculated using vdW-optB86b, with interlayer

distance, d (Å), in ZnO : Al/B = MAPbI3(3.64369 Å), and B = MAPbI3/C = Fe2O3 (3.94472 Å)

heterobilayers..

ZnO : Al/MAPbI3 and MAPbI3/Fe2O3 heterostructures are found to achieve -0.05665

and -0.05116 eV/, respectively at the vdW minima of ZnO : Al/MAPbI3 (3.64369 Å),

and MAPbI3/Fe2O3 (3.94472 Å) suggesting that the process of heterobilayer build-up is

exothermic. Moreover, it is worth noting that the obtained binding energy is high with re-

spect to the typical vdW crystal of graphite (-0.012 eV/ Å2). [119]

5.2.1.2 ZnO : Al(001)/MAPbI3(001) z-scheme and ZnO : Al/MAPbI3/Fe2O3 Het-

erojunction:

Moreover, we have coupled its surface with ZnO : Al to facilitate the process of attracting

electrons from the CB of MAPbI3 and transferring it to the H2 reduction potentials. Ad-
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ditionally, ZnO : Al is also known to be a transparent material [112, 114, 120] that allows

light radiation to reach MAPbI3 and protects it from deterioration in the presence of H2O.

For MAPbI3, our findings show that the CB electrons are mainly composed of Pb − 5p

orbitals and hybridized between Pb − 5s and I − 5p in V B [93]. The top of the V B (1.15

V vs. NHE) takes a much smaller position than 1.23 V vs. NHE as illustrated in Fig ??a.

Therefore, it is not possible for the redox process for H+/H2 and O2/H2O to occur because

the bottom of the CB is found at -0.64 V vs. NHE. On the other hand, the VB for Fe2O3

consists of strongly hybridized O − 2p and Fe − 3d orbitals [121]. The CB is, however,
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Figure 5.2: A schematic diagram of band edge potentials for a) freestanding ZnO : Al, MAPbI3, and

Fe2O3 and b) ZnO : Al/MAPbI3/Fe2O3 heterostructure where ϕ denotes the work function.

dominated by Fe− 3d states, as shown by core-level absorption measurements. Some cova-

lent mixing of the metal andO2 states exists also in the CB and introduces a degree of O-2p

character in unoccupied states. It is also known that ZnO is a direct bandgap semiconductor

with a bottom CB and top VB located at the same Γ point of the Brillouin zone. VB and

CB are mainly composed of Zn − 3d and O − 2p states [48], respectively, and the corre-

sponding calculated bandgap is of 3.21 eV, in good agreement with the experiment [120].

When doping ZnO with Al, the Fermi level slowly upshifts towards the conduction band as

a) b)
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a function of the concentration of Al, indicating its n-type nature, until a semiconducting-

metallic transition occurs at the value of 12% [113]. Such behavior has been reported for

other materials using different bandgap engineering pathways [114]. In our calculations we

will only focus on doped ZnO : Al with a concentration of 2% which was consistent with

our other calculations, as it confirmed how electrons migrate between the layers ZnO and

MAPbI3 after contact, as well as the Fermi level of ZnO : Al with that of the Fermi level

of redox. Additionally, we have studied the energetic stability of different surface planes for

the three materials and then we have chosen the most stable ones, namely (110), (001) and

(001) for Fe2O3, ZnO : Al and MAPbI3 respectively. These surface planes are identical

to other studies [112,115,122]. The photocatalytic efficiency of water splitting is defined by

the positions of the photocatalyst’s band edges (e.g., Figure. 3). The VB and CB potentials

of the Fe2O3 (110), ZnO : Al (001) and MAPbI3 (001) monolayers are calculated using

the following empirical equations: E0
CB = χ− E0 − 1

2
Eg

E0
CV = E0

CB + Eg

(5.2)

where E0 is the energy of free electrons on the hydrogen scale (0 V), is the absolute elec-

tronegativity of the semiconductor, E0
V B is the valence band maximum, E0

CB is the conduc-

tion band minimum, and Eg is the bandgap. The values for Fe2O3, ZnO : Al and MAPbI3

are 5.53, 4.68, and 4.81, respectively, which were calculated by the Millikan approximation

that is demonstrated by previous reports [123, 124] to be suitable for calculating the band

edge potentials equations: 
χ(S) = n

√
χZ1
1 χ

Z2
2 χ

Z3
3 .....χ

Zn
n

χi(S) =
EIE

i + EAE
i

2

(5.3)

whereEIE
i is the ionization energy, EAE

i is the affinity energy, N is the total number of atoms

in the compound, χZn
n are the electronegativity of the constituent atom, Zn are the number of
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has been reported for other materials using different bandgap engineering pathways [33]. In our 

calculations we will only focus on doped 𝑍𝑛𝑂: 𝐴𝑙 with a concentration of 2% which was consistent with 

our other calculations, as it confirmed how electrons migrate between the layers ZnO and MAPbI3 after 

contact, as well as the Fermi level of ZnO:Al with that of the Fermi level of redox. Additionally, we have 

studied the energetic stability of different surface planes for the three materials and then we have chosen 

the most stable ones, namely (110), (001) and (001) for 𝐹𝑒2𝑂3, 𝑍𝑛𝑂: 𝐴𝑙 and 𝑀𝐴𝑃𝑏𝐼3 respectively. These 

surface planes are identical to other studies [21,34,44]. 

The photocatalytic efficiency of water splitting is defined by the positions of the photocatalyst’s band 

edges (e.g., Figure. 3). The VB and CB potentials of the 𝐹𝑒2𝑂3 (110), 𝑍𝑛𝑂: 𝐴𝑙 (001) and 𝑀𝐴𝑃𝑏𝐼3 (001) 

monolayers are calculated using the following empirical equations: 

{
𝐸𝐶𝐵
0 = − 𝐸0 −

1

2
𝐸𝑔

𝐸𝑉𝐵
0 = 𝐸𝐶𝐵

0 + 𝐸𝑔
                𝐸𝑞. (2) 

 

Figure 3: Calculated energy band structures of (a) freestanding ZnO:Al, MAPbI3, and Fe2O3 respectively and (b) 

Fe2O3/MAPbI3/ZnO:Al  heterostructure based on GGA-PBE. The Fermi level is set to be 0 eV and denoted as a black line. 

where E0 is the energy of free electrons on the hydrogen scale (0 V),  is the absolute electronegativity of 

the semiconductor, 𝐸𝑉𝐵
0  is the valence band maximum, 𝐸𝐶B

0  is the conduction band minimum, and Eg is 
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Figure 5.3: Calculated energy band structures of (a) freestanding ZnO : Al, MAPbI3, and Fe2O3 respec-

tively and (b) Fe2O3/MAPbI3/ZnO : Al heterostructure based on GGA-PBE. The Fermi level is set to be 0

eV and denoted as a black line.

species, and χi(S) is the electronegativity of the elements. According to Table 1, before the

coupling of Fe2O3 and ZnO : Al with MAPbI3, the calculated band edge positions of the

CB and VB for the MAPbI3 (001) surface are found to be: -0.64 V and 1.15 V vs. NHE,

respectively, and the bandgap is 1.79 V. Our calculated results reveal that the Fe2O3(110)

surface has a band edge position of 0.28 V (CB) and 2.51 V (VB) vs. NHE, resulting in a

bandgap of 2.23 V. Likewise, the ZnO : Al (001) surface exihibits a band edge position of

-0.1V (CB) and 3.11 V (VB) vs. NHE, giving rise of a bandgap of 3.21 V, respectively. After

coupling of the Fe2O3 and ZnO : Al systems with MAPbI3 to form the heterostructure,

the fermi levels of MAPbI3 (001) and ZnO : Al surfaces will upshift by 0.32 V and 0.45

V, respectively, while that of Fe2O3 monolayer will downshift by 0.40 V vs. NHE. Until

the Fermi levels of the two components reach the same level (Figure 2b), hence a built-in

electric field is formed on the interface from the Fe2O3 (110) monolayer to the MAPbI3

(001) surface, as shown in Figure 2b.
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Materials ZnO : Al MAPbI3 Fe2O3 ZnO : Al MAPbI3 Fe2O3

ϕ 4.68 4.81 5.53 5.13 5.13 5.13

Eg(eV ) 3.21 1.79 2.23 3.21 1.79 2.23

EF (eV ) 0.18 0.31 1.03 0.63 0.63 0.63

ECV (eV ) 3.11 1.15 2.51 3.3 1.48 2.11

ECB(eV ) -0.1 -0.64 0.28 -0.01 -0.31 -0.12

Table 5.1: Calculated work function (ϕ), band gap (EG), Fermi level (EFERMI ), conduction (EC) and

valence (EV) edge positions for freestanding ZnO : Al, MAPbI3 and Fe2O3 before coupling and the ZnO :

Al/MAPbI3/Fe2O3 heterostructure after coupling. All values are calculated vs. NHE .

To determine the energy required for the electrons to escape from the Fermi level into

a vacuum for heterostructure, we need to calculate a work function (ϕ = 5.13eV ) that

is expressed as the difference between the vacuum and the minimum energy required for

electrons to escape from the Fermi level. Moreover, we found the potential energy of ZnO :

Al/MAPbI3/Fe2O3 after contacting in the Z direction, and Fermi level position EF=- 5.13

eV from the vacuum (Figure 5.4).

5.2.2 Water splitting mechanism :

To better understand how the modeled heterostructure operates in contact with water under

the visible light irradiation, we have evaluated its stability and band gap alongside with the

CB and VB edges for each system and calibrated them with the WS potentials as illustrated

in Figure 5.2. After coupling the three materials into one compound, we have calculated the

electrostatic potential through the Fermi level of the composition with respect to the vacuum

and observed that there is a shift of the Fermi level and energy bands due to the migration
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of the electrons between the three systems in quest for stability. This is mainly caused by

the difference in electronegativity and chemical potentials as shown in Figure 5.4a. The

∑
Q |e| ND,N ( 1

cm(3)
)

MAPbI3/Fe2O3 -0.52 3.325 ∗ 1018

ZnO : Al/MAPbI3 0.15 1.1875 ∗ 1018

Table 5.2: Charge transfer
∑

Q and number of donor and acceptor electrons (ND,A) within MAPbI3 /

Fe2O3 and ZnO : Al / MAPbI3.
∑

Q value for A/B denotes electron transfer from A to B while a negative

one represents the opposite .

yellow region represents charge accumulation, whereas the blue region represents charge

depletion. Charge redistribution occurred mostly at the ZnO/MAPbI3/Fe2O3 contacts. The
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Figure 5.4: 3D charge density difference for (a) ZnOAl/MAPbI3 and MAPbI3/Fe2O3, (b) Planar-averaged

electron density difference ∆ ρ (z) for Fe2O3/MAPbI3/ZnO.

weak vdW interaction between Fe2O3, MAPbI3, and ZnO was mainly responsible for this

result. Figure 5.4b is shown the planar-averaged charge density differential along the Z di-

a) b)
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rection. The change of charge density at the ZnO/MAPbI3/Fe2O3 interfaces revealed that

electrons mostly transferred from ZnO to MAPbI3 and subsequently to Fe2O3 through the

interfaces, whereas holes stayed on the ZnO and MAPbI3 sides. In quantifying the charge

change and transfer, Bader charge analysis was performed for the charge densities of the

ZnO/MAPbI3/Fe2O3 heterostructure. The results pointed out that about 0.15 e and 0.52 e

charge transferred from ZnO to the MAPbI3 (001) slab at the ZnO/MAPbI3 (001) interface

and transferred from MAPbI3 to the Fe2O3 (110) slab at the MAPbI3/Fe2O3 (001) interface.

To elucidate the shifting process in the energy bands, we carried out a Bader charge analysis

that will indicate the migration of electrons within the three systems [125]. After coupling,

the Fermi level of Fe2O3 up shifted while those of MAPbI3 and ZnO : Al downshifted to

reach an equilibrium point for the whole system. According to the charge transfer values

summarized in Table 5.2, it can be seen that electrons have migrated from MAPbI3 towards

Fe2O3, while electrons have moved from ZnO : Al towards MAPbI3. A mechanism of

WS, based on the light irradiation with energy equals or greater to the photocatalyst band

gap energy produces an oxidative and reductive entity. In its first step, photo-generated hole-

electron pairs are formed in the VB h+ and the CB e−, respectively. Consequently, these

photogenerated charge carriers will react with water or dissolved oxygen to produce reactive

oxidizing species such as HO− and O−
2 . In our model consisting of three coupled materials,

the initial objective is to improve the performance of MAPbI3 in the photocatalytic process

and stop its degradation caused by water molecules. When the heterostructure is exposed to

illumination, a hole-electron pair is generated in the valence band and electrons start moving

to the conduction band of MAPbI3 and Fe2O3. When the three systems are coupled, an

internal electric field is created at the contact surfaces between MAPbI3 and Fe2O3 due

to the difference in potentials which then alters the trajectories of charge carriers within the

heterostructure. At the contact surfaces, an energy barrier is generated due to the movement
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of the Fermi level preventing the transfer of charge carriers between MAPbI3 and Fe2O3,

while leading electrons have moved from MAPbI3 to ZnO : Al and then towards the re-

duction potential. While on the other hand, holes cannot move from Fe2O3 to MAPbI3 due

to the presence of an energy barrier between them, which makes them move towards the ox-

idation potential. The photocatalytic activity of the heterostructure model appears very well

located in the NHE where the heterostructure is found to be suitable for photocatalytic H2

production at pH = 0 based on water calculated oxidation and reduction potentials. Even after

immersing the heterostructure in a neutral solution with pH = 7, it is still suitable for WS as

displayed in Fig 5.2, but the production of H2 is slightly greater than the amount of hydrogen

ions H+ generated at the edge of the oxidation potentials where the concentration of holes

(p = 6.53 ∗ 1010cm−3) is smaller than the concentration of electrons (n = 5.86 ∗ 1012cm−3)

for the heterostructure. In order to improve the potential edges and neutrality in the process of

generating positive ions and efficiently producing H2, we have increased the acidity degree.

This study suggests using the heterostructure as a photocatalyst in an acid solution (pH ≤ 7),

with the surface coated with ZnO : Al as a visible-light transparent material to maintain the

electronic, optical and photocatalytic activity of the clean surface of the heterostructure. The

potential edges in the presence of acidic pH were calculated by the following equation:

ECB,CV = E0
CB,CV − 2.3KBT∆pH (5.4)

5.2.3 production yield of H2 :

The calculated production yield of H2 is shown in Figure 5.5. Pristine MAPbI3 demon-

strates moderate catalytic HER from hydrogen iodide acid (150 µmol/g) which is similar to

other works [119, 126]. For the ZnO : Al/MAPbI3/Fe2O3 composition, the photocatalytic

activity has been significantly improved to yield to 151.08 µmol/g as shown in Figure 5.5.
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It is worth noting that the H2 yield rate for ZnO : Al/MAPbI3/Fe2O3 proportionally in-
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Figure 5.5: Photocatalytic performance of ZnO : Al/MAPbI3/Fe2O3 in H2 evolution from H2O splitting.

(a) Photocatalytic H2production rate with different pH (1-7). (b) Energy levels of conduction band and valence

band with different pH (1-7).

creased with the decreasing of pH. Moreover, with continuous reaction at pH = 5, the H2

yield rate for ZnO : Al/MAPbI3/Fe2O3 reaches 281.48 µmol/g, which is larger than the

value obtained with pH = 7 of reaction and is even superior to most of the reported works

on pristine MAPbI3 [118]. In this part, we assumed the device shown in Figure 5.6. Where

we calculated the current flowing in the circuit by using equations from 1 to 3 shown in the

computational methods.

a) b)
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Figure 5.6: A hypothetical diagram showing the movement of electrons and holes and the current Iph passing

through them.

5.2.4 Thermal stability:

Molecular dynamics simulations were performed to investigate the deposition behavior of

the specific surface of Fe2O3 or ZnO : Al loaded to MAPbI3 (001). Geometric optimiza-

tion was carried out for the three materials where the planar surfaces are modified until the

total energy of the individual structure reaches a minimum potential corresponding to the

local minimum in the potential energy surface. In our calculations, Fe2O3 and ZnO : Al

were deposited on a MAPbI3 (001) surface to detect the lowest energy absorption sites with

their appropriate composition. Both materials appear to adequately stick to the MAPbI3

(001) surface without causing deterioration to the material as shown in Fig 5.7. All three

materials have maintained their structural properties with increasing temperature up to 300

K. A transformation of MAPbI3 (001) phase from an orthorhombic to a cubic structure at
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300 K, which is in total agreement with reported experimental results [70]. When MAPbI3

is immersed in water, we noticed deterioration in the contact surface with water (Fig 5.7b),

which is not the case when the ZnO : Al/MAPbI3/Fe2O3 heterostructure was immersed

in water. This demonstrates clearly the extent of improvement in preserving MAPbI3 (001)

from degradation in the heterostructure form (Figure 5.7a). Additionally, no contact was ob-

served between the H2O molecules and HO− and H3O
+ions in the solution with MAPbI3

(001) surface. These findings open the door for discovering more suitable solutions to cope

with the degradation of MAPbI3 (001) in the presence of oxygen or water.

5.2.5 Optical Properties:

Light absorption was used to evaluate the performance of the investigated photocatalyst. The

absorption spectrums of the freestanding Fe2O3, MAPbI3 and ZnO:Al systems were simu-

lated. The results show that MAPbI3 has a strong light absorption (1.4 a.u.) in the visible

light region, but weak light absorption in the UV region (300-500 nm) as shown in Figure 8.

After coupling, the light absorption capacity of the ZnO:Al /MAPbI3/Fe2O3 heterostruc-

ture in the UV region was much improved (1.62 a.u.) in comparison to that of freestand-

ing MAPbI3 while the visible light absorption was maintained. Besides, as expected the

ZnO : Al spectrum in the UV region is showing high transparency, thus, allowing for the

visible spectrum to reach MAPbI3 which explains why the excellent absorption obtained

in the visible light was not altered. Thus, the absorption was calculated according to the

following equation:

A(hv − Eg) = (αhv)
1
n (5.5)

where α is the absorption index, h is the Planck constant, ν is the frequency, A is the

constant,Egis the bandgap width of semiconductor, and the exponent n is related to the semi-
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𝑀𝐴𝑃𝑏𝐼3 has a strong light absorption (1.4 a.u.) in the visible light region, but weak light absorption in the 

UV region (300-500 nm) as shown in Figure 8. After coupling, the light absorption capacity of the 

𝑍𝑛𝑂: 𝐴𝑙/𝑀𝐴𝑃𝑏𝐼3/𝐹𝑒2𝑂3 heterostructure in the UV region was much improved (1.62 a.u.) in comparison 

to that of freestanding 𝑀𝐴𝑃𝑏𝐼3 while the visible light absorption was maintained. Besides, as expected 

the 𝑍𝑛𝑂: 𝐴𝑙 spectrum in the UV region is showing high transparency, thus, allowing for the visible 

spectrum to reach 𝑀𝐴𝑃𝑏𝐼3which explains why the excellent absorption obtained in the visible light was 

not altered. Thus, the absorption was calculated according to the following equation 

𝐴(ℎ𝑣 − 𝐸𝑔) = (𝛼ℎ𝑣)
1
𝑛⁄              𝐸𝑞. (5) 

 where α is the absorption index, h is the Planck constant, v is the frequency,  is the constant, Eg is the 

bandgap width of semiconductor, and the exponent n is related to the semiconducting type: n = 1/2 or 2 

for a direct or indirect bandgap, respectively [49]. Freestanding 𝑍𝑛𝑂: 𝐴𝑙 and 𝑀𝐴𝑃𝑏𝐼3 are semiconductors 

with a direct bandgap (n = 1/2) while 𝐹𝑒2𝑂3 has an indirect nature (n = 2). The bandgap energies of 

𝑍𝑛𝑂: 𝐴𝑙, 𝑀𝐴𝑃𝑏𝐼3 and 𝐹𝑒2𝑂3  are calculated to be 3.21 eV, 1.79 eV and 2.2 eV, respectively, by the 

measured optical absorption values (Figure. 8). The results are consistent with the data reported in the 

literature [44,49,50]. 
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Figure 8: Calculated optical absorption spectra of Fe2O3 (110), MAPbI3 (001), ZnO:Al (001)  

surfaces and Fe2O3/MAPbI3/ZnO:Al heterostructure. 

Figure 5.8: Calculated optical absorption spectra of Fe2O3 (110), MAPbI3 (001), ZnO : Al (001) surfaces

and ZnO : Al,MAPbI3, andFe2O3 heterostructure.

conducting type: n = 1/2or2 for a direct or indirect bandgap, respectively. Freestanding

ZnO : Al and MAPbI3 are semiconductors with a direct bandgap (n = 1/2) while Fe2O3

has an indirect nature (n = 2). The bandgap energies of ZnO : Al, MAPbI3 and Fe2O3

are calculated to be 3.21 eV, 1.79 eV and 2.2 eV, respectively, by the measured optical ab-

sorption values (Figure 5.8). The results are consistent with the data reported in the litera-

ture [122, 127, 128].

5.3 CONCLUSION

The constructed heterostructure system consisting of the following building blocks, namely

ZnO : Al,MAPbI3, and Fe2O3 and materials exhibited increased improvement of the pho-

tocatalytic performance of MAPbI3 by re-adjusting its band edges through coupling with
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Fe2O3 (110) and ZnO : Al (001). The band edge potentials in MAPbI3 (001) have shifted

down in the valence band from 1.15 to 1.45 eV to exceed the required value of 1.23 V at the

oxidation edge while maintaining high light absorption in the visible light region. The result-

ing z-scheme has allowed decreasing the probability of the charges recombination and their

lifespan inMAPbI3, thus, leading to an improved hydrogen generation rate under the visible

light irradiation attaining a hydrogen production rate of 265.05 µmol/g and 362.99 µmol/g,

respectively for neutral pH and acidic pH of 5. Subsequently, the selected compounds com-

posing the MAPbI3 heterostructure, appear to prevent its surface deterioration by covering

its side surfaces and to enhance its structural stability in the presence of oxygen and water

molecules. These findings represent a key route to develop novel strategies preserving the

sensitive MAPbI3 based perovskites at room temperature and in humid environment while

maintaining its superlative optical absorption.



Conclusions

Solar energy is the most environmentally friendly and plentiful kind of renewable energy

that is currently accessible. In recent years, the age of perovskites has seen a wonderful

growth in terms of its progress. Within the category of perovskites, flexible perovskite solar

cells have garnered a growing amount of interest as a result of their high efficiency, cheap

cost, low weight, and exceptional flexibility. They do not have a comprehensive and correct

understanding of many of the qualities, benefits, and advances of these materials because of

their newness. On the basis of this, we came to the conclusion that it would be beneficial to

conduct an in-depth investigation on the effect of the various approaches that were taken to

enhance the characteristics of CH3NH3PbI3 in two sections. In the first portion of this study,

the band gap of the material was used as a control to explore how strain affects the mate-

rial’s electronic characteristics and electrical conductivity. In addition to this, we looked at

the possibility of increasing the power conversion efficiency (PCE) by replacing the cations.

According to the findings of the research, there was a discernible increase in the magnitude

of these impacts on the electrical properties, as well as a 25 % rise in the PCE. In the sec-

ond part of this series, we also explored the construction of a heterostructure consisting of

Fe2O3, CH3NH3PbI3, and ZnO for the purpose of splitting water and producing hydrogen

gas while preventing CH3NH3PbI3 from being degraded by water. The oxidation process has

been greatly sped up due to the presence of Fe2O3. ZnO is a transparent carrier that shields

115
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CH3NH3PbI3 from degradation and, more significantly, transmits electrons while enabling

photons of light to reach CH3NH3PbI3. The research indicated that there was a production

rate of around (150 moles/gram).
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Résume  
 
L'énergie solaire est la source d'énergie renouvelable la plus propre et la plus abondante qui existe. Ces 
dernières années, l'ère des matériaux pérovskites a connu un développement immense. Parmi eux, les 
cellules solaires flexibles en pérovskite ont reçu une attention croissante en raison de leur haut rendement, 
légèreté, faible coût et de leur excellente flexibilité. En raison de la nouveauté de ces matériaux, il manque 
une connaissance complète et précise de leurs propriétés, avantages et développement. Partant de ce 
constat, nous avons décidé de réaliser une étude approfondie sur l'influence des différentes stratégies 
utilisées pour améliorer les propriétés du pérovskite CH3NH3PbI3 en deux parties. Dans la première partie, 
nous avons étudié l'effet de la contrainte sur les propriétés électroniques et la conductivité électrique en 
contrôlant la bande interdite du matériau. En plus, nous avons étudié l'amélioration de l'efficacité de 
conversion de puissance (PCE) par le remplacement des cations où l'étude a montré une augmentation 
significative de ces effets sur les propriétés électroniques et une augmentation du (PCE) à 25% avec le cation 
NH3OHPbI3. Nous avons également discuté dans la deuxième partie de la formation d'une hétérostructure 
de Fe2O3, CH3NH3PbI3, et ZnO pour séparer l'eau et produire du gaz hydrogène tout en protégeant 
CH3NH3PbI3 de la dégradation par l'eau. Fe2O3 a considérablement augmenté le processus d'oxydation. 
Quant au ZnO, c'est un support transparent qui transfère les électrons tout en permettant aux photons de 
lumière d'atteindre le CH3NH3PbI3 et surtout de protéger la dégradation du CH3NH3PbI3. L'étude a montré 
une production d'environ 151 moles/gramme. 

Mots-clefs :  

Pérovskite, Photovoltaïque, Photocatalyse, la théorie de la densité fonctionnelle, Effet de contrainte, 

Cation.  

 

Abstract  

Solar energy is the cleanest and most abundant renewable energy source available. In recent years, the era 
of perovskites has experienced splendid development. Among perovskites, flexible perovskite solar cells 
have received increasing attention due to their high efficiency, light weight, low cost, excellent flexibility, 
Due to the novelty of these materials, they lack complete and accurate knowledge of many of their 
properties, advantages, and development. Based on this, we decided to do an in-depth study on the 
influence of the different strategies used to improve the properties of CH3NH3PbI3 in two parts. The first 
part investigated the effect of strain on the electronic properties and electrical conductivity by controlling 
the band gap of the material. In addition, we investigated the improvement of power conversion efficiency 
(PCE) through cation replacement. Where the study showed a significant increase of these effects on the 
electronic properties and an increase in the (PCE)to 25% with the NH3OHPbI3 cation. We also discussed in 
the second part the formation of a heterostructure of Fe2O3, CH3NH3PbI3, and ZnO to split water and 
produce hydrogen gas while protecting CH3NH3PbI3 from degradation by water. Fe2O3 has significantly 
increased the oxidation process. As for ZnO, it is a transparent carrier that transfers electrons while allowing 
photons of light to reach CH3NH3PbI3 and most importantly protect the degradation of CH3NH3PbI3. Where 
the study showed a production of about 151 moles/gram. 

Keywords:  

Perovskite, Photovoltaic, Photocatalysis, First-principles calculation, Strain effect, Substation, Cation 
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