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Abstract

Hybrid and all-inorganic halide perovskites have recently emerged as new materials

for solar cell applications leading to a new class of semiconductor photovoltaic cells.

The power conversion efficiencies of perovskite based solar cells have been improved

significantly to over 20%. This performance is due to the exceptional properties of hybrid

halide perovskites displaying high absorption coefficients, high carrier mobility, direct

and tunable band gaps and long diffusion lengths. However, poor long-term stability

of organic-inorganic halide perovskite solar cells in oxygen and moisture remains the

biggest challenge for realistic implementation of perovskite solar cells. In this thesis,

we present a detailed ab-initio investigation of the structural, mechanical, dynamical

stabilities, electronic, lattice thermal conductivities, transport and optical properties of

the orthorhombic perovskites of hybrid methylammonium lead triiodide (CH3NH3PbI3),

hybrid methylammonium tin triiodide (CH3NH3SnI3), and all-inorganic caesium lead

triiodide ( CsPbI3).

Our theoretical calculations of the structural, mechanical, dynamical stabilities, elec-

tronic, lattice thermal conductivities, transport and optical properties are based on den-

sity functional theory (DFT) and many-body perturbation theory (MBPT) calculations.

The structural properties (e.g. equilibrium lattice parameters and cohesive energy) were

extracted from the calculated energy-volume equation of state (EOS). Mechanical and

dynamical stabilities were tested on elastic constants and phonon dispersion relation,

respectively. The lattice thermal conductivities were calculated within the single-mode

relaxation-time (SMRT) approximation and linearized phonon Boltzmann equation as

implemented in phono3py code. The calculations of the electronic transport properties

of the optimized structure were performed using the Boltzmann transport theory within
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the constant relaxation time approximation as implemented in the BoltzWann code. In

order to investigate the optical spectra, we carry out Bethe-Salpeter equation (BSE)

calculations on top of non-self-consistent G0W0 calculations.

Using the cohesive energy, we found that all the studied structures are energetically

stable. The calculations of the elastic constants and phonon dispersions at zero pres-

sure showed that CH3NH3PbI3 and CsPbI3 in the orthorhombic structures remained

stable, while the orthorhombic CH3NH3SnI3 is only stable at 0.7 GPa. The most en-

ergetically stable configurations were used to investigate electronic properties through

total and partial density of states (PDOS) and band structure analysis. The calculated

lattice thermal conductivities for CH3NH3PbI3 and CsPbI3 were found to be very low

and anisotropic. Despite low thermal conductivity, CH3NH3PbI3 in the orthorhombic

phase at low temperature exhibits a very small figure of merit. This suggest that the

orthorhombic CH3NH3PbI3 is a poor candidate for thermoelectric applications. Fi-

nally, with the help of the frequency-dependent microscopic dielectric tensor we derived

all the desired frequency-dependent optical spectra such as absorption coefficient, re-

fractive index, reflectivity and energy-loss spectrum of the stable configurations. The

average optical band gap of CH3NH3PbI3, CsPbI3 and CH3NH3SnI3 was found to be

2.01 eV, 2.49 eV and 1.28 eV, respectively. This suggest that these materials in the or-

thorhombic phase may be potential material for solar photovoltaic applications. Using

the Shockley-Queisser model we estimated the solar cell efficiency of the compounds.

Our obtained results were discussed within the employed theoretical methods and com-

pared with experiment and with previous theoretical studies. Moreover, we report for

the first time first theoretical attempt to study the mechanical and dynamical stabilities

of lead-free tin halide perovskite under pressure. We hope that the present theoreti-

cal investigation would be helpful in providing a better theoretical knowledge of these

materials.
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1
Introduction

1.1 Motivations and Overview

The search for renewable sources of energy has been the focus of huge scientific re-

search in the last few decades, with the view to benefit from an alternative source of

energy to prevent the possible global energy crises. Historically, photovoltaic devices

can be generally classified into three generations: First generation solar cells using crys-

talline silicon shows high power conversion efficiency PCE of more than 20%, but this

technology is facing a strong challenge due to relatively high production cost at large-

scale. The second generation solar cells are thin-film solar cells based on amorphous

silicon, CIGS and CdTe, with lower cost than the first generation have a PCE of around

19.6%, but they are also facing problems in large-scale production. The third gener-

ation solar cells aim to achieve high PCE devices but still use thin-film technologies

using organic or organometallic materials as well as inorganic materials, with low cost

and high efficiency, however, complex fabrication process. A new class of thin-film solar

cells currently under investigation are perovskite solar cells [6, 7].

Since the first efficient solid-state perovskite solar cells were reported in mid-2012 [8],

rapid development of the organic-inorganic hybrid halide perovskites have been made,

and a new era in optoelectronic and solar cells technologies has emerged. This family

of perovskite materials possesses interesting properties such as high carrier mobility,

an adjustable spectral absorption range, strong solar absorption, long diffusion lengths,

and ease of fabrication [8, 9]. The unique attributes of these perovskites make the

1
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hybrid halide perovskites highly promising materials for various practical applications

including high performance in converting solar light into electrical power [9, 10], light

emitting diodes (LED), photodetectors and lasers [9].

1.2 Photovoltaics

Photovoltaic (PV) is the conversion of light energy (sunlight) directly into electricity

[11]. The elementary cornerstone of the PV technology is the so-called solar cell. Solar

cells are made of semiconductor materials and can be as a two-semiconductor device

which conduct like a diode in the dark and generates a photo-voltage when charged

by the sun. The working principle of solar cells system are based on the so-called

photovoltaic effects. The photovoltaic effect was first reported by a French physicist,

Edmund Bequerel in 1839 [11, 12].

PV cells are connected in series and in parallel in order to produce useful DC voltage and

current level, and this DC voltages is converted to AC power of appropriate frequency

using power electronic inverter [12].

Shockley-Queisser Model

The efficiency of photovoltaic system is calculated using two models, Shockley-Gueisser

(SQ) model (also called detailed balance limit) and spectroscopy limited maximum effi-

ciency model. The Shockley-Queisser (SQ) limit is the theoretical maximum efficiency

that can be achieved by a solar cell with a certain band gap and at standard testing

conditions 1 [13, 14]. In Shockley-Gueisser model, the maximum ultimate efficiency η∗

2 is defined as the maximum output power density (Pmax) derived by the cell and the

total incident power density from the solar spectrum (Pin) impinging on the cell

η∗ =
Pmax

Pin
. (1.2.1)

1Standard testing conditions:

1. 25∗ cell temperature.

2. Air mass (AM) 1.5.

3. One sun illumination (1000 W/m2).

2To obtain the ultimate effieciency η∗, an idealized solar cell model with Tc = 0K is considered. it
is surrounded by a balckbody with temperature of Ts = 600K.
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The maximum output per unit area per unit time can be expressed as:

Pmax = EgNs, (1.2.2)

where Eg is the band gap of the absorber and Ns is the number of incident photon per

unit area per unit time with energy above Eg. The total number of photons frequency

greater than Eg impinging from the sun, assumed as a blackbody at temperature Ts,

in unit time and falling upon the solar cell per unit area Ns is given by:

Ns =
2π(kBTs)

3

h3c2

∫ ∞
xg

x2dx

ex − 1
, (1.2.3)

where h, c, kB and Ts are the Planck constant, the speed of light, the Boltzmann

constant and the temperature of the sun respectively and xg = Eg/(kBTs). Incontrast,

the total incident energy density coming from sun at Ts and falling upon the solar cell,

Pin is given by [14, 15]

Pin =
2π(kBTs)

4

h3c2

∫ ∞
0

x3dx

ex − 1
,

=
2π(kBTs)

4

15h3c2
.

(1.2.4)

The maximum value of the η∗ is approximately 44% for the optimized band gap energy

of 1.1 eV [14].

The Shockley-Gueisser limit is calculated by examining the amount of electrical energy

that is extracted per phonon of incoming sunlight. To estimate the upper limit of each

device concept, different assumptions are made. There are four unavoidable losses that

limit the solar conversion efficiency of a device with a single absorption threshold or

band gap: only photons with an energy above the band gap can be absorbed (incom-

plete absorption), excess energy from high energy photons will be lost (thermalization),

blackbody radiation causes spontaneous emission of photons, and a small fraction of

carriers will recombine (radiative recombination) [16]. A summary of theses losses can

be shown in Figure 1.1 [17].
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Figure 1.1: Fundamental solar cell efficiency limits for AM1.5 solar spectrum.

1.3 Thermoelectricity

The thermoelectric effect (TE) describes two fundamental phenomena, namely, the

Seebeck effect [18] and the Peltier effect [19]. In the Seebeck effect, temperature gradient

is directly converted to electrical current. A related effect, the Peltier effect, involves

direct conversion of a voltage difference to a temperature gradient [20].

Seebeck Effect

The Seebeck effect was discovered in early 1800s by T. J. Seebeck [18]. Seebeck showed

that by joining together two different materials, A and B, and holding the two junctions

at different temperatures, say Th and Tc (< Th), develops a voltage difference ∆V across

the two junctions [20]. Under open circuit, the potential difference is proportional to

the temperature difference; i.e.

∆V = −SAB∆T = −SAB(Th − Tc), (1.3.1)

where SAB is the differential Seebeck coefficient, known as the thermopower and Th is

the hot-side temperature, Tc is the temperature of cold-side [21, 22].

Peltier Effect

Opposite to the Seebeck effect, in 1834, the Peltier effect was discovered by the French

physicist Jean Charles Athanase Peltier. Peltier observed that when an electric current
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is made to flow through the junction of two different materials, A and B, heat is either

absorbed or rejected at the junction [20, 23, 24]. The heat generated per unit time is

Q̇ = ΠABI = (ΠA −ΠB)I, (1.3.2)

where ΠAB is the relative Peltier coefficient and I is the electric current. The two effects

(Seebeck and Peltier) are coupled to each other via [23]

Π = ST. (1.3.3)

Thermoelectric Figure of Merit

The efficiency of thermoelectric materials is characterized by a dimensionless figure of

merit ZT 3,

ZT =
S2σ

κ
T, (1.3.4)

where S, σ, T and κ are the Seebeck coefficient, electrical conductivity, temperature

and total thermal conductivity, respectively [20]. The term S2σ is called the power

factor. The total thermal conductivity κ is constituted by two contributions electronic

thermal conductivity (κe) and lattice thermal conductivity (κL); i.e., κ = κe + κL. The

electronic thermal conductivity κe is coupled to the electrical conductivity σ through

the Wiedemann-Franz law [20, 24]

κe = σLT, (1.3.5)

where L is known as Lorenz number. To obtain a high figure of merit (ZT ) from equation

(1.3.4), large Seebeck coefficient (S) and electrical conductivity (σ) are desired, while

thermal conductivity (κ) must be minimized [24].

3”The expressions for figure of merit , Z and ZT , are used interchangeably in the field of TE. Z
is the figure of merit with units of 1/K (1/T), and ZT is the standard notation for the dimensionless
figure of merit” [20].
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Thermoelectric Efficiency

The power generation efficiency (η) of a thermoelectric couple is given by the energy

supplied to the couple (W) over the net heat flow rate (Q̇h) at the hot junction

η =
W

Q̇h

= (Th − Tc)/Th[(
√

1 + ZTave − 1)/(
√

1 + ZTave + Tc/Th)],

(1.3.6)

where Tave is the average temperature. Thus, from equation (1.3.6), one can see that

the power generation efficiency η is proportional to (1+ZTave) and that the efficiency η

approaches the Carnot efficiency if ZT approaches infinity [20, 24].

1.4 Halide Perovskites

Perovskite refers to the crystal structure of the mineral calcium titanium oxide (CaTiO3),

discovered by Gustav Rose [25, 26]. This structure was characterized by Russian min-

eralogist Lev A. Perovski, from which it derives its name. Perovskites are materials

described by the chemical formula ABX3, where A and B are cations of different sizes

and X is an anion [8, 9]. The perovskite structure has been found in different types,

for example oxide and halide perovskites. The latter materials family spans organic-

inorganic hybrid halide perovskites as well as all-inorganic halide perovskites [27]. The

stability and phase of a perovskite structure strongly depend on the relative sizes of

the constituent ions. The relationship between anions and cations, determined whether

they form the perovskite structure, set by Goldschmidt, who introduced the tolerance

factor,

t =
rA + rX√
2(rB + rX)

, (1.4.1)

where rA, rB and rX are the ionic radii of the A-, B- and X-site ions, respectively

[28, 29].

In the organic-inorganic hybrid halide perovskites, the large cation A is usually the

methylammonium ion (CH3NH3), but formamidinium (NH2CH=NH2) and ethylam-

monium (CH3CH2NH3) are also possible. The small cation B is normally Pb, but, if

possible, replacement of Pb by Sn is recommended, because, non-toxic Sn-based per-

ovskites show high charge carrier mobilities and strong absorption in the infrared (IR)
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region [30]. The anion X is a halogen ion, usually I, but F, Cl and Br are also of

interest [8, 10]. In addition, perovskites with mixed halides (e.g. CH3NH3PbI3−xClx

and CH3NH3PbI3−xBrx) and/or mixed Sn-Pb (e.g. CH3NH3SnxPb1−xI3 [31]) are also

being considered.

In all-inorganic halide perovskites the cation A is Cs, but Rb is also possible. The cation

B is normally Pb, but Sn is of interest and the X anion is a halogen [32]. Caesium lead

halides have a perovskite structure, and generally reported by Moller, with the general

formula CsPbI3 (X = Cl, Br or I) [33].

Methylammonium Lead Iodide Perovskite

Methylammonium lead iodide perovskite CH3NH3PbI3 was first reported by Weber in

1978 [34]. Depending on temperature, CH3NH3PbI3 perovskites can exist in any of the

following sable phases cubic (space group Pm3̄m, at T≥ 327 K) [35], tetragonal (space

group I4/mcm, at 165≤T≤ 327 K) [30] or orthorhombic (space group Pnma, T< 165 K)

[36]. It is believed that perovskite can function - in solar cells - at the highest efficiencies

in simplified device architectures, without the need for complex nanostructures [37].

In recent years, due to experimental progress, many theoretical investigations using

density functional theory on electronic and structural properties of hybrid halide per-

ovskites are emerging. Different approaches have been adopted, using local density

approximation (LDA), generalized gradient approximation (GGA), hybrid functional

methods (HSE), and quasi-particle GW methods [38]. In 2004, Chang et al. [39] stud-

ied structural and electronic properties of cubic (CH3NH3PbI3) using (LDA) and found

that the effects of the organic molecule on the electronic and optical properties are weak.

Wang et al. [40] investigated the orthorhombic phase of CH3NH3PbI3 by first-principles

calculations using local, semi-local and non-local exchange-correlation approximations.

In their calculations, the theoretical band gap is found to be 1.74 eV. Brevio F. et

al. [41] studied the vibrational spectra of the orthorhombic phase of CH3NH3PbI3.

Other studies by Feng [42] investigated the mechanical properties of the cubic, tetrag-

onal and orthorhombic phases of CH3NH3AI3 (A = Pb or Sn). However, to the best

of our knowledge, the dynamical and mechanical properties of orthorhombic perovskite

CH3NH3PbI3 have not been investigated extensively.

Resent experimental studies show that CH3NH3PbI3 is characterized by an ultra-low
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thermal conductivity of 0.5 Wm−1K−1 for millimeter size single crystal and 0.3 Wm−1K−1

for polycrystals [43] at room temperature, and a large Seebeck coefficient (-6500 µV/K)

was reported [30], which are ideal properties for thermoelectric applications. However,

the electrical conductivity needs to be enhanced. This could be done by photoinduced

doping (in CH3NH3PbI3) [44]. The theoretical study using density functional theory

by Xin Qian et al. [45] found a very low thermal conductivity (0.59 Wm−1K−1) for the

tetragonal phase of CH3NH3PbI3 at room temperature, and higher thermal conductivity

for the pseudocubic phase of CH3NH3PbI3 (1.8 Wm−1K−1) at 330 K.

Zhao et al. [46] studied the thermoelectric transport properties of both cubic and tetrag-

onal phases of CH3NH3PbI3 using density functional theory and Boltzmann transport

equation. In their study, they found that at the impurity concentration 1018cm−3 and

room temperature the figure of merit ZT value of tetragonal phase could be optimized

to reach unity, and the hole-doped CH3NH3PbI3 exhibits superior thermoelectric prop-

erty than the electron-doped one. Y. He and Galli [47] used ab-initio calculations to

study CH3NH3AI3 (A = Pb and Sn) for solar thermoelectric applications and they re-

alized that it is possible to have figure of merit ZT ranging from (1 to 2) by optimizing

the lattice thermal conductivity through engineering the perovskite superlattices. Their

study shows that the maximum ZT values can be obtained from electron doping rather

than from hole doping. Lee et al. [48] used density functional theory to study ABI3

(A= CH3NH3, CH3CHNH2; B = Pb, Sn) as potential thermoelectric materials, and

they suggested that ABI3 in terms of power factor (S2σ) alone has a poor thermoelec-

tric performance, but it can be increased to the levels of the existing best thermoelectric

counterpart (Bi2Te3) by electron doping.

Caesium Lead Iodide Perovskite

At higher temperature (634 K), CsPbI3 possesses a cubic phase (space group Pm3̄m)

[49]. As temperature decreases, the cubic phase is transformed to a tetragonal phase [50],

but there is no clearly define temperature range in the literature. At low temperatures

(i.e. 293 K [30] and 298 K [49]), CsPbI3 possesses an orthorhombic phase (space group

Pnma) known as yellow phase.

Eperson et al. [51] fabricated working inorganic CsPbI3 solar cells for the first time,

with band gap of 1.73 eV for the black phase and 2.82 eV for the yellow phase. Chang

et al. [39] calculated the structural and electronic properties for the cubic CsPbX3 (X
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= Cl, Br or I) by first-principles calculations. In their study, the theoretical band gap

is found to be 1.46 eV, 1.12 eV and 1.1 eV for the anions Cl, Br and I, respectively.

Murad et al. [50], in 2017 investigated the structural, electronic and optical properties

of the cubic, tetragonal and orthorhombic phases of CsPbX3 (X = Cl, Br or I) for solar

cells and energy storage applications, using density functional theory. In their study,

the calculated band gap is found to be 1.68 eV for the orthorhombic CsPbI3, which is

underestimated compared to the experimental one 2.82 eV. However, other calculations

[52] predicted an energy band gap of 2.64 eV.

Calculations of room-temperature lattice thermal conductivity showed very low values

of 0.54 Wm−1K−1 and 0.25 Wm−1K−1 for cubic CsSnI3 and CsPbI3, respectively [32].

The maximal figure of merit ZT at 1000 K was found, in the same study [32], to be

0.63 and 0.64 for n-type CsSnI3 and CsPbI3, respectively.

Methylammonium Tin Iodide Perovskite

CH3NH3PbX3 (X = Cl, Br or I) is considered as a promising material for solar cell

application with an expected photo conversion efficiency 20.1% [38, 53]. However, this

progress in efficiency, is hindered by many challenges such as the instability of many its

phases [54] and the toxicity of lead [55]. Therefore, it is necessary to find an alternative

stable material that does not contain toxic lead. A possible candidate is methylam-

monium tin iodide perovskite, CH3NH3SnI3, which has been reported to have a band

gap of 1.21 eV and 1.35 eV depending on the preparation method [30]. Depending on

temperature, CH3NH3SnX3 (X = Cl, Br or I) reveals a very rich phase diagram, in

which the crystal goes from cubic, tetragonal, orthorhombic and monoclinic to triclinic

phase by cooling (see Refs. 19-24 in [56]). At room temperature, CH3NH3SnI3 presents

a cubic phase, and it changes to tetragonal at 275 K, and to orthorhombic at 110 K

[57, 58].

The first lead-free solar cell made of tin halide perovskite was demonstrated by Snaith's

group [55] and Hao's group [59] in 2014; however stability of the material was a challenge.

Hao et al. investigated the photovoltaics of tetragonal phase of CH3NH3SnI3 and found

that CH3NH3SnI3 is a direct-gap semiconductor with an energy gap of 1.35 eV, which

is significantly redshifted compared to the lead halide perovskite CH3NH3PbI3, whose

band gap is 1.55 eV and greater [60]. Theoretical studies were carried out by Paolo

Umari et al. [61] using GW calculations including spin orbit coupling of CH3NH3XI3
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(X = Pb, Sn) in the tetragonal phase. Their calculations gave band gaps of 1.67 eV and

1.10 eV for CH3NH3PbI3 and CH3NH3SnI3 respectively. They showed CH3NH3SnI3

to be a better candidate for electron transport than CH3NH3PbI3. Xujie et al. [62]

found experimentally that the lead-free tin halide perovskite CH3NH3SnI3 undergoes a

pressure-induced phase transition from tetragonal to orthorhombic at 0.7 GPa.

1.5 Aims

The project aims to study the phase stability, electronic structure, and optical proper-

ties of some halide perovskites for photovoltiac applications from first-principles applica-

tions. All calculations will be performed using the Vienna Ab-initio Simulation Package

(VASP) code within the framework of density functional theory. To validate our work,

our results are compared with experimental results and other theoretical results ob-

tained previously. Motivated by the facts discussed in Section (1.4), the objectives of

this thesis are:

1. To investigate the structural and electronic properties of CH3NH3PbI3, CH3NH3SnI3

and CsPbI3 within density functional theory.

2. Elastic constants and phonon band structures will be calculated in order to test

mechanical and dynamical stabilities.

3. To calculate optical properties of the most stable phases within the many-body

perturbation theory BSE level of approximation, such as real and imaginary parts

of the dielectric constant, refractive index and absorption coefficient.

4. To calculate the lattice thermal conductivities of the most stable phases within

the single-model relaxation-time approximation and linearized phonon Boltzmann

equation as implemented in phono3py code.

5. Calculate the electronic transport properties by solving the semiclassical Boltz-

mann transport equation on top of density functional theory calculations, within

the constant relaxation time approximation in order to determine the suitability

of the most stable phase for thermoelectric applications.

6. A comparison between hybrid halide and inorganic perovskite will be made by

replacing the organic cation with the inorganic cation Cs, to study the effect of

the inorganic cation Cs on the lattice thermal conductivity of the compound.
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1.6 Structure of this Thesis

The rest of the thesis is organized as follows: In Chapter 2, we present the theoretical

methods employed in the calculations, starting from the Schrödinger equation. Different

methods to solve the problem will be needed, such as density functional theory (Section

2.4) and many-body perturbation theory (Section 2.5). Then we present an overview of

the Boltzmann transport theory followed by transport coefficients (Section 2.6). Details

about the computational methods are given in Chapter 3. Chapter 4 includes our results

and discussion. Section 4.1 is devoted to the structural, mechanical, electronic, thermo-

electric and optical properties of the orthorhombic phase of CH3NH3PbI3 perovskite.

Then Section 4.2 is dedicated to the structural, mechanical, electronic and optical prop-

erties of the orthorhombic phase of CsPbI3 perovskite. Section 4.3 is dedicated to the

structural, mechanical, electronic and optical properties of the orthorhombic phase of

CH3NH3SnI3 perovskite. Finally, Chapter 5 is where all the work is concluded and

where directions for future works are given.



2
Theoretical Methods

2.1 Many-Body Problem: The Basic Problem

The description of properties of matter such as structure and dynamics of many-electron

systems is one of the basic problems in condensed matter physics, chemistry and compu-

tational materials science. These systems comprise single atoms, the most elementary

building blocks of ordinary matter, all kinds of molecules, ranging from dimers to pro-

teins, as well as mesoscopic systems [63]. The solid matter consists of a configuration

(may be periodic) of atoms in close proximity, the analysis of the electronic structure

of matter is done by solving the fundamental Schrödinger equation (for convenience of

notation, spin dependence has been suppressed in this section) with the general form

ĤΨ(RI ; ri; t) = i~
∂

∂t
Ψ(RI ; ri; t); (2.1.1)

where Ψ(RI ; ri; t) is the wave function of a many-body system which describe the quan-

tum mechanical behaviour of the system, RI (I= 1,2,3,...,P ) is the position of the Ith

nucleus, ri (i= 1,2,3,...,N) is the position of the ith electron, P are the number of nuclei

and N are the number of electrons [64, 65].

To describe the properties of matter from theoretical methods our starting point is the

Hamiltonian for the interacting system of N electrons and P nuclei, with the explicit

12
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form:

Ĥ = − ~2

2me

N∑
i=1

∇2
i −

P∑
I=1

N∑
i=1

ZIe
2

|RI − ri|
+

1

2

N∑
j 6=i

N∑
i=1

e2

|ri − rj |
−

N∑
I=1

~2

2MI
∇2
I

+
1

2

P∑
I=1

N∑
J 6=I

ZIZJe
2

|RI −RJ |
,

(2.1.2)

where R = {RI , I = 1, ...,P} is a set of P nuclear coordinates, and r = {ri, i = 1, ...,N}
is a set of N electronic coordinates. In general, we denoted electrons by i subscripts,

nuclei denoted by I subscripts; ZI and MI are the charges and masses of the nuclei

respectively; ~, m and e are the conventional fundamental constants [64, 66, 67]. It

then follows in general, the Hamiltonian can be expressed as [66]:

Ĥ = T̂n + V̂nn + T̂e + V̂en + V̂ee. (2.1.3)

In equation (2.1.3), T̂n represents the kinetic energy of the N nuclei of the system

T̂n = −
N∑
I=1

~2

2MI
∇2
I . (2.1.4)

The potential V̂nn represents the repulsion among the nuclei

V̂nn =
1

2

P∑
I=1

P∑
J 6=I

ZIZJe
2

|RI −RJ |
. (2.1.5)

The rest terms in equation (2.1.3) are the electronic kinetic energy, the electrons-nuclei

interaction energy and the electron-electron interaction energy operators:

T̂e = − ~2

2me

N∑
i=1

∇2
i ,

V̂en = −
P∑
I=1

N∑
i=1

Zie
2

|RI − ri|
,

V̂ee =
1

2

N∑
j 6=i

N∑
i=1

e2

|ri − rj |
.

(2.1.6)
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2.2 Born-Oppenheimer Approximation

The motion of any particle in the interacting system is a function of all other par-

ticle’s motion; therefore the solution of the equation (2.1.1) is very complicated and

approximation is required [66, 67]. The most important approximation is the so-called

Born-Oppenheimer approximation which the wave function Ψ(RI ; ri) in equation (2.1.1)

can be approximated as a product of the form

Ψ(RI , ri) = Ψe(RI , ri)Ψn(RI), (2.2.1)

where Ψe(RI , ri) is the electron wave-function and Ψn(RI) is the nucleus wave-function.

In equation (2.2.1) Born and Oppenheimer assume that the nuclei move much slower

than the electrons, so Born and Oppenheimer ignored their motion and considered

them as static. Using equation (2.1.1) and equation (2.2.1) [63] we obtain the set of two

equations

ĤeΨe(RI , ri) = [T̂e + V̂ee + V̂en]Ψe(RI , ri)

= EeΨe(RI , ri),
(2.2.2)

and the Hamiltonian for the nuclei has the form

ĤnΨn(RI) = [T̂n + V̂nn + Ee]Ψn(RI)

= EnΨn(RI).
(2.2.3)

Therefore, the electronic Hamiltonian reduces to [68].

Ĥe = T̂ + V̂ee + V̂en. (2.2.4)

The time-dependent Schrödinger equation for the nuclear wave function is given by

i~
∂

∂t
Ψq(R; t) =

(
−
∑
I

~2

2MI
∇2
I + Vnn(R) + Ṽq(R)

)
Ψq(R; t), (2.2.5)

with

Ṽq(R) = Eq(R) +
∑
I

~2

2MI
〈Ψq|∇2

I |Ψq〉 . (2.2.6)

The last term in equation (2.2.6) is the diagonal correction to the energy levels due

to the remaining coupling between the nuclear and the electronic degrees of freedom,

this term is found to be proportional to me/M . The negligence of the diagonal term ,
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known as Born-Oppenheimer approximation, therefore, the time-dependent Schrödinger

equation for the nuclear system takes the form [64]

i~
∂

∂t
Ψq(R; t) =

(
−
∑
I

~2

2MI
∇2
I + Vnn(R) + Eq(R)

)
Ψq(R; t). (2.2.7)

The dynamics of the mean values of position and momentum operators can be obtained

by Ehrenfest's theorem [69]

d

dt
〈R〉 =

1

i~
〈R, Ĥ〉+ 〈∂R

∂t
〉 =

1

M
〈P̂ 〉 , (2.2.8)

and
d

dt
〈P̂ 〉 =

1

i~
〈P̂ , Ĥ〉+ 〈∂P̂

∂t
〉 =

1

M
〈−∇V̂ 〉 ; (2.2.9)

where P̂ is the momentum and V̂ is the potential of the Hamiltonian Ĥ. Combining

equations (2.2.8) and (2.2.9) give rise to the Newtonian equation of motion for the

position mean value 〈R〉

M
d2

dt2
〈R〉 = 〈−∇V̂ 〉 . (2.2.10)

Now, if we apply the classical nuclei approximation to the Born-Oppenheimer nuclear

system (2.2.7), we get

M
d2

dt2
R = −∇V̂ = −∇

[
Vnn(R) + Eq(R)

]
, (2.2.11)

where Eq(R) is the qth called adiabatic potential energy surface.

The Hellman-Feynman force theorem [70, 71, 72] relates the variation of the electronic

energy with respect to an external parameter λ, to the expectation value of the derivative

of the Hamiltonian with respect to the same parameter λ

∂Eq(λ)

∂λ
= 〈Ψq(R)|∂Ĥ

∂λ
|Ψq(R)〉 . (2.2.12)

From equation (2.2.11), for λ = RI , i.e. considering the Ith nucleus, so the force on the

nucleus I is

M
d2

dt2
R = −〈Ψq(R)| ∂Ĥ

∂RI
|Ψq(R)〉 − 〈∂Vnn

∂R
〉 . (2.2.13)

The numerical integration of the above Newtonian equation of motion receives the name

of first-principles or ab-initio molecular dynamics [66, 64]. The ground-state atomic
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geometrical structure of a solid is found by the solution of the stationary problem i.e,

M d2

dt2
R = 0

〈Ψq(R)| ∂Ĥ
∂RI
|Ψq(R)〉+ 〈∂Vnn

∂R
〉 = 0 (2.2.14)

and the procedure is known as geometry optimization [64].

2.3 Electronic Density

The many-body wave function of N electrons is written as

Ψ(rσ) = Ψ(r1σ1, r2σ2, ..., rNσN ), (2.3.1)

Where ri and σi are the position and the spin of the ith electron, respectively. The

many-body wave function must satisfies the following two conditions [66, 68, 73]

First, the wave function must be normalized

〈Ψ|Ψ〉 =
∑

σ1...σN

∫
dr1

∫
dr2...

∫
drN |Ψ(r1σ1, r2σ2, ..., rNσN )|2 = 1. (2.3.2)

Second, because electrons are fermions, the wave function must be antisymmetric under

exchange of two electron labels i and j

Ψ(r1σ1, ..., riσi, .., rjσj , ...., rNσN ) =

−Ψ(r1σ1, ..., rjσj , .., riσi, ...., rNσN ).
(2.3.3)

The electronic density nσ(r) for a given state is defined as the number of electrons per

unit volume at the point r for that state. The total number of electrons is given by

∑
σ

∫
nσ(r)dr = N. (2.3.4)

To find nσ(r)dr, one can calculate the probability of finding electrons of spin σ at r.
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Since |Ψ > are normalized, we get

n(r, σ) =

N

σN∑
σj=σ2

∫
dr2

∫
dr3...

∫
drN |Ψ(rσ, r2σ2, r3σ3, ..., rNσN )|2,

(2.3.5)

with the density operator

n̂(r, σ) =

N∑
i=1

δ(ri − r)δ(σi − σ). (2.3.6)

2.4 Density Functional Theory (DFT)

Density functional theory is a mathematical tool for solving problems in many-body

systems based on two theorems made by Hohenberg and Kohn (1964) as well as Kohn

Sham (1965) [74, 75]. In this section we introduce the density functional theory concept

and some of its approximations. We will start with the Hohenberg and Kohn (HK)

theorem.

2.4.1 The Hohenberg-Kohn Theorems

The first theorem states that ’the external potential Vext(r) is (up to an arbitrary

constant) a unique functional of n(r) ; since, in turn Vext(r) fixes Ĥ we see that the

full many particle ground state is a unique functional of n(r)’ [68].

Here, we assumed that Vext(r) and V
′

ext(r) are different external potential, but give the

same ground state density n0(r). From the variational principle (cf. Ref. [65]), it follows

that
E0 < 〈Ψ

′ |Ĥ|Ψ′〉 = E
′
0 + 〈Ψ′ |Vext − V

′
ext|Ψ

′〉

= E
′
0 +

∫
n0(r)[Vext − V

′
ext]dr,

(2.4.1)

and
E
′
0 < 〈Ψ|Ĥ|Ψ〉 = E0 − 〈Ψ|Vext − V

′
ext|Ψ〉

= E0 −
∫
n0(r)[Vext − V

′
ext]dr.

(2.4.2)
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Adding equations (2.4.1) and (2.4.2), this leaves us with the clear contradiction

(E0 + E
′
0) < (E0 + E

′
0). (2.4.3)

Therefore there cannot be two different external potential Vext(r) that gives the same

ground state density, i.e. the ground state density uniquely specifies the external po-

tential Vext(r). The second theorem states that ’a universal function FHK[n] of the

energy E[n], the functional that delivers the ground state energy of the system, delivers

the lowest energy if and only if the input density is the true ground density E[n]’ [68].

Using the electronic Hamiltonian in equation (2.2.4), we can define the HK energy

functional as

E[n] = 〈Ψ[n]|Ĥ|Ψ[n]〉 = 〈Ψ[n]|T̂ + V̂ee|Ψ[n]〉+ Vext[n], (2.4.4)

and from the variational principle

E[n] < (F [n] + Vext[n]) = F [n] +

∫
n(r)Vext(r)dr = E0[n0(r)]. (2.4.5)

Since the kinetic energy T̂ and the electron-electron interaction terms are functional of

the density only. So F [n] must be a universal functional of the density, and depends

only on the electron density

F [n] = 〈Ψ[n]|T̂ + V̂ee|Ψ[n]〉 . (2.4.6)

From the variational principle we can derive that this functional acquires its minimum

for the correct density n(r) corresponding to Vext(r), since for a given Vext(r) and any

density n
′
(r) we have

E[n
′
(r)] < 〈Ψ′ |Ĥ|Ψ′〉 = F [n

′
(r)] +

∫
Vext(r)n

′
(r)dr > 〈Ψ|Ĥ|Ψ〉 = E[n(r)]. (2.4.7)

The Hohenberg and Kohn (HK) two theorems form the mathematical basis of density

functional theory; so knowledge of F [n] means the knowledge of the solution of the full

many-body Schrödinger equation [64, 68, 74, 76].
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2.4.2 Constrained Search Formulation

From the variational principle, the contradiction in equation (2.4.3) is true only for

non-degenerate ground state system [76], Levy and Lieb [77], extend the Hohenberg

and Kohn (HK) second theorem to degenerate ground state by a weaker constraint,

which is some respects simpler and more constructive. The ground state energy can be

found by minimizing < Ψ|Ĥ|Ψ > over all antisymmetric wave functions for N-particle

E0[n] = min
Ψ→N < Ψ|Ĥ|Ψ > . (2.4.8)

The equation above can be minimized into two procedures. First step we think about

all wave functions Ψ which capitulate a given density n(r), and minimize over those

wave functions

E0[n] = min
Ψ→N < Ψ|Ĥ|Ψ >= min

Ψ→N < Ψ|T̂ + V̂ee|Ψ > +

∫
drvext(r)n(r). (2.4.9)

Then we define the Levy- Lieb universal functional

F [n] = min
Ψ→N < Ψ|T̂ + V̂ee|Ψ >, (2.4.10)

this functional is defined for all wave functions that yield the input density n(r). Second

step the ground state energy is then found by minimizing over all N-electron densities

n(r) we get

E0[n] = min
n [ min

Ψ→N < Ψ|T̂ + V̂ee|Ψ > +

∫
drvext(r)n(r)], (2.4.11)

where during the minimization vext(r) is fixed, introducing the universal functional, this

results in

E0[n] = min
n

(
F [n] +

∫
drvext(r)n(r)

)
. (2.4.12)

We notice that F [n] differs from the universal functional FHK[n] only by the fact it is

define for all densities that originate from an antisymmetric wave function [68].

2.4.3 The Kohn-Sham (KS) Equations

The Kohn-Sham ansatz rests on two assumptions. First, the exact ground state density

can be represented by the ground state density of the auxiliary system (called the

reference system) of non-interacting particles. Second, the auxiliary Hamiltonian is
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chosen to have the usual kinetic operator and an effective local potential vs(r) acting

on an electron of spin σ at point r [64, 66].

Ĥaux =
∑
i

[
− ~2

2me
∇2
i + vs(ri)

]
. (2.4.13)

We can easily determine the ground state density by solving the following Schrödinger

equation for single particle

ĤΨi = εiΨi (2.4.14)

[− ~2

2me
∇2

(r) + vs(r)]Ψi = εKS
i Ψi. (2.4.15)

In the Kohn-Sham approach, the KS total energy for the interacting system can be

written as

EKS = Ts[n] +

∫
drvext(r)dr + EH[n] + Exc[n], (2.4.16)

where Ts[n] is the kinetic energy of the non-interacting electrons, EH[n] is the Hartree

energy and Exc[n] is the exchange-correlation energy functional [66, 64, 76].

Exc[n] = 〈T̂ 〉 − Ts[n] + 〈Vint〉 − EH[n], (2.4.17)

where the exchange-correlation energy Exc is the functional which contains every things

that we can not handle with, thus must be approximated.

All terms in Kohn-Sham energy functional can be written in their explicit form except

Exc[n] which has no explicit form [68]. Applying the variational principle, and taking

the orbitals Ψi to be orthonormal 〈Ψi|Ψj〉 = δij , then Kohn-Sham equation take the

form

{− ~2

2me
∇2

(r) +

∫
n(r

′
)

|r− r′ |
dr
′
+ vxc[n] + vext(r)}Ψi(r) = εKS

i Ψi(r), (2.4.18)

or

{− ~2

2me
∇2

(r) + VKS(r)}Ψi(r) = εKS
i Ψi(r), (2.4.19)

where

VKS(r) =

∫
n(r

′
)

|r− r′ |
dr
′
+ v[n] + vext(r), (2.4.20)

with the exchange correlation functional vxc which is defined as the functional derivative
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of Exc[n] with respect to n(r) [66, 68, 76]

vxc(r) =
∂Exc[n]

∂n(r)
. (2.4.21)

The Kohn-Sham equations determine exactly the energy of the ground state density

of many-body system, and must be solved self-consistently. One begin with a guessed

density n(r), to construct VKS(r) until self-consistency is achieved [76].

2.4.4 Spin-orbit Coupling (SOC)

In a non-relativistic description, the Kohn-Sham approach (discussed in Sub-section

2.4.3) based on the electronic Hamiltonian in equation (2.2.4), where the spin-orbit

coupling is negligible. However, number of applications where additional terms are

needed in the Hamiltonian, such as spin-orbit coupling. The spin-orbit coupling is

important, especially for core electrons of heavy metals. The spin-orbit interaction

term ĤLS of a many-body system is written as [78]

ĤLS =
∑
i=1

ξ(ri)Li.Si, (2.4.22)

where Li and Si are the orbital and spin angular momenta, of the ith electron, respec-

tively, while ξ(ri) is a prefactor related to the derivative of the potential of the electron i.

Therefore, to take the SOC into account the electronic Hamiltonian in equation (2.2.4)

tales the form

Ĥe = T̂ + V̂ee + V̂en + ĤLS . (2.4.23)

2.4.5 Solving Kohn-Sham Equations

Plane Wave Basis

Bloch's theorem (cf. Ref. [79]) states that the electronic wave function of a periodic

system can be expressed as a product of a plane wave eik.r and a lattice periodic function

uk(r) (k denoting a wave vector within first Brillouin zone)

Ψk(r) = eik.ruk(r). (2.4.24)
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The lattice periodic function, is invariant under translation by a lattice vector R

uk(r + R) = uk(r). (2.4.25)

As uk(r) is a periodic function, it can be expressed in term of a Fourier series as follows

uk(r) =
∑
G

cG,ke
iG.r, (2.4.26)

where G is a reciprocal lattice vector defined as G.b= 2πm, b is the translational vector

of the crystal lattice and m is an arbitrary integer. Then, the KS orbitals are expanded

in the following

Ψk(r) =
∑
k,G

ck,Ge
i(k+G).r. (2.4.27)

Inserting the plane wave expression (2.4.27) into the Kohn-Sham equations (2.4.19),

one obtain a secular equation

∑
G

[
~

2m
|k+G|δ

GG
′ + V σ

KS(G-G
′
)

]
c
i,k+G

′ = εici,k+G
′ , (2.4.28)

where V σ
KS(G-G

′
) is the Fourier transform of the Kohn-Sham potential. The accuracy

of the calculation is set by fixing the plane wave energy cut-off Ecut:

1

2
|k+G|2 < Ecut. (2.4.29)

k-Space and Brillouin-Zone

From equation (2.4.24), it is clear that there is a particular class of vectors k such that

the phase factor eik.r = 1, and thus the wave function is in phase with the periodicity of

the unite cell. The group of the three smallest independent such vectors is such enough

to determine all the reciprocal lattice vectors, in the same way as with the primitive

vectors in real space [64].

In the reciprocal space, the Wigner-Seitz cell, is known as the first Brillouin zone, and

sometimes simply the Brillouin zone, for short. Its volume ΩR is given by [64]

ΩR = bi · bj × bk =
(2π)3

Ω
, (2.4.30)
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where Ω is the volume of the unit cell. There are many ways of sampling the Brillouin

zone, the most common one used in this work is the Monkhorst-Panck grid which is a

uniform grid [80].

Pseudopotentials

Electrons in solids are divided in valence electrons and inner core electrons. It is well

known that the physical properties of solids depends on the valence electron more than

the core electrons. The pseudopotentials takes this advantage by replacing the core

electrons and the strong ionic potential by a weaker pseudopotential [81, 82]. The

pseudopotential acts on a set of pseudo wave functions in place of the true valence wave

function [82].

There are several pseudopotentials one can construct from first-principles such as norm-

conserving pseudopotentials [83], ultra-soft pseudopotentials [84] or the potentials based

on the projector augmented wave (PAW) method [85]. In this subsection, we demon-

strate only the main principle of the pseudopotential concept.

Consider |Ψc〉 and |Ψv〉 to be the exact solutions of the Schrödinger equation for the

inner core (c) electrons and those for the valence (v) electrons

Ĥ |Ψn〉 = En |Ψn〉 , (2.4.31)

where n = c, v. The valence wave functions oscillate rapidly in the region occupied by

the core electrons due to the strong ionic potential in this region. These oscillations

maintain the orthogonality between the core wave functions and the valence wave func-

tions. Therefore, the valence orbitals can be written as a sum of smooth function, |Ψv〉,
with an oscillating function due to this orthogonality.

|Ψv〉 = |ϕv〉+
∑
c

αcv |Ψc〉 , (2.4.32)

where αcv = −〈Ψc|ϕv〉. For the smooth orbital the Schrödinger equation reads

Ĥ |ϕv〉 = Ev |ϕv〉+
∑
c

(Ec − Ev) |Ψc〉 〈Ψc|ϕv〉 . (2.4.33)

The equation (2.4.33) indicates that |ϕv〉 satisfy Schrödinger-like equation with an en-
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ergy dependent-Hamiltonian

ĤPK(E) = Ĥ −
∑
c

(Ec − E) |Ψc〉 〈Ψc| . (2.4.34)

Then we can identify

ω̂PK(E) = v̂ −
∑
c

(Ec − E) |Ψc〉 〈Ψc| , (2.4.35)

where ω̂PK(E) is the pseudopotential, v̂ stand for the true potential and the second

term represents the repulsive potential which makes the pseudopotential much weaker

than the true potential near the core. For more details, we refer to the literature

[83, 84, 85, 86, 87, 88].

Exchange and Correlation Functionals

The most important quantity in the KS approach is the so-called exchange-correlation

energy which is expressed as a function of the density Exc[n], the exact explicit form

of Exc is unknown, so it must be approximated [66]. The first four rungs on Jacobs

ladder [89, 90, 91] are (I) the local density approximation (LDA), (II) the generalized

gradient approximation (GGA)and (III) the meta-GGA, and (IV) hybrid functionals.

In this section we present, the generalized gradient approximation (GGA) [92, 93], the

hybrid functionals (HSE06) [94] and the modified Becke Johnson potential (MBJ) [95].

Generalized Gradient Approximation (GGA)

The local density approximation (LDA) (cf. Ref. [96]) assumes that the density is the

same every-where, so it does not give a good approximation when the density increased

such as in molecule. To improve over local density approximation it is relevant to make

the functional depend on the density and the gradient of the density ∇n(r), in order

to account for non-homogeneity of the true electron density, that is the generalized

gradient approximation (GGA) in which the exchange correlation functional takes the
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form [66, 68, 92]

EGGA
xc [n↑, n↓] =

∫
drn(r)εxc(n↑, n↓, |∇n↑|, |∇n↓|, ...) (2.4.36)

≡
∫
drn(r)εunif

xc (n(r))Fxc(n↑, n↓, |∇n↑|, |∇n↓|, ...), (2.4.37)

where Fxc is dimensionless and εunif
xc (n(r)) is the exchange energy of the unpolarized

uniform electron gas, ∇ terms refer to the gradient terms of the electron density [66].

The exchange correlation potential of GGA is given by

V GGA
xc =

∂EGGA
xc

∂n(r)
=

[
εxc + n

εxc

n(r)
−∇(n

εxc

n(r)
)

]
r

. (2.4.38)

The most popular generalized gradient approximation functionals are Perdew-Burke-

Ernzerhof (PBE) functional and revised PBE functional (PBEsol) that improves pre-

dictions of equilibrium properties of solids. We have used in our calculations the Perdew-

Burke-Ernzerhof (PBE) [92] and revised functional PBEsol [93]

Meta-GGA

The meta-GGA functional includes the kinetic energy density in the expression of the

exchange-correlation which is related to the second derivative of the density ∇2n(r).

The exchange-correlation takes the form

Exc[n↑, n↓] =

∫
drn(r)εxc(n↑, n↓, |∇n↑|, |∇n↓|, |τ↑|, |τ↓|), (2.4.39)

where n(r) = n↑(r) + n↓(r) is the total density, τ↑ and τ↓ are the Kohn-Sham orbital

kinetic energy densities and

τσ(r) =

occup∑
i

1

2
|ϕiσ(r)|2 (2.4.40)

is the KS orbital ϕiσ(r) kinetic energy density of electrons with spin σ [97].

Available meta-GGA flavours include: M06L [98], TPSS [97] and modified Becke John-

son potential (MBJ) [95]. MBJ is known to predict electronic properties at an accuracy

comparable to GW method and hybrid functional. We will be using the MBJ in chapter

4 to calculate the band gap of the perovskite (CH3NH3SnI3).
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Hybrid Functionals

The Hartree-Fock (HF) approximation (see appendix A) provides a good description of

single atoms and ions, however, the HF theory is limited to atomic systems, because

correlation effects, which are not included in the HF approximation, are important in

large molecules and solids. As these correlation effects are captured well within the local

exchange-correlation functional. Hybrid functionals are a class of exchange-correlation

functionals in DFT that are constructed by a suitable mixing of LDA/GGA exchange-

correlation functionals with a certain portion of the exact HF exchange [99]. A.D. Becke

[99, 100] mixture of local exchange-correlation functionals with HF exchange using the

adiabatic connection (transform the non-interacting system to the physical interacting

one)

Exc[n] =

∫ 1

0
uλxcdλ, (2.4.41)

where λ is an inter-electronic coupling strength parameter, and uλxc is the potential

energy of exchange correlation at intermediate coupling λ. At λ = 0 the energy is the

HF exchange energy, and for a fully interacting real system λ = 1. Solving the integral

in equation (2.4.41) within this approximation leading the half-and-half form [66].

Exc =
1

2
(EHF

x + ELDA
xc ). (2.4.42)

The most popular hybird functional used in molecular calculations is the B3LYP func-

tional [100, 101]

EB3LYP
xc = ELDA

xc +a0(EHF
x −ELDA

x ) +ax(EGGA
x −ELDA

x ) +ac(E
GGA
c −ELDA

c ). (2.4.43)

The mixing parameters a0, ax and ac have been determined by fit against set of molecules

experimental data. The PBE0 functional [102] which derived from PBE functional is

described as

EPBE0
xc = EPBE

xc +
1

4
(EHF

x − EPBE
x ). (2.4.44)

In order to improve computational efficiency, the Heyd-Scuseria-Ernzerhof (HSE) exchange-

correlation functional [103] uses an error function to split the Coulomb operator into

short-range (sr) and long-range (lr) (1
r = Sω(r) + Lω(r))

EHSE
xc = αEHF,sr

x (µ) + (1− α)EPBE,sr
x (µ) + αEPBE,lr

x (µ) + EPBE
c , (2.4.45)
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where α is the mixing factor and it control the exact EHF
x include in to the hybrid

functional and µ is the screening parameter that controls the range separation.

2.5 Many Body Perturbation Theory (MBPT)

The properties of matter fall into two categories determined by the electronic ground

state and electronic excited states. This distinction is evident in the physical proper-

ties of materials and also determines the framework for theoretical understanding and

development of the entire field of electronic structure [66].

The Kohn-Sham (KS) density functional theory approach, provides good results for

the ground state properties of many solids. However, a well known failure of DFT

is that it does not describe the excited states (adding or removing energy) accurately

[104], specially, DFT breaks down when used to calculate band gaps of insulators or

semiconductors, which are often underestimated. This failure of DFT is linked to the

fact that KS eigenvalues εKS
i and eigenstates Ψi do not have physical meanings. In order

to obtain physical meaningful band gaps, a successful approach is to go beyond DFT

using KS eigenstates as basis for many-body perturbation theory (MBPT) calculations.

The approach is based on the concept of the so-called quasi-particle, Green function

and the self-energy [105].

2.5.1 Quasi-Particle (QP)

Band gaps are experimentally measured by photo-electron spectroscopy. The direct

photo-electron is described when a photon arrives with an energy }ω and ejects an

electron and the kinetic energy Ekin of the ejected electron is measured. The binding

energy of this electron is given by the difference Ei = Ekin − }ω. In reality the elec-

trons are correlated though the Coulomb interaction, and the ejection of an electron is

a many-body process. Therefore the motion of one electron depends on the motion of

all other electrons (N − 1). Inverse photo-electron spectroscopy is the corresponding

process where the number of electrons in the system increases from N to N + 1. In

the case of electron injection into a sample, the repulsive Coulomb interaction creates

a Coulomb hole around the additional electron. Similarly, if an electron leaves the sys-

tem, its Coulomb hole also vanishes. Relative to the ground-state N -electron system,

the addition (removal) of an electron in indirect (direct) photo-electron spectroscopy
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hence creates (annihilates) an ensemble consisting of the bare electron and its oppo-

sitely charged Coulomb hole. This ensemble behaves in many ways like a single-particle

and is thus called quasi-particle [106]. The difference between the quasi-particle and a

bare particle is usually described by the self- energy Σ, which must account for all ex-

change and correlation effects beyond the Hartree approximation. The full one-particle

Green’s function cannot be calculated exactly, and therefore one need to employ some

approximations. Defining a non-interacting one-particle Greens function Go(r, r
′
;E)

for a system where the exchange and correlation effects are turned off leaving only

the Hartree term, the interacting one-particle Green’s function G(r, r
′
;E) is linked to

Go(r, r
′
;E) via Dyson’s equation [107], recall equation (B.0.4)

G(r, r
′
;E) = Go(r, r

′
;E) +

∫ ∫
Go(r, r1;E)Σ(r1, r2;E)G(r2, r

′
;E)dr1dr2, (2.5.1)

In the QP approximation, one-particle Green’s function can be represented by QP

energies

Go(r, r
′
;E) =

∑
n

ΨQP
n (r)ΨQP∗

n (r
′
)

E − En
, (2.5.2)

Fourier transforming equation (B.0.7) to the energy space and inserting equation (2.5.2),

one obtained the QP equation[
− }

2m
∇2(r) +

∫
n(r

′
)

|r− r′ |
dr
′
+ vext(r)

]
ΨQP
i (r)

+

∫
Σ(r, r

′
;EQP

i )ΨQP
i (r

′
)dr

′
= EQP

i ΨQP
i (r

′
),

(2.5.3)

where Σ(r, r
′
;EQP

i ) is the self energy,
∫ n(r

′
)

|r−r′ |dr
′

is the Hartree potential of electrons, n

is the electron density, vext is the external potential from ions, EQP
i and ΨQP

i are the

quasi-particle eigenvalues and eigenstates, respectively [104].

In the non-self-consistent GW approximation G0W0, used through this thesis, G0 and

W0 are calculated using KS eigenvalues εKS
i and eigenstates Ψi [108]. By approximating

the eigenstates of the quasi-particle equation (2.5.3) by KS eigenstates Ψi, the eigenval-

ues EQP
i can be calculated to the first-order perturbation theory from the quasi-particle

equation [104, 106]

EQP
i = εKS

i + 〈Ψi|Σ(EQP
i )− vσxc|Ψi〉 . (2.5.4)
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2.5.2 GW Approximation

The self-energy operator Σ can be obtained by the solution of many-body problem

self-consistently, but this method is very difficult to handle with. The practical way

to simplify this is the so-called GW approximation (GWA), first proposed by Hedin in

1965 [109]. Hedin introduced set of five equations in five variables, which relate the

Green function G (see appendix B), self-energy Σ (12), polarization propagator P (12),

screened potential W=ε−1ν and vertex function Γ (123) [110]

Σ(12) = i

∫
d(34)G(14+)W (13)Γ(423), (2.5.5)

P (12) = −i
∫
d(34)G(13)G(41+)Γ(342), (2.5.6)

W (12) = υ(12) +

∫
d(34)W (13)P (34)υ(42), (2.5.7)

Γ(123) = δ(12)δ(13) +

∫
d(4567)

δΣ(12)

δG(45)
G(46)G(75)Γ(673), (2.5.8)

G(12) = GKS(12) +

∫
(d34)GKS(13)Σ(34)G(42), (2.5.9)

where the simplifies notation 1= (x1, t1) etc and 1+ denotes that t → t + η for some

positive infinitesimal η, and δ(1,2) is the Dirac delta function. Hedin’s equations should

in principle be solved self-consistently, and they are too computationally expensive for

studying realistic systems. the most common approximation to simplify this approach

is the so-called GW approximation. The vertex corrections are thereby excluded which

corresponds to setting Γ(123) = δ(12)δ(13) in equation (2.5.8). Consequently, the ir-

reducible polarizability (see equation (2.5.6)) is described by P (12) = −iG(12)G(21+),

which equals the random phase approximation (RPA) and the neglect of electron-hole in-

teractions [111, 112, 113]. Within the GW approximation, the self-energy Σ(r, r
′
;EQP

i )

can be written in terms of the Green function G and the screened Coulomb interaction

W (explaining the name of GW approximation)

ΣGW(r, r
′
; t) = iG(r, r

′
; t)W (r, r, r

′
; t), (2.5.10)

or its equivalent in terms of the energy

ΣGW(r, r
′
;E) = i

∫
G(r, r

′
;E + E

′
)W (r, r

′
;E)dE

′
. (2.5.11)
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The screened potential W can be obtained from the bare Coulomb interaction υ via

W (r, r
′
;E) = υ(r, r

′
) +

∫
dr1dr2W (r, r1;E)P (r1, r2;E)υ(r2, r

′
), (2.5.12)

where the polarization P (r1, r2;E) is given by

P (r1, r2;E) = −iG(r, r
′
;E)G(r

′
, r;E), (2.5.13)

or equivalently

W (r, r
′
;E) =

∫
d(r1)ε−1(r, r1;E)υ(r1, r

′
), (2.5.14)

where ε−1(r, r1;E) is the dielectric function, which is normally calculated within the ran-

dom phase approximation (RPA). The Equations (B.0.4), (2.5.11), (2.5.12) and (2.5.13)

form a closed set that, can be solved self-consistently without further approximation

[64].

2.5.3 Bethe-Salpeter Equation (BSE)

The inclusion of vertex Γ in equation (2.5.6) can be achieved through a second iteration

Hedin's equation, using Σ = iGW in the latter, this yields an integral equation for Γ

Γ(1, 2, 3) = δ(1, 2)δ(1, 3) + iW (1+, 2)

∫
d(6, 7)G(1, 6)G(7, 2)Γ(6, 7, 3), (2.5.15)

using the approximation ∂Σ
∂G ≈ iW .

One can transform equation (2.5.15) to an integral form for a generalized 3P , defined

as
3P (312) = −i

∫
d(67)G(16)G(72)Γ(673), (2.5.16)

where 3P (312) is a three-point polarizability. Multiplying with −iG(41)G(25) on the

left and integrating over d(12)

3P (345) = −iG(43)G(35) + i

∫
d(12)G(41)G(25)W (1+2)3P (312). (2.5.17)

In principle the polarization P can be obtained from P (31) = 3P (311). However, the

kernel GGW of the integral equation (2.5.15) can be seen as a four-point function.

Therefore, it is convenient to introduce a four-point 4P . Following Ref. [113], we can
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introduce the four dynamically interaction

4W (1234) = W (12)δ(13)δ(24). (2.5.18)

Then we get for equation (2.5.15) the four-point integral equation

4P = 4P IQP − 4P
4
W 4P IQP, (2.5.19)

where PIQP is the independent-quasi-particle polarization. Using Dyson-like screening

equation one can directly obtain P

P = P + PυP , (2.5.20)

where υ is bare Coulomb potential interaction without long range term in reciprocal

space reads

υG(q) =

 0 if G = 0;

υG(q) = 4π
|q+G|2 else.

(2.5.21)

Putting together equations (2.5.19) and (2.5.20), we obtain the Bethe-Salpeter equation

(BSE)
4P = 4P IQP − 4P IQPK

4P , (2.5.22)

where the kernel of the Bethe-Salpeter equation K is given by

K(1234) = δ(12)δ(34)υ(13)− δ(13)δ(24)W (12). (2.5.23)

The Bethe-Salpeter approach to the calculation of two-particle excited states is straight-

forward extension of the GW approach for the calculation of one-particle excited states;

and it leads to an effective two-particle excitonic Hamiltonian H2P which is the general

form found in time-dependent problems, which moreover provides information about

the excitonic eigenstates and eigenvalues. The effective two-Hamiltonian (H2P ) is given

by

H2P (n1n2), (n3n4) = (εn2 − εn1)δn1n3δn2n4 + (fn1 − fn2)K(n1n2), (n3n4), (2.5.24)

the indices ni refer to the fact that matrix elements have been taken with respect to

four eigenfunctions of the starting effective static one-particle Hamiltonian , fn1 and
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fn2 represents the occupation numbers and each couple (nn
′
) corresponds to a pair

(vc) of an occupied and an empty state. In general the two-particle Hamiltonian is not

Hermitian and can be further separated into four blocks: two blocks on the diagonal

with the transition energies and the interaction Kernel K, and two off-diagonal coupling

blocks with contributions only from the interaction Kernel:

H2p =

[
H2p,res Hcoupling

−[Hcoupling]∗ −[H2p,res]∗

]
. (2.5.25)

The resonant part is Hermitian, (H2p,res)∗= (H2p,res)T , while the coupling part is sym-

metric, Hcoupling= (Hcoupling)T . Neglecting the coupling part is called the Tamm-Dancoff

approximation. The effective two-particle equation with the static screening takes the

form

H2p,res(n1n2)(n3n4)A
(n3n4)
λ ) = EλA

(n1n2)
λ , (2.5.26)

where Eλ and An1n2
λ are the eigenvalues and eigenstates of the effective two-particle

Hamiltonian H2P , respectively. Eλ and An1n2
λ can be obtained by diagonalising the

resonant part of the two-particle Hamiltonian (2.5.26). From the obtained eigenvalues

Eλ and eigenstates An1n2
λ the four- and two-point quantities of interest are constructed

[113]. The modified response function can be build from Eλ and An1n2
λ

P =
∑
λλ′

A
(n1n2)
λ A

(n3n4)

λ′

Eλ − ω
N−1
λλ′
, (2.5.27)

where N−1
λλ′

is the overlap matrix defined by

N−1
λλ′

=
∑
n1n2

[A(n1n2)]∗A
(n1n2)

λ′
, (2.5.28)

The macroscopic dielectric function εmac(ω) can be constructed from a modified re-

sponse function P :

εmac(ω) = 1− lim
q→0

[υ0(q)P 00(q, ω)]. (2.5.29)

Considering only the resonant part of H2P , the resulting operator is Hermitian and its

eigenstates are orthogonal. Therefore, the simpler formula is

εM(ω) = 1− lim
q→0

υ0(q)Σλ
|Σn1n2〈n1| e−iq·r|n2〉An1n2

λ |2

ω − Eλ + iη
, (2.5.30)
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2.6 Transport Phenomena

In this Section, a detailed derivation of theoretical framework needed for thermoelec-

tric transport properties (electrical conductivity σ, Seebeck coefficient S and electronic

thermal conductivity ke) will be presented with using Boltzmann transport equation

and relaxation time approximation. Moreover, the lattice thermal conductivity kL will

be described through the Boltzmann transport equation for phonons.

2.6.1 The Boltzmann Equation

The distribution function (DF) fk(r, t) determines the probability of having an electron

with wave vector k at position r in space at a given time t. The Boltzmann equation

begin with an attempt to determine how fk(r, t) can change with time. There are three

possible type of effects [114]:

First due to the motion of the electrons, carriers will be moving into and out of any

volume element around r. If vk is the velocity of a carrier in the k state, in a time

interval t, the electron moves a distance equal to tvk. Thus the number of electrons in

the neighbourhood of r at time t is equal to the number of carriers in the neighbourhood

of r− tvk at time 0.

fk(r, t) = fk(r− tvk, 0). (2.6.1)

This means that the rate of change of the DF due to diffusion is

∂fk
∂t

∣∣∣∣
diff

= −∂fk
∂r

.vk. (2.6.2)

Second due to the presence of external forces Fext, electrons will be changing their

momentum according to

∂k

∂t
=

1

~
Fext, (2.6.3)

for an electric and magnetic fields, the rate of change k is given by

∂k

∂t
=
e

~

[
E +

vk ×H

c

]
, (2.6.4)

we can look upon this as the velocity of carrier in k space, so that, in analogy to the

diffusion changes in equation (2.6.1), we can argue that particles at t = 0 with k − k̇t



Section 2.6 Transport Phenomena Page 34

will have k at the time t, that is

fk(r, t) = fk−k̇t(r, 0). (2.6.5)

The distribution changes, because of the fields, at the rate,

∂fk
∂t

∣∣∣∣
field

= −k̇
∂fk
∂k

= − e
~

[
E +

vk ×H

c

]
.
∂fk
∂k

. (2.6.6)

Third the rate of change of the distribution function fk due to elastic scattering is

∂fk
∂t

∣∣∣∣
scatt

=

∫
{fk′ (1− fk)− fk(1− fk′ )}Q(k,k

′
)dk

′
(2.6.7)

where Q(k,k
′
) is the transition probability define the rate of transition from the state

k to k
′

[114]. The first term in equation (2.6.7) represents the rate at which electrons

are coming from an occupied k
′

state to a an unoccupied k state, and the second term

represents the loss term [115].

Under steady-state conditions, the Boltzmann equation says that at any point, and for

any value of k, the net rate of change of fk(r, t) is zero

∂fk
∂t

∣∣∣∣
diff

+
∂fk
∂t

∣∣∣∣
field

+
∂fk
∂t

∣∣∣∣
scatt

= 0, (2.6.8)

where the subscripts diff, field and scatt stand for diffusion, external field and scattering

respectively [114, 115]. Boltzmann equation is usually solved using two approximations:

First, assuming that the steady state distribution function does not depart very far from

equilibrium. Let us define

gk = fk − f0
k, (2.6.9)

where gk represents the deviation of the distribution function from equilibrium case f0
k.

Second, using the relaxation time approximation (RTA) for the scattering term so that

the system returns to equilibrium uniformly:

∂fk
∂t

∣∣∣∣
scatt

= −
fk − f0

k

τ
=
gk
τ
, (2.6.10)

where τ denotes the relaxation time and in general is a function of momentum. The

relaxation time measures how quickly the electrons are returns to the equilibrium dis-

tribution when the fields are turned off [114, 115].
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With equation (2.6.9) in equation (2.6.8), and using equation (2.6.2) and equation

(2.6.6), the Boltzmann equation becomes:

− vk.∇rfk −
e

~

[
E +

vk ×H

c

]
.∇kfk = −∂fk

∂t

∣∣∣∣
scatt

. (2.6.11)

Substituting equation (2.6.9) into (2.6.11), we get

− vk.∇rf
0
k −

e

~

[
E +

vk ×H

c

]
.∇kf

0
k = −∂fk

∂t

∣∣∣∣
scatt

+ vk.∇rgk +
e

~

[
E +

vk ×H

c

]
.∇kgk.

(2.6.12)

Using the equilibrium distribution function

f0
k =

1

e

[
Ek−µ
kBT

]
+ 1

, (2.6.13)

where Ek is the particle energy, kB is the Boltzmann's constant and µ is the chemical

potential, in the present of an electric field and retaining terms only to second-order in

electric field we get from equation (2.6.12) [114, 115]

−
∂f0

k

∂Ek
.vk.

[
− (Ek − µ)

T
∇T + eE−∇µ

]
= −∂fk

∂t

∣∣∣∣
scatt

+ vk.∇rgk +
e

~

[
vk ×H

c

]
.∇kgk.

(2.6.14)

This equation is the so-called linearised Boltzmann transport equation, for more details

see ref. [114, 115]. Assuming that we have a temperature gradient as well as an electric

field in the system, the Boltzmann equation becomes

(
−
∂f0

k

∂Ek

)
vk.

[
− (Ek − µ)

T
∇T + eE−∇µ

]
= −∂fk

∂t

∣∣∣∣
scatt

. (2.6.15)

Substituting equation (2.6.10) into equation (2.6.15) gives [114, 115]

fk = f0
k −

( ∂f0
k

∂Ek

)
τvk.

[
− (Ek − µ)

T
∇T + eE−∇µ

]
. (2.6.16)

2.6.2 Transport Coefficients

The presence of temperature gradient ∇T or an electric field E induces thermal or

electrical current in a material. The relations between the temperature gradient ∇T
and the electric field E with their corresponding heat current density JQ and electrical
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current density Je for a solid are

Je = σ(E− S∇T )

JQ = TσSE−K∇T, (2.6.17)

where σ is the electrical conductivity, K is the thermal conductivity. The Seebeck

coefficient S, is defined as the ratio of the electric field to the temperature gradient ∇T
when the electric current is zero. The electronic contribution to the thermal conductivity

κe, is defined as the heat current of temperature gradient when the electric current is

zero [116],

κe = K − S2σT. (2.6.18)

To calculate the electrical conductivity, we need to calculate the corresponding electric

current density [114]

Je = e
∑
k

fkvk, (2.6.19)

where e is the charge of the carriers. In the absence of temperature gradient equation

(2.6.16) takes the form

fk = f0
k + e

(
−
∂f0

k

∂Ek

)
τvk.E. (2.6.20)

Using this expression to calculate the current, the electrical conductivity takes the form

σ = e2
∑
k

(
−
∂f0

k

∂Ek

)
vkvkτ. (2.6.21)

Seebeck coefficient S and electronic thermal conductivity κe can be derived using similar

expression. The transport distribution (TD)
∑

k vkvkτ is the kernel of all transport

coefficients, once it is calculated, all transport coefficients necessary to determine the

figure of merit ZT can be obtained using scalar coefficients, [117]

σ = e2

∫
dE
(
−
∂f0

k

∂Ek

)∑
k

vkvkτ (2.6.22)

S = ekBσ
−1

∫
dE
(
−
∂f0

k

∂Ek

)∑
k

vkvkτ
Ek − µ
kBT

(2.6.23)

κe = k2
BT

∫
dE
(
−
∂f0

k

∂Ek

)∑
k

vkvkτ
[Ek − µ
kBT

]2 − TσS2. (2.6.24)
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2.7 Lattice Thermal Conductivity

The lattice thermal conductivity κL can be described through the BTE for phonons.

The phonon distribution function (PDF) represents the average number of phonons

with wave vector q. In equilibrium, the PDF can be written as [118]

n0
q =

1

e

[
~ωq
kBT

]
− 1

. (2.7.1)

The BTE for phonons with the contribution to the rate of change from diffusion and

scattering mechanisms takes the form

∂nq
∂t

∣∣∣∣ =
∂nq
∂t

∣∣∣∣
diff

+
∂nq
∂t

∣∣∣∣
scatt

. (2.7.2)

When the thermal gradient is present, phonons diffuse with a rate

∂nq
∂t

∣∣∣∣
diff

= −(vg.∇T )
∂n0

q

∂T
, (2.7.3)

where vg is the phonon group velocity. In the steady state, the scattering processes

tend to restore PDF (nq) to its equilibrium from n0
q

− (vg.∇T )
∂n0

q

∂T
=
nq − n0

q

τq
, (2.7.4)

where τq is the phonon scattering relaxation time. From Fourier's law of heat conduc-

tivity one can derive an expansion for lattice thermal conductivity, that is

Q = −κL∇T, (2.7.5)

where Q is the heat flux and the proportional term κl is the lattice contribution to the

thermal conductivity. The total heat flux from phonon can be given as [118, 119]

Q =
∑
q

nq~ωqvg. (2.7.6)
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Substituting equation (2.7.4) into equation (2.7.6) reads

Q = −
∑
q

~ωqv2
g 〈cos2θ〉 τq

∂n0
q

∂T
∇T

= −1

3

∑
q

~ωqv2
gτq

∂n0
q

∂T
∇T. (2.7.7)

Equating equations (2.7.5) and (2.7.7), the lattice thermal conductivity takes the form

κL = − Q

∇T
=

1

3

∑
q

~ωqv2
gτq

∂n0
q

∂T
. (2.7.8)



3
Computational Details

In this chapter, we focus on various physical and mathematical aspects involved in

the calculation of ground state and excited state properties of materials using density

functional theory (DFT) and many body perturbation theory calculations described in

Chapter 2.

3.1 DFT Calculations

All calculations at the electronic structure level described here were performed using

density functional theory as implemented in the Vienna Ab initio simulation pack-

age (VASP) (see Appendix C)based on pseudopotentials and a plane wave basis set.

In VASP, the electron-ion interaction is described by the projector-augmented wave

(PAW) method [86]. To describe electron exchange and correlation effects, we used four

different functionals: the Generalized Gradient Approximation (GGA) as parametrized

by Perdew, Burke and Ernzerhof PBE [92], PBEsol [93], the modified Becke Johnson

(MBJ) [95] and the hybrid functional HSE06 [94]. For the HSE06, a default mixing

parameter of 25% and 0.2 Å−1 screening parameter was used for all calculations. It is

sufficient to say that the 25% fraction of exact Hartree-Fock exchange and Å−1 screen-

ing parameter were enough to predict a band gap of 1.21 eV (see Table (4.15)) for

CH3NH3SnI3, which is in agreement with the experimental results (1.21 eV and 1.35

eV) [30]. The energy convergence criteria was set to 10−8 eV. The cut-off energy for

plane wave basis and self-consistent convergence criteria for structural optimization were

39
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set to be 520 eV and 10−8 eV respectively. These parameters were found to be sufficient

for energy convergence to within 1 meV/Å. A k-mesh of 4× 4× 2 and 4× 8× 2 were

used in the optimization for CH3NH3XI3 (X= Pb or Sn) and a CsPbI3 respectively.

The Crystal Structure

CH3NH3XI3 (X = Pb or Sn)

The unit cell of CH3NH3XI3 (X= Pb or Sn) contains of 48 atoms (24 H atoms, 4 Pb or Sn

atoms, 4 C atoms, 12 I atoms, and 4 N atoms). The crystal structure of the orthorhombic

phase (space group Pnma 62) of the halide perovskite and its corresponding Brillouin

zone are shown in Figure (3.1).

Figure 3.1: (Color online) The crystal structure of the CH3NH3XI3 (X= Pb or Sn)
orthorhombic phase with space group Pnma (No. 62) (left) the Brillouin zone of the
orthorhombic lattice (right) [5].
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Caesium Lead Triiodide Perovskite

The unit cell of CsPbI3 contains of 48 atoms (4 Cs atoms, 4 Pb and 12 I atoms).

The crystal structure of the orthorhombic phase (space group Pnma 62) of the halide

perovskite is shown in Figure (3.2).

a

b

c

Figure 3.2: (Color online) The crystal structure of the CsPbI3 orthorhombic phase
with space group Pnma (No. 62).

3.2 Calculations of Structural Properties

3.2.1 Cohesive Energy

The cohesive energy Ecoh is defined as the negative of the energy that must be supplied

to the solid to separate its constituents into neutral free atoms at rest and at finite

separation. Therefore, in ab-initio calculations, the cohesive energy is computed as

the difference between the calculated total energy of a unit cell and total energy of its

isolated atoms [105, 120, 121].

Ecoh = E(crystal)− E(atoms) = E(crystal)−
∑
atom

Eisolated
atom . (3.2.1)
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3.2.2 Bulk Modulus and its Pressure Derivative B
′

The bulk modulus for any solid is defined as

B = −V ∂P
∂V

= V
∂2E

∂V 2
. (3.2.2)

For given total binding energy E, the external pressure P on the unit cell can be

calculated in the form

P = −∂E
∂V

, (3.2.3)

when the system is at equilibrium (i.e. P = 0). The equilibrium isotropic elastic

properties of a bulk system are described by its compressibility K0, so from equations

(3.2.2) and (3.2.3), the equilibrium bulk modulus is given by [105, 122, 123]

1

K0
= B0 = −V ∂P

∂V

∣∣∣∣
V=V0

= −V ∂
2E

∂V 2

∣∣∣∣
V=V0

, (3.2.4)

and its pressure derivative theoretically defined as

B
′
0 =

∂B

∂P

∣∣∣∣
P=0

=
1

B0

(
V

∂

∂V
(V

∂2E

∂V 2
)

)∣∣∣∣
V=V0

. (3.2.5)

3.2.3 Equation of State and Lattice Parameters

Knowledge of the equation of state (i.e. pressure (P), volume (V) and temperature

(T) relationship), based on either calculation or measurement, is important in both

basic and applied sciences. It depends on the nature of the interatomic interactions

and therefore provides insight into the nature of fundamental solid state theories, and it

can be used to determine thermodynamics parameters. There are many semi-empirical

functional and theoretical description of equation of state (EOS) [124, 125]. In this

work, isothermal third-order Birch-Murnghan equation of state [126] was utilized.

When the system is at equilibrium (i.e. its pressure is zero), energies in Birch-Murnghan

equation of state are expressed as

E(V ) = E0 +
9V0B0

16

{[(
V0

V

) 2
3

− 1

]3

B
′
0 +

[(V0

V

) 2
3

− 1

]2[
6− 4

(
V0

V

) 2
3
]}
, (3.2.6)

where E0 and V0 are equilibrium energy and volume at zero pressure. Using equation
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(3.2.3), the pressure in isothermal Birch-Murnghan 3rd-order equation of state is [126,

127, 128]

P (V ) =
3B0

2

[(
V0

V

) 7
3

−
(
V0

V

) 5
3
]{

1 +
3

4

(
B
′
0 − 4

)[(
V0

V

) 2
3

− 1

]}
. (3.2.7)

The calculated quantity from DFT is the total energy at zero temperature. Therefore,

B
′
0 and B0 are related to energy-volume E(V ) curve and measure its curvature about

the equilibrium volume V0 [129].

To estimate the lattice parameters of the structure under study and to study its energy-

volume equation of state curve , the calculations were performed in two steps. First: we

relaxed the structural ions (using PBE and PBEsol functionals) and generate a guess

equilibrium volume V0
∗. Second: we generate thirteen different volumes around the

guessed equilibrium volume V0
∗, then we proceed and performed a static calculation

(atomic positions fixed) using Blöchl tetrahedron correction. We then extract energy,

and the obtained energies (E) as a function of volume (V) per atom (equation (3.2.6))

were fitted using least-squares method with a third-order Birch-Murnghan equation of

state [126], where B0, B
′
0, V0 and E0 are the fitting parameters.

3.3 Stability Properties

Relaxing a structure untill all the forces on the atoms are zero, does not mean that the

structure will remain stable under the influence of external forces, and in the harmonic

approximation, and to determine the stability of the structure, it is necessary to check

its elastic and dynamical stabilities. In this section, we give the computational details

on the elastic and dynamical stabilities.

3.3.1 Elastic Stability

The elastic constants are very important to study the information about the mechanical

properties such as bulk moduli, shear moduli, Young's modulus, Poisson's ratio and

anisotropy of material. In DFT calculations the elastic constants can be computed

using two methods: the energy-strain approach and the stress-strain approach. In this

research, the elastic constants are determined from linear fit of the calculated stress-

strain functions according to Hooke's law. The elastic strain energy density is given
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by U = ∆E
V0

= 1
2

∑6
i

∑6
j Cijeiej [130], where ∆E is the energy difference between the

deformed and equilibrium structures; V0 is the equilibrium volume of cell; Cij are the

elastic constants; ei and ej are strains. For a stable orthorhombic structure, the nine

independent elastic constants should satisfy the Born stability criteria [131]:

Cii > 0;C11C22 > C2
12;

C11C22C33 + 2C12C13C23−

C11C
2

23 − C22C
2

13 − C33C
2

12 > 0.

(3.3.1)

Bulk elastic properties: bulk modulus B and shear modulus G were calculated using

Voigt-Reuss-Hill averaging schemes [132, 133, 134]. For an orthorhombic crystal, the

Viogt bulk modulus BV and the Viogt shear modulus GV are defined as [135]

BV =
1

9

[
C11 + C22 + C33

]
+

2

9

[
C12 + C13 + C23

]
, (3.3.2)

GV =
1

15

[
C11 + C22 + C33 − C12 − C13 − C23

]
+

1

5

[
C44 + C55 + C66

]
, (3.3.3)

and the Reuss bulk modulus BR and the Reuss shear modulus GR are defined as

BR = 1/[(s11 + s22 + s33) + 2(s12 + s13 + s23)], (3.3.4)

GR = 15/[4(s11 + s22 + s33 − s12 − s13 − s23) + 3(s44 + s55 + s66)], (3.3.5)

where sij are elastic compliances which can be obtained through an inversion of the

elastic constant matrix, S = C−1. According to the Hill approximation [134], the bulk

modulus and shear modulus are then given by:

BH =
1

2

(
BR +BV

)
;GH =

1

2

(
GR +GV

)
. (3.3.6)

Young's modulus E and Poisson's ratio ν can be given by

EH = 9BHGH/(3BH +GH),

ν = (3BH − 2GH)/2(3BH +GH). (3.3.7)

A measure of the degree of anisotropy in the bonding between atoms in different planes

can be provided by the shear anisotropic factors. The crystal shear anisotropy factors
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A1 in {100} planes between 〈011〉 and 〈010〉 directions, A2 in {010} planes between

〈101〉 and 〈001〉 directions and A3 in {001} planes between 〈110〉 and 〈010〉 directions

are defined as [135, 136]

A1 =
4C44

C11 + C33 − 2C13
;A2 =

4C55

C22 + C33 − 2C23
;

A3 =
4C66

C11 + C22 − 2C12
. (3.3.8)

Under isotropic pressure P, the total energy E of the crystal at a volume V that results

from a strained reference volume Vref is given by [137, 138]

E(V, ε) =E(V ref, ε = 0) + V ref
∑
ij

σijεij

+
V ref

2

∑
ij

Cij(V
ref)εiεj +O(ε3),

(3.3.9)

where σij and εij are the stress and strain tensors, respectively. In an orthorhombic

lattice, the zero-pressure elastic constants Cij and the non-zero-pressure elastic con-

stants C̃ij evaluated at the current stressed state are related via [139] C̃αα = Cαα − P ;

α=1,2,..,6; C̃12 = C12 − P ; C̃13 = C13 − P ; C̃23 = C23 − P , where P is the hydrostatic

pressure. Note that at zero pressure, the Cij and C̃ij are equal [140]. The well-known

Born stability conditions [131] can be shown to be valid for both the zero-stress case

(using Cij) and the non-zero-stress case (using C̃ij) [140]. For a stable orthorhom-

bic structure, the nine independent elastic constants should satisfy the following Born

criteria [131]:

C̃ii > 0;C̃11C̃22 > C̃2
12;

C̃11C̃22C̃33 + 2C̃12C̃13C̃23−

C̃11C̃
2
23 − C̃22C̃

2
13 − C̃33C̃

2
12 > 0.

(3.3.10)

Bulk elastic properties: bulk modulus B and shear modulus G were calculated from

the elastic constants using Voigt-Reuss-Hill averaging schemes [132, 133, 134], using the

following formulas for an orthorhombic crystal

BV =
1

9

[
C̃11 + C̃22 + C̃33

]
+

2

9

[
C̃12 + C̃13 + C̃23

]
, (3.3.11)

GV =
1

15

[
C̃11 + C̃22 + C̃33 − C̃12 − C̃13 − C̃23

]
+

1

5

[
C̃∗
]
. (3.3.12)
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The crystal shear anisotropy factors A1 in {100} planes between 〈011〉 and 〈010〉 direc-

tions, A2 in {010} planes between 〈101〉 and 〈001〉 directions and A3 in {001} planes

between 〈110〉 and 〈010〉 directions are defined as [135, 136]

A1 =
4C̃44

C̃11 + C̃33 − 2C̃13

;A2 =
4C̃55

C̃22 + C̃33 − 2C̃23

;

A3 =
4C̃66

C̃11 + C̃22 − 2C̃12

. (3.3.13)

3.3.2 Dynamical Stability

Phonons play essential roles in dynamical behaviors and thermal properties of materials.

During the vibration, the atoms move from their equilibrium positions r(lk) to a new

position R(lk) = r(lk) + u(lk), where u(lk) is the displacement, l and k are the labels

of unit cells and atoms in each unit cell, respectively. Crystal potential energy Φ is

assumed to be an analytic function of the displacements of the atoms, and Φ can be

expanded around the equilibrium position as

Φ = Φ0 +
∑
lk

∑
α

Φα(lk)uα(lk) +
1

2

∑
ll′kk′

∑
αβ

Φαβ(lk, l
′
k
′
)uα(lk)uβ(l

′
k
′
) + ..., (3.3.14)

where α, β, ... are the Cartesian indices. The coefficients of the Taylor series expansion

in equation (3.3.14) are the equilibrium, first and second-order force constants, respec-

tively. If the atoms make small displacements at constant volume, the atomic vibrations

problem is solved with the second-order terms as in the harmonic approximation, ig-

noring the higher terms in equation (3.3.14) [141].

In the harmonic approximation, the dynamical property of atoms is obtained by solving

eigenvalue problem of dynamical matrix D(q),

∑
βk′

Dαβ

kk′
(q)eβk

′

qj = ω2
qje

αk
qj , (3.3.15)

with

Dαβ

kk′
(q) =

∑
l′

Φαβ(0k, l
′
k
′
)

√
mkmk′

eiq.[r(l
′
k
′
)−r(0k)], (3.3.16)

where mk is the mass of the atom k, q is the wave vector, and j is the band index. ωqj
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and eqj give the phonon frequency and polarization vector of the phonon mode labelled

by a set {q, j}, respectively. Solving equation (3.3.15) yields the phonon mode ωqj .

Under the harmonic approximation, the structure is said to be dynamically stable if its

all phonon modes have positive frequencies for all wave vectors [131].

Once the phonon modes over Brillouin zone (BZ) are known, the energy of phonon

system is given by

E∗ =
∑
qj

~ωqj

[
1

2
+

1

exp(ωqj/kBT )− 1

]
, (3.3.17)

where kB, ~ and T are the Boltzmann constant, the reduced Planck constant and

the temperature, respectively. The phonon contributions to the thermal properties at

constant volume such as heat capacity Cv, entropy S and Helmholtz free energy F can

be computed as functions of temperature using thermodynamic relations [141, 142]:

Cv =
∑
qj

kB

(~ωqj

kBT

)2 exp(~ωqj/kBT )[
exp(~ωqj/kBT )− 1

]2 , (3.3.18)

S =
1

2T

∑
qj

~ωqjcoth[~ωqj/2kBT ]− kB

∑
qj

ln[2sinh(~ωqj/2kBT )], (3.3.19)

and

F =
1

2

∑
qj

~ωqj + kBT
∑
qj

ln[1− exp(−~ωqj/kBT )]. (3.3.20)

In first-principles calculations the phonon dispersion can be computed using finite

displacement method (FDM) or the density functional perturbation theory (DFTP)

[143, 144]. In this work, phonon properties were computed using a finite displacement

method at the level of harmonic approximation. Initially, force constants (acting due

to small displacements of the atoms) of CH3NH3XI3 (X = Pb, Sn) (CsPbI3) were cal-

culated from a 2× 2× 2 (2× 4× 1) supercell containing 384 (160) atoms using VASP

code. Then, using the phonopy code [141], the elements of the dynamical matrix are

constructed to solve the eigenvalue problem for phonon frequencies at high-symmetry

k-points.

3.4 Electronic Density of States (DOS)

The electronic density of states (DOS) as a function of energy is a very useful concept

in analyzing the band structure of solids [145]. It holds the properties of the band
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structure for all possible positions in reciprocal space (k-points) into a simple form.

The density of states g(ε) is defined as the number of electronic states in a unit volume

per unit energy. In the energy range (ε, ε+dε), the density of states g(ε) can be given

by a sum over all states with energy in that range [105].

Generally, the density of states (DOS) can be expressed as following [145]

g(ε) =
2

(2π)3

∑
i

∫
dkδ(ε− εi,k), (3.4.1)

where i is the band index. The integral is over all k-points in the Brillouin zone, while

the factor of two accounts for spin up and spin down, and δ(ε−εi,k) is the step function.

The Fermi energy is defined by I(εF ) = N , where N represents the number of electrons

per unit cell and I(ε) is the number of states. The DOS can be defined as the energy

derivative of I(ε) as

g(ε) =
dI(ε)

dε
, (3.4.2)

with the normalization

N =

∫ EF

−∞
g(ε)dε. (3.4.3)

Fermi energy εF can be obtained from equation (3.4.1) and (3.4.3) [146].

In VASP, it is easier to calculate density of states from equation (3.4.3) [105]

g(εi) =
I(ε)− I(εi−1)

∆ε
, (3.4.4)

where ∆ε is the energy difference between any two grid points. It is relevant to express

the relative contribution of each atom to the total density of states (TDOS), this can be

done by calculating the projected (or partial) density of states (PDOS) for each atom.

3.5 Electronic Transport Properties

The calculations of the electronic transport properties of the optimized structure (ob-

tained from the above-mentioned DFT calculations) were performed using the Boltz-

mann transport theory [114] (described in Chapter 2 (Section 2.6)) within the constant

relaxation time approximation as implemented in the BoltzWann code [116]. Fillippetti

et al. [147] have obtained relaxation time of ∼ 10fs estimated using numerical method
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at room temperature, based on this finding we assume τ=10fs in this work, which is

commonly used for studying semiconductors [148]. The code uses a maximally-localized

Wannier functions (MLWFs) [149] basis set to interpolate the bandstructure obtained

from the above-mentioned DFT calculations. After using a 6 × 4 × 4 k-points for the

construction of the MLWFs, we have used a dense (40× 40× 40) mesh of k-points for

wave functions to reconstruct the density distribution of all electrons, which is required

due to the steepness of Fermi-Dirac distribution near the Fermi energy [116]. Then

we calculate the electronic transport properties such as Seebeck coefficient S, electri-

cal conductivity σ, electronic thermal conductivity κe and the power factor S2σ. The

computation of MLWFs has been performed with WANNIER90 package [150]. The

electronic transport properties of CH3NH3PbI3 have computed for chemical potentials

ranging from -2 eV to 3 eV (the Fermi level is set at 0 eV).

3.6 Lattice Thermal Conductivity

The lattice thermal conductivities κL were calculated within the single-mode relaxation-

time (SMRT) approximation and linearized phonon Boltzmann equation (described in

Chapter 2 (Section 2.7)) as implemented in Phono3py [151]. For the third-order in-

teratomic force constants of CH3NH3PbI3 (CsPbI3) were calculated from a 2 × 2 × 2

(2× 4× 1) supercell containing 384 (160) atoms, and reciprocal spaces of the supercells

were sampled by 2× 2× 2 meshes. A supercell method and finite displacement method

were used to calculate force constants. Phono3py code [151] generates the structures

with a pair of displaced atoms in each displaced configuration in the supercell, and

VASP code was used to calculate forces in supercells. When the VASP calculations

are complete, phono3py software collects the forces and generates 2nd and 3rd order

force constants. To compute lattice thermal conductivity, the reciprocal spaces of the

primitive cells were sampled using 8 × 8 × 8 and 8 × 16 × 4 meshes for CH3NH3PbI3

and CsPbI3, respectively, which was sufficient for convergence of the lattice thermal

conductivity.
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3.7 GW and BSE Calculations Detail

The optical properties are in general evaluated with the help of the frequency-dependent

complex dielectric function ε(ω) = εre(ω) + iεim(ω) (see appendix D). In order to obtain

optical spectra, we carried out Bethe-Salpeter Equation (BSE) calculations beyond

the Tamm Dancoff approximation [152] on top of non-self-consistent G0W0 [109, 153]

calculations. For CH3NH3PbI3 we use 2016 bands with an energy cut-off of 300 eV and

an energy cut-off of 120 eV for the plane wave basis of the response function and 48

frequency grid points for the energy integration. For CsPbI3 we use 2016 bands with

an energy cut-off of 300 eV and an energy cut-off of 120 eV for the plane wave basis

of the response function and 48 frequency grid points for the energy integration. For

CH3NH3SnI3 we use 4008 bands with an energy cut-off of 300 eV and an energy cut-off

of 150 eV for the plane wave basis of the response function and 48 frequency grid points

for the energy integration.

3.8 Microscopic Dielectric

The microscopic dielectric function ε can be obtained directly from ab-initio calcu-

lations. The macroscopic dielectric function εmac (can be measured experimentally)

is therefore can be obtained by inverting the full microscopic dielectric matrix ε and

taking the limit q→ 0 of the resulting matrix:

1

εmac(q̂, ω)
= lim

q→0
ε−1
G=0,G′=0

(q, ω), (3.8.1)

then invert this 3 × 3 tensor. Where εGG′ (q, ω):=ε(q + G,q + G
′
, ω) is the Fourier

transform to reciprocal space of ε(r, r
′
), G is a reciprocal lattice vector and q belongs to

the first Brillouin zone. If the off-diagonal elements of the dielectric matrix are vanished,

that is, the local field effects, the macroscopic dielectric function can be approximated

by taking the limit of the microscopic dielectric matrix [154]:

εmac(q̂,ω) ≈ lim
q→0

ε00(q, ω). (3.8.2)

Once the macroscopic dielectric function εmac is known, we can derive all the desired

frequency-dependent optical spectra as we can see in Section (3.9).
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3.9 Optical Spectra Calculations

Using the real part εre(ω) and the imaginary part εim(ω) of the dielectric function ε(ω)

we can derive all the desired frequency-dependent optical spectra such as absorption

coefficient α(ω), refractive index n(ω), reflectivity R(ω) and energy loss L(ω) using the

following mathematical expressions [122, 155, 156].

α(ω) =
√

2ω

(
[ε2

re(ω) + ε2
im(ω)]

1
2 − εre(ω)

) 1
2

, (3.9.1)

n(ω) =
1√
2

(
[ε2

re(ω) + ε2
im(ω)]

1
2 + εre(ω)

) 1
2

, (3.9.2)

R(ω) =

∣∣∣∣ [εre(ω) + jεim(ω)]
1
2 − 1

[εre(ω) + jεim(ω)]
1
2 + 1

∣∣∣∣2, (3.9.3)

L(ω) =
εim(ω)

ε2
re(ω) + ε2

im(ω)
. (3.9.4)



4
Results and Discussions

4.1 Methylammonium Lead Triiodide Perovskite

The focus of this section is to investigate the structural, mechanical and dynamical

stabilities, electronic, lattice thermal conductivity, transport and optical properties of

orthorhombic structure CH3NH3PbI3 based on the theoretical methods (introduced in

Chapter 2) and computational details (described in Chapter 3), our obtained results are

presented and discussed. The results on this section have been published [1, 2, 3, 4].

4.1.1 Structural Properties

The experimental lattice constants are a = 8.836 Å b = 12.58 Å and c = 8.55 Å. Its

structure has been determined through single X-ray diffraction analysis [35]. We first

present the calculated total binding energy against cell volume for the studied struc-

ture under the generalized gradient approximation PBE and PBEsol to find the most

suitable method for this material. We obtained the equation of states by means of the

Murnaghan equation of states (EOS) [126] as presented in Figure (4.1). The corre-

sponding equilibrium lattice parameters, cohesive energy (Ecoh) and cell volume (V0)

compared with the other theoretical and experimental results are summarized in Table

(4.1), showing that the results of PBEsol have good agreement with the experimental

results [35] as compared to the result obtained by PBE. The relative error with respect

to the experimental value on the lattice parameters does not exceed 3%.

52
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Table 4.1: Calculated and experimental equilibrium parameters of the orthorhombic
CH3NH3PbI3: Lattice constants (a(Å), b(Å), c(Å)), equilibrium volume V0(Å3) and
cohesive energy Ecoh (eV/atom).

Method/Functional a(Å) b(Å) c(Å) V0(Å3) Ecoh(eV/atom)

PBE 9.346 12.908 8.581 1034 -3.07

PBEsol 9.062 12.632 8.364 957.44 -3.06

PBE+D2a 8.871 13.125 8.636 1005.5 -

vdWDFb 8.831 12.648 8.570 957.18 -

Experimentc 8.836 12.580 8.555 951.01 -

Experimentd 8.87 12.63 8.58 961.20 -
aRef. [42] bRef. [40] cRef. [35] dRef. [36]

The cohesive energy Ecoh is defined as the negative of the energy that must be supplied

to the solid to separate its constituents into neutral free atoms at rest and at infinite

separation [105]. From Table (4.1), the calculated negative cohesive energies indicate

that the CH3NH3PbI3 compound in the orthorhombic phase is energetically stable.

From Table (4.1), previously calculated lattice constants including van der Waals (vdW)

interactions [40] and DFT+D2 implementation [42] are presented. We see that our

present theoretical results are consistent with experimental results.
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Figure 4.1: (Color online) Energy-volume equation of states using PBE and PBEsol
for the orthorhombic CH3NH3PbI3.
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4.1.2 Mechanical Stability

The elastic constants of the orthorhombic CH3NH3PbI3 were calculated using PBE and

PBEsol functionals. The calculated values of the elastic constants along with available

theoretical values are given in Table (4.2). The calculated elastic constants are compa-

rable with the other theoretical values [42]. Our results show that the elastic constant

C11 is smaller than C33 and larger than C22 for CH3NH3PbI3 orthorhombic crystal,

implying it is mechanically anisotropic. The mechanical stability for CH3NH3PbI3 or-

thorhombic crystal was obtained by checking that all the elastic constants are positive

and satisfy the Born conditions [131] for orthorhombic structures. From the obtained

results, one can confirm that the structure is mechanically stable against the influence

of external forces.

Table 4.2: PBE and PBEsol calculated independent elastic constants Cij for the
orthorhombic CH3NH3PbI3 in (GPa) compared other theoretical study (PBE+D2).

Functional C11 C12 C13 C22 C23 C33 C44 C55 C66

PBE 23.14 11.52 10.18 22.64 09.78 31.13 05.13 04.32 10.31

PBEsol 28.37 12.63 11.35 21.00 09.73 37.67 05.37 04.95 11.16

PBE+D2 [42] 27.80 11.70 17.40 20.50 20.20 24.80 03.00 09.80 06.30

Table 4.3: The calculated bulk moduli (BR, BV , BH in GPa), shear moduli (GR, GV ,
GH in GPa), Young's modulus for the orthorhombic CH3NH3PbI3 (E in GPa), and the
other theoretical study.

Functional BR BV BH GR GV GH EH

PBE 15.36 15.54 15.45 06.20 06.98 06.59 17.31

PBEsol 16.36 17.16 16.76 06.79 07.85 07.32 19.17

PBE+D2 [42] - - 18.10 - - 03.60 15.00

Table 4.4: The calculated B/G ratio, Poisson's ratio (ν), the shear anisotropic factors
(A1, A2, A3 ) for the orthorhombic CH3NH3PbI3, with the corresponding theoretical
study.

Functional B/G ν A1 A2 A3

PBE 02.34 0.31 0.60 0.59 1.81

PBEsol 02.29 0.31 0.50 0.51 1.84

PBE+D2 [42] 03.00 0.36 0.67 8.00 1.01
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Under Voigt-Reuss approximation, the bulk modulus, shear modulus can be described

by equations (3.3.3) and (3.3.5) for an anisotropic crystal according to Hill approx-

imation, the bulk modulus, shear modulus are given by equation (3.3.6). From the

calculated bulk modulus and shear modulus one can estimate the Young's modulus

E, and Poisson's ratio, ν using equation (3.3.7). The calculated elastic moduli for

CH3NH3PbI3 orthorhombic crystal using Voigt-Reuss-Hill approximations with other

reported theoretical values are listed in Table (4.3). The differences in the values pre-

sented in Table (4.2) and (4.3) can be attributed to the different exchange-correlation

functional and pseudopotentials used.

The bulk modulus BH is an average of bulk modulus BV and bulk modulus BR, will

be used as a measure of the average atomic bond strength of materials because it has

a strong correlation with binding energy of atoms in crystal [157]. It is obvious from

Table (4.3), that the calculated bulk modulus of orthorhombic perovskite CH3NH3PbI3

is about 15.45 GPa and 16.76 GPa using PBE and PBEsol functional respectively.

Comparing the results calculated from Table (4.3), with the values calculated from

other work [42]. The differences in the values presented in Table (4.3) are due to the

different approximations used. The shear anisotropic factors obtained from equation

(3.3.8) along with the other theoretical ones are given in Table (4.4). From the criterion

for brittleness and ductility of materials based on the ratio B/G related to the critical

value 1.75 [158], the ratio B/G < 1.75 indicates that the crystal is brittle and if the

ratio B/G > 1.75 indicates that the crystal is ductile. The present B/G ratio 2.34 and

2.29 with PBE and PBEsol, respectively suggest that this material has ductile property.

For an isotropic crystal, the A1, A2 and A3, should be equal one, while any deviation

from one indicates the degree of elastic anisotropy possessed by the crystal.

4.1.3 Dynamical Stability

As a further examination of the stability of the investigated structure, phonon modes of

the optimized structure was calculated in the Brillouin zone using finite displacement

method as implemented in Phonopy [141] package. The calculated phonon bandstruc-

ture of CH3NH3PbI3 in an orthorhombic system is represented in Figure (4.2). It can

be seen from this figure that all phonon modes are positive throughout the Brillouin

zone of the structure, therefore, the relaxed system is dynamically stable under small

distortions.
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Figure 4.2: (Color online) Low-frequency regions of the calculated phonon dispersion
relation of CH3NH3PbI3 using PBEsol (the full vibrational frequency spectra spans up
to 100 THz).

The heat capacity at constant volume Cv is calculated from the phonon contribution to

the thermal properties as explained in Subsection (3.3.2). The heat capacity at constant

volume Cv as a function of temperature is shown in Figure (4.3) in the temperature

range from 0 K to 300 K. Since the orthorhombic phase CH3NH3PbI3 is stable at low

temperature, the inset graph shows heat capacity up to 150 K.

4.1.4 Electronic Properties

In this work, by using the optimized lattice constants, the Kohn-Sham band structure of

the studied material was calculated using the PBEsol functional along high symmetry k-

points, both the valence band maximum (VBM) and conduction band minimum (CBM)

were found to be located at the gamma Γ point of the Brillouin zone (BZ), hence the

investigated material has a direct band gap semiconductor character at the gamma Γ

point. The calculated electronic band structure of CH3NH3PbI3 orthorhombic phase

along the high symmetry directions in the Brillouin zones between -4 eV and 6 eV is

shown in Figure (4.4). The Fermi level is shifted to zero and is shown by the horizontal

dashed line. Since the Fermi level is closer to the VBM this indicates CH3NH3PbI3 is a

p-type semiconductor. Our calculated, reported theoretical and experimental electronic

band-gap of the CH3NH3PbI3 orthorhombic phase are listed in Table (4.5). From this

table we note that our calculated electronic gaps are 1.80 eV and 1.57 eV, at Γ point
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Figure 4.3: The heat capacity at constant volume as a function of temperature for the
orthorhombic CH3NH3PbI3. The inset shows specific heat Cv when temperature goes
from 0 K up to 150 K.

by PBE and PBEsol, respectively. However, the experimental band gap is 1.61 eV

[35], which indicates good agreement between our results with experiment, especially

PBEsol calculations. It should also noted that the electronic gap obtained from PBEsol

calculation deviate ∼ 0.04 eV from the corresponding experimental [35]. It is well known

that KS-DFT seriously underestimate the band gap. The solution to this problem are

the use of hybrid functionals or many body approach, that with an increase of the

computational demanding.

Density of states (DOS) describes the electron probability distribution in energy spec-

trum. Figure (4.4) shows the total density of states (TDOS) and the projected density

of states (PDOS) for the investigated structure using the PBEsol functional. It can be

seen that around the fundamental band gap, only iodine I and lead Pb contribute to

the DOS. Also the organic cation CH3NH+
3 makes little contribution to the top valence

band maximum (VBM) and bottom conduction band minimum (CBM), therefore, the

contribution of organic cation CH3NH+
3 to the Fermi level region is very weak. This

finding is consistent with the previous theoretical studies [159, 160].

Because of the presence of heavy metals, namely lead Pb and I iodine, in the structure of

this material, spin-orbit coupling (SOC) can have an effect on the band gap by splitting
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Figure 4.4: (Color online) DFT calculated electronic structure of the orthorhombic
CH3NH3PbI3: band structure (left), total density of states (TDOS) and CH3NH+

3 cation
projected density of states PDOS (middle), and Pb and I atomic orbital PDOS.

Table 4.5: Our calculated, reported experimental electronic band gap of the or-
thorhombic CH3NH3PbI3.

Method PBE PBEsol SOC GW
BSE

Exp.[35] Theory [40]
a b c

Band gap (eV) 1.80 1.57 0.46 2.66 2.00 2.16 1.88 1.61 1.74

the energy levels, mainly in the conduction band; hence, closing the band gap [161].

On the other hand, the band gap opening in the GW approach is due to the Quasi-

particle (QP) corrections. That is, due to the coulomb screening effect, which is only

well described by the self-energy operator [109]. Both trends are well-known in the

literature [41, 61, 162]. Therefore, the impact of the SOC on the electronic properties

at the DFT level was also investigated. The band structure of CH3NH3PbI3 structure

with SOC is reported in Figure (4.5). At room temperature, the experimental band

gap of such material was found to be 1.61 eV [35]. The PBEsol calculations without

(with) SOC predict a band-gap of 1.57 (0.46) eV, while the GW approximation without

SOC estimates the band gap to be 2.66 eV. Therefore, the effect of SOC in the PBEsol

calculation reduces the band-gap by 1.11 eV, down to 0.46 eV, which is lower than

the experimental value, while the GW approximation without SOC overestimates the

band gap by about 1.05 eV. Our results of the effects of the SOC on the band gap at

DFT level agree well with results reported [162, 41] for the cubic phase and [61] for the
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tetragonal phase.
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Figure 4.5: (Color online) DFT calculated band structure of the orthorhombic
CH3NH3PbI3 using PBEsol including spin orbit-coupling (SOC).

4.1.5 Lattice Thermal Conductivity

The lattice thermal conductivity κL is a very important quantity, which significantly

affects thermoelectric material performance. A good thermoelectric material must have

low thermal conductivity, as ZT is inversely depend on κ (κ is the total thermal con-

ductivity). Using the phono3py code [151], the calculated lattice thermal conductivity

κL for CH3NH3PbI3 in an orthorhombic phase is shown as functions of temperature in

Figure (4.6), where temperature goes from 0 K to 300 K. Moreover, the lattice thermal

conductivity for CH3NH3PbI3 in an orthorhombic phase is given in Table (4.6) between

50 K and 150 K. The calculated results show low lattice thermal conductivity, and the

corresponding lattice thermal conductivity at 150 K was found to be 0.189, 0.138, and

0.530 Wm−1K−1 in the a-, b- and c-directions, respectively. The obtained value in the

c-direction is significantly larger than those values in the a, b plane. At 150 K, the

ratios κL(c)/κL(b) = 3.84 and κL(c)/κL(a) = 2.80, indicate high anisotropic behaviour

of the structure. As can be seen from Table (4.6), the lattice thermal conductivities

in the a-, b- and c-directions decrease with increase of temperature. Additionally, the



Section 4.1 Methylammonium Lead Triiodide Perovskite Page 60

Table 4.6: The calculated lattice thermal conductivity (Wm−1K−1) in the a-, b- and
c-directions with the corresponding average values for the orthorhombic CH3NH3PbI3.

T (K) κL(a) κL(b) κL(c) κL(avg)

50 0.294 0.290 0.522 0.340

100 0.206 0.178 0.475 0.286

150 0.189 0.138 0.530 0.286

average lattice thermal conductivity κL(avg) = [κL(a)+κL(b)+κL(c)]/3 at different tem-

peratures are also shown in Table (4.6). Andrea et al. [43], experimentally, reported

ultra-low lattice thermal conductivity for single crystals and polycrystalline samples

of CH3NH3PbI3. They found the room temperature value of κL to be 0.5 Wm−1K−1

for single crystals and 0.3 Wm−1K−1 for polycrystalline. Our predictions for κL also

show good agreement with these experimental results [43]. The theoretical study us-

ing density functional theory (DFT) by Xin Qian et al. [45] found a very low thermal

conductivity (0.59 Wm−1K−1) for the tetragonal phase of CH3NH3PbI3 at room tem-

perature, and higher thermal conductivity for the pseudocubic phase of CH3NH3PbI3

(1.80 Wm−1K−1) at 330 K. Also, theoretically, ultra-low lattice thermal conductivity

in Pb based perovskites have been predicted, such as CsPbI3 (0.25 Wm−1K−1) [32].
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Figure 4.6: (Color online) The calculated lattice thermal conductivity (Wm−1K−1) in
the a-, b- and c-directions for the orthorhombic CH3NH3PbI3.
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In order to understand the lattice thermal conductivity of CH3NH3PbI3, we explore the

phonon-related properties such as phonon group velocities and phonon lifetimes. The

phonon group velocities and lifetimes are shown in Figure (4.7). To provide a reference

point, we have performed the same calculations on the inorganic perovskite CsPbI3 in an

orthorhombic phase, with the results compared in Figure (4.20) in sub-section (4.2.5).

For the orthorhombic CH3NH3PbI3 our calculated phonon lifetimes at 150 K was found

to be 6 ps, agree well with experimental results 5.4 ps reported for the orthorhombic

phase at 140 K from inelastic neutron scattering [163].
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Figure 4.7: (Color online) The phonon group velocities (Left) and the phonon lifetimes
(Right) for the orthorhombic CH3NH3PbI3 at 150 K in the first Brillouin zone.

4.1.6 Electronic Transport Properties

For good thermoelectric material, figure of merit ZT is equal to or larger than unity

[164]. To estimate the value of ZT for orthorhombic perovskite CH3NH3PbI3, the ther-

moelectric (TE) properties of orthorhombic perovskite CH3NH3PbI3 were calculated

using the BoltzWann code in the constant relaxation time approximation at low tem-

perature. The calculated properties were plotted in Figures (4.8) to (4.12) as a function

of chemical potential (µ) at 50 K, 100 K and 150 K, for the calculation of ZT , we first

investigate the Seebeck coefficient S, then the electrical conductivity σ and the elec-

tronic thermal conductivity κe are discussed. Followed by the power factor S2σ, finally,

calculated values of figure of merit ZT are given.

In the Seebeck effect the temperature difference between two different materials creates

a potential difference. Free electrons move towards the lower temperature region from
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the higher temperature region [165]. The variation in the calculated Seebeck coefficients

with respect to the chemical potential (µ) in a-, b- and c-directions for CH3NH3PbI3

compound at different temperatures are presented in Figure (4.8). From Figure (4.8)

it is clear that the Seebeck coefficient has positive values at chemical potential µ = 0

indicating that it is a p-type semiconductor. In the c-direction the Seebeck coefficient

almost remained constant from 50 K to 150 K.
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Figure 4.8: (Color online) Variation of Seebeck coefficient with respect to chemical
potential µ for the orthorhombic CH3NH3PbI3 at different temperatures in the (a)
a-direction, (b) b-direction, and (c) c-direction.

The variation of the electrical conductivity σ with chemical potential µ at different

temperatures given in Figure (4.9). The electrical conductivity exhibits similar trend

at all temperatures. The value of electrical conductivity increases with increase in

chemical potential µ at all temperatures with the highest value 4.58×106 Ω−1m−1 in

the c-direction at chemical potential 2.84 eV. The value of electrical conductivity is high

for positive chemical potential µ as compared to negative value of chemical potential µ.

Both electrons and phonons are heat carrier, so the thermal conductivity κ has two

contributions, namely, the electronic thermal conductivity κe (electron contribution)

and lattice thermal conductivity κL (phonon contribution). The electronic thermal

conductivity κe as a function of chemical potential at different temperatures is plotted

in Figure (4.10). At chemical potential 2.84 eV the maxima of the electronic thermal

conductivity in c-direction increases from 5.8 Wm−1K−1 at 50 K to 17.3 Wm−1K−1 at

150 K.

The power factor S2σ reflects the ability of the thermoelectric material to produce

useful electrical power, high S2σ is critical for good thermoelectric performance. The
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Figure 4.9: (Color online) Variation of electrical conductivity σ with respect to chem-
ical potential µ for the orthorhombic CH3NH3PbI3 at different temperatures in the (a)
a-direction, (b) b-direction, and (c) c-direction.
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Figure 4.10: (Color online) Variation of electronic thermal conductivity κe with re-
spect to chemical potential µ for the orthorhombic CH3NH3PbI3 at different tempera-
tures in the (a) a-direction, (b) b-direction, and (c) c-direction.
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Figure 4.11: (Color online) Calculated power factor S2σ with respect to chemical
potential µ for the orthorhombic CH3NH3PbI3 at different temperatures in the (a)
a-direction, (b) b-direction, and (c) c-direction.
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calculated S2σ with respect to chemical potential at different temperatures are depicted

in Figure (4.11). At chemical potential 1.96 eV in the c-direction the maximum values

of S2σ were found to be 0.00042 Wm−1K−2 and 0.00072 Wm−1K−2 at 100 K and 150

K, respectively. Using the calculated transport coefficients, the figure of merit ZT as a

function of chemical potential at low and room temperatures along a-, b- and c-directions

is obtained as shown in Figure (4.12). We can see that the values of ZT increase with

increasing temperature. The maxima of the ZT in the c-direction increases from 0.06

at 100 K to 0.122 at 150 K. This indicates that the orthorhombic CH3NH3PbI3 is a

poor candidate for thermoelectric applications.
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Figure 4.12: (Color online) Calculated figure of merit with respect to chemical poten-
tial µ for the orthorhombic CH3NH3PbI3 at different temperatures in the (a) a-direction,
(b) b-direction, and (c) c-direction.

4.1.7 Optical Properties

The investigation of the optical properties of CH3NH3PbI3 perovskite is very important,

because it is potentially good candidate for photo and optoelectronic applications. Our

GW calculations were performed without including the effect of the spin orbit coupling.

Using the real part εre(ω) and the imaginary part εim(ω) of the dielectric tensor ε(ω),

we computed the absorption spectra α(ω), refractive index n(ω), and reflectivity R(ω).

From the absorption coefficient α(ω) spectrum, the highest absorption peaks occur in

the optical region (1.65-3.26) eV.

The real εre(ω) and the imaginary εim(ω) parts of the complex frequency-dependent

dielectric tensor are presented in sub-figure (4.13) (a), where we can see that the dielec-

tric tensors show a significant anisotropy from a-, b-, and c-directions. The calculated
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Figure 4.13: (Color online) Optical spectra for the orthorhombic CH3NH3PbI3 cal-
culated using PBEsol: (a) real εre(ω) and the imaginary εim(ω) parts of the dielectric
function, (b) Refraction n(ω) and extinction coefficient k(ω), (c) Energy loss L(ω) and
absorption coefficient α(ω).

static dielectric constants εre(0) are found to be 3.87, 3.73 and 5.01 in the a-, b-, and

c-directions, respectively.

The calculated spectrum of refractive index n(ω) and extinction coefficient k(ω) are

displayed in sub-figure (4.13) (b). The calculated static refractive indices are 1.97, 1.95

and 2.24 in the a-, b-, and c-directions, respectively. The static refractive index n(0)

is related to εre(0) by the relation n(0) =
√
εre(0). The maximum value of refractive

index for the orthorhombic CH3NH3PbI3 structure is obtained to be 4.3 in c-direction at

optical frequency of 2.56 eV, while the maximum value of the refractive index in the a-

and b-directions are observed at 2.08 eV and 2.25 eV optical frequency with magnitude

of 3.29 and 3.4 respectively.

Sub-figure (4.13) (c) shows the calculated absorption spectrum α(ω) and energy loss

L(ω) in the a-, b-, and c-directions. From the absorption coefficient spectrum, the

highest absorption peak αc(ω) components is higher than that of αa(ω) and αb(ω).

Moreover, the anisotropy of the phase is evident from the clear differences between

the three spectra. In Figure (4.14), the absorption coefficient α(ω) is plotted in Tauc
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Figure 4.14: (Color online) Tauc plot of the absorption coefficient, showing the
polarization-dependent onsets for the orthorhombic CH3NH3PbI3.

form with exponent 2. The edge of the absorption is obtained by linear extrapolation of

(αω)2 to zero absorption. From Figure (4.14), we can see that there are clear absorption

edges as function of polarization as a result of the structural anisotropy. In the a-, b-

and c-directions, the onsets are found to be 2.00 eV, 2.16 eV and 1.88 eV, respectively.

From the obtained band gap, we calculate the solar cell efficiency limits using Shockley-

Queisser (SQ) model. The orthorhombic CH3NH3PbI3 efficiency was estimated to be

28.8% (see appendix E). This suggest that the orthorhombic CH3NH3PbI3 may be

potential material for photovoltaic applications.

4.2 Caesium Lead Triiodide Perovskite

The focus of this section is to investigate the structural, mechanical and dynamical

stabilities, electronic, lattice thermal conductivity and optical properties of orthorhom-

bic structure CsPbI3 based on the theoretical methods (introduced in Chapter 2) and

computational details (described in Chapter 3), our obtained results are presented and

discussed.
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4.2.1 Structural Properties

At higher temperature (634 K), CsPbI3 possesses a cubic phase (space group Pm3̄m)

[49]. As temperature decreases, the cubic phase is transformed to a tetragonal phase [50].

At low temperatures (i.e. 293 K [30] and 298 K [49]), CsPbI3 possesses an orthorhombic

phase (space group Pnma) known as yellow phase. The orthorhombic CsPbI3 system

investigated here has space group Pnma (No. 62) at 293 K [30], with experimental lattice

constants are a = 10.4342 Å, b = 4.7905 Å and c = 17.610 Å [30]. Structural properties

can be determined from calculations of the ground state energy E(eV) as a function of

cell volume V(Å3). We optimized the lattice parameters and ionic positions using PBE

and PBEsol approximations to find the most suitable method for this material. The

calculated total binding energy against cell volume were least-squares-fitted using the

Murnaghan and Birch equations of state (EOS) [126, 127] as shown in Figure (4.15). The

corresponding optimized lattice parameters, cohesive energy and equilibrium volume

are summarized in Table (4.7). Experimental and reported theoretical results are also

presented for comparison. The cohesive energy Ecoh is defined as the negative of the

energy that must be supplied to the solid to separate its constituents into neutral free

atoms at rest and at infinite separation [105]. From Table (4.7), the calculated negative

cohesive energies indicate that the CsPbI3 compound in the orthorhombic phase is

energetically stable.

Table 4.7: Calculated equilibrium parameters of the orthorhombic CsPbI3: Lat-
tice constants (a(Å), b(Å), c(Å)), equilibrium volume V0(Å3) and cohesive energy
Ecoh(eV/atom) compared with the other experimental (Exp.) and theoretical study
(PBE).

Method/Functional a(Å) b(Å) c(Å) V0(Å3) Ecoh(eV/atom)

PBE 10.8668 4.8914 18.2425 969.65 -2.57

PBEsol 10.4175 4.7561 17.6599 874.99 -2.78

Exp. [30] 10.4342 4.7905 17.6100 887.78 -

Exp. [49] 10.4581 4.8017 17.7761 892.66 -

PBE [166] 10.0280 4.8530 18.1640 883.97 -

It is well known that the density functional theory calculations are performed at 0 K

temperature. In contrast the experimental results [30] and [49] which were obtained

at 293 K and 298 K, respectively. It can be seen clearly that our calculated lattice

constants and volume with PBEsol (874.99 Å) agree with experimental results (887.78

Å) [30] better than those calculated with PBE (969.65 Å). This is consistent with the
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general rule of thumb that PBEsol provides superior structural parameters (relative to

experimental data) when compared to PBE [93]. Therefore, the other structural prop-

erties are investigated based on the optimized structure using the PBEsol functional.

The calculated lattice constants are comparable with the other theoretical result [166].

The differences in the values presented in Table (4.7) can be attributed to the different

exchange-correlation functional and pseudopotentials used.
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Figure 4.15: Calculated total binding energy versus volume using PBE and PBEsol
of the orthorhombic CsPbI3.

4.2.2 Mechanical Stability

In order to determine stability of a given material or structure, it is crucial to examine

its elastic constants and phonon band structure. The elastic constants and the phonon

dispersion relation were calculated using PBEsol approximations.

The elastic constants obtained are given in Table (4.8), but no experimental values are

available fo comparison. The mechanical stability for the orthorhombic CsPbI3 system

was obtained by checking that all the elastic constants are positive and satisfy the Born

conditions (Eq. 3.3.1). From the obtained results, one can confirm that the structure

is mechanically stable against the influence of external forces. Bulk modulus B, shear

modulus G and Young's modulus EH were calculated by the Voigt-Reuss-Hill method

(VRH) for an orthorhombic crystal as discussed in Subsection (3.3.1). The calculated

bulk moduli (BR, BV and BH), shear moduli (GR, GV and GH), Young's modulus EH
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Table 4.8: Calculated independent elastic constants in (GPa) for the orthorhombic
CsPbI3.

Functional C11 C12 C13 C22 C23 C33 C44 C55 C66

PBEsol 11.31 07.32 09.43 21.81 12.91 27.49 07.02 06.29 10.28

Table 4.9: The calculated bulk moduli (BR, BV , BH in GPa), shear moduli (GR, GV ,
GH in GPa), Young's modulus (E in GPa) of the orthorhombic CsPbI3.

Functional BR BV BH GR GV GH EH

PBEsol 10.45 13.33 11.89 05.85 06.78 06.32 16.10

in GPa are listed in Table (4.9). The bulk modulus BH (an average of bulk modulus BV

and bulk modulus BR) will be used as a measure of the average atomic bond strength

of materials because it has a strong correlation with binding energy of atoms in crystal

[157]. From the criterion for brittleness and ductility of materials based on the ratio

B/G related to the critical value 1.75 [158], the ratio B/G < 1.75 indicates that the

crystal is brittle and if the ratio B/G > 1.75 indicates that the crystal is ductile. The

present B/G ratio 1.88, suggest that this material has ductile property.

4.2.3 Dynamical Stability

In this work, phonon properties were computed using a finite displacement method as

implemented in Phonopy package at the level of harmonic approximation. The force

constants (acting due to small displacements of the atoms) of CsPbI3 were calculated

from a 2× 4× 1 supercell containing 160 atoms. The phonon band structure of CsPbI3

in an orthorhombic system along the high symmetry paths is depicted in Figure (4.16).

It can be seen from Figure (4.16) that all phonon modes are positive throughout the

Brillouin zone, therefore, the orthorhombic CsPbI3 is dynamically stable under small

atomic displacements.

The heat capacity at constant volume Cv is calculated from the phonon contribution to

the thermal properties as explained in subsection (3.3.2). Cv as a function of tempera-

ture is shown in Figure (4.17) in the temperature range from 0 K to 300 K. Since the

orthorhombic phase CsPbI3 is stable at room temperature, the inset graph shows heat

capacity up to 150 K for comparison with the orthorhombic phase CH3NH3PbI3.
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Figure 4.16: (Color online) Phonon dispersion relation graph of the orthorhombic
CsPbI3 calculated using PBEsol.

4.2.4 Electronic Properties

The calculated band structure for the orthorhombic phase CsPbI3 along the high sym-

metry directions of the Brillouin zone is shown in Figure (4.18). The Fermi level is

shifted to zero and is shown by the horizontal dashed line. Since the Fermi level is closer

to the VBM this indicates CsPbI3 is a p-type semiconductor. The calculated band gap

is 2.52 eV and 2.38 eV by PBE and PBEsol, respectively. Our calculated band gap

using PBE functional is in agreement to that reported bay Murad et al. [50] which is

also based on PBE functional. Our calculated, reported theoretical and experimental

electronic band-gap of the CsPbI3 orthorhombic phase are listed in Table (4.10). It is

well known that GGA approximation underestimates the calculated band gaps. Thus,

our calculated values above can serve as the lower estimates of the experimental band

gap 2.82 eV reported by Ref. [51]. It can be seen that, CsPbI3 in an orthorhombic

system is an indirect band gap material since the conduction band minimum (CBM) is

at the X point in the Brillouin zone, whereas the valence band maximum (VBM) is in

the segment between Y and Γ points in the Brillouin zone. Previous theoretical work

by Murad et al. [50] show that the orthorhombic CsPbI3 is a direct band gap with

the corresponding value 1.68 eV based nTmBJ exchange potential, which is underesti-

mated compared to the experimental one 2.82 eV [51]. However, the effect of spin orbit

coupling on the PBEsol calculation reduces the band gap by 0.99 eV, down to 1.83 eV,

which is lower than the experimental value. Moreover, other calculations [52] predicted
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Figure 4.17: The heat capacity at constant volume as a function of temperature for
the orthorhombic CsPbI3. The inset shows specific heat Cv when temperature goes
from 0 K up to 150 K.

an energy band gap of 2.64 eV.

Table 4.10: Our calculated, reported experimental electronic band gap of the or-
thorhombic CsPbI3.

Method PBE PBEsol SOC GW
BSE

Exp.[51] HSE+SOC [52]
a b c

Band gap (eV) 2.52 2.38 1.83 3.67 2.59 2.39 2.49 2.82 2.64

The total density of states (TDOS) and its corresponding partial density of states

(PDOS) of CsPbI3 have been calculated and analyzed to further understand the bond-

ing mechanisms between atoms. Figure (4.18) shows the total density of states (TDOS)

and the partial density of states (PDOS) for the investigated structure using the PBEsol

functional. Similar to CH3NH3PbI3 (see Figure (4.4)), it can be seen that around the

fundamental band gap, only iodine I and lead Pb contribute to the DOS. Also the cation

Cs+ makes little contribution to the top valence band maximum (VBM) and bottom

conduction band minimum (CBM). Therefore, the contribution of cation Cs+ to the

Fermi level region is very weak.
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Figure 4.18: (Color online) DFT calculated electronic structure of the orthorhombic
CsPbI3: band structure (left), total density of states (TDOS) and Cs+ cation projected
density of states PDOS (middle), and Pb and I atomic orbital PDOS.

4.2.5 Lattice Thermal Conductivity

The lattice thermal conductivity κL can be calculated through the Boltzmann transport

equation for phonons as described in Section (2.7). Using the phono3py code [151],

the calculated lattice thermal conductivity κL for CsPbI3 in an orthorhombic phase is

shown as functions of temperature in Figure (4.19), where temperature goes from 0 K

to 300 K. The calculated lattice thermal conductivities at 300 K were found to be 0.153,

0.354 and 0.106 Wm−1K−1 in the a-, b- and c-directions, respectively. Because, a good

thermoelectric material must have low thermal conductivity κ, ZT is inversely depend

on κ. This low lattice thermal conductivity of the orthorhombic CsPbI3 is desirable for

thermoelectric applications. The average lattice thermal conductivity at 150 K and 300

K are 0.406 and 0.204 Wm−1K−1, respectively. Our calculated average value at 300 K

is in the same range as the calculated value in Ref. [32] for the cubic CsPbI3.

Figure (4.19), shows the trend κL(b)> κL(a)> κL(c) in the entire temperature range. At

300K, the ratios κL(b)/κL(a) = 2.31 and κL(b)/κL(c) = 3.31, indicate high anisotropic

behaviour of the structure.

In order to understand the lattice thermal conductivity of CsPbI3, we explore the

phonon-related properties such as phonon group velocities and phonon lifetimes. The

phonon group velocities and phonon lifetimes are shown in Figure (4.20). As we can
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Figure 4.19: (Color online) The calculated lattice thermal conductivity (Wm−1K−1)
in the a-, b- and c-directions for the orthorhombic CsPbI3.

see, the most of group velocities of acoustic modes of CsPbI3 are larger than those

of CH3NH3PbI3. Due to dominated contribution to total lattice thermal conductivity

from acoustic modes, group velocities can partially explain higher lattice thermal con-

ductivity for CsPbI3 than CH3NH3PbI3. Moreover, it is clearly seen from Figure (4.20)

and Figure (4.7) that phonon lifetimes of CsPbI3 are higher than that of CH3NH3PbI3.
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Figure 4.20: (Color online) The phonon group velocities (Left) and the phonon life-
times (Right) for the orthorhombic CsPbI3 at 150 K in the first Brillouin zone.



Section 4.2 Caesium Lead Triiodide Perovskite Page 74

4.2.6 Optical Properties

The investigation of the optical properties of CsPbI3 perovskite is very important be-

cause it is potentially good candidate for photo- and optoelectronic applications. The

optical properties are in general evaluated with the help of the frequency-dependent

complex dielectric function ε(ω) = εre(ω) + iεim(ω). In order to obtain optical spectra,

we carried out Bethe-Salpeter Equation (BSE) calculations on top of non-self-consistent

G0W0 calculations. Our GW calculations were performed without including the effect

of the spin orbit coupling. For CsPbI3 we use 2016 bands with an energy cut-off of 300

eV and an energy cut-off of 120 eV for the plane wave basis of the response function

and 48 frequency grid points for the energy integration. Using the real part εre(ω) and

the imaginary part εim(ω) of the dielectric tensor ε(ω), we computed the absorption

spectra α(ω), energy loss L(ω), refractive index n(ω), and extinction coefficient k(ω).

To the best of our knowledge, this is first attempt to study the optical properties of

CsPbI3 at the BSE level of approximation.
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Figure 4.21: (Color online) Optical spectra of the orthorhombic CsPbI3 calculated
using PBEsol: (a) real εre(ω) and the imaginary εim(ω) parts of the dielectric function,
(b) Refraction n(ω) and extinction coefficient k(ω), (c) Energy loss L(ω) and absorption
coefficient α(ω).

The real εre(ω) and the imaginary εim(ω) parts of the complex frequency-dependent
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Figure 4.22: (Color online) Tauc plot of the absorption coefficient, showing the
polarization-dependent onsets of the orthorhombic CsPbI3.

dielectric tensor are presented in (sub-figure (4.21) (a) top) from 0 to 8 eV, where

we can see that the dielectric tensors show a significant anisotropy from a-, b-, and

c-directions. The calculated static dielectric constants εre(0) are found to be 2.04, 2.34

and 2.40 in a-, b-, and c-directions, respectively. The main peaks in the real part εre(ω)

are located in the visible region of the spectrum and ultraviolet (UV) region. As we

can see in (sub-figure (4.21) a top) the negative value of the real part εre(ω) (in the

UV region), indicate that incident photons are totally reflected. The imaginary part

εim(ω) in (sub-figure (4.21) a bottom) shows an upward trend before ∼ 3 eV and its

main peaks are located in the optical region and UV region.

The calculated spectrum of refractive index n(ω) and extinction coefficient k(ω) are

displayed in sub-figure (4.21) (b). The calculated static refractive indices are 1.43, 1.53

and 1.55 in the a-, b-, and c-directions, respectively. The static refractive index n(0) is

related to εre(0) by the relation n(0) =
√
εre(0). The maximum value of refractive index

for CsPbI3 structure is obtained to be 2.66 in a-direction at optical frequency of 4.10

eV, while the maximum value of the refractive index for b- and c-directions are observed

at 4.54 eV and 4.32 eV optical frequency located in the UV region, with magnitude of

2.42 and 2.49 respectively.

Sub-figure (4.21) (c) shows the calculated absorption spectrum α(ω) and energy loss

L(ω) in the a, b, and c directions. The highest absorption peaks for CsPbI3 occur in
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the optical region and ultraviolet region. From the absorption coefficient spectrum,

the highest absorption peak αc(ω) components is higher than that of αa(ω) and αb(ω).

Moreover, the anisotropy of the phase is evident from the clear differences between

the three spectra. In Figure (4.22), the absorption coefficient α(ω) is plotted in Tauc

form with exponent 2. The edge of the absorption is obtained by linear extrapolation of

(αω)2 to zero absorption. From Figure (4.22), we can see that there are clear absorption

edges as function of polarization as a result of the structural anisotropy. In the a-, b-

and c-directions, the onsets are found to be 2.59 eV, 2.39 eV and 2.49 eV, respectively.

From the obtained band gap, we calculate the solar cell efficiency limits using Shockley-

Queisser (SQ) model. The orthorhombic CsPbI3 efficiency was estimated to be 16.25%

(see appendix E). Therefore, CsPbI3 may be potential material for optoelectronic devices

applications.

4.3 Methylammonium Tin Triiodide Perovskite

CH3NH3PbX3 (X = Cl, Br or I) is considered as a promising material for solar cell

application with an expected photo conversion efficiency 20.1% [38, 53]. However, this

progress in efficiency, is hindered by many challenges such as the instability of many its

phases [54] and the toxicity of lead [55]. Therefore, it is necessary to find an alternative

stable material that does not contain toxic lead. A possible candidate is methylam-

monium tin iodide perovskite, CH3NH3SnI3. The focus of this section is to investigate

the structural, mechanical and dynamical stabilities, electronic and optical properties

of orthorhombic structure CH3NH3SnI3 under pressure based on the theoretical meth-

ods (introduced in Chapter 2) and computational details (described in Chapter 3), our

obtained results are presented and discussed. The results on this section have been

submitted to the journal for publication. The crystal structure of the orthorhombic

phase (space group Pnma 62) of the halide perovskite is shown in Figure (4.23).

4.3.1 Structural Properties

The unit cell of CH3NH3SnI3 contains of 48 atoms (24 H atoms, 4 Pb atoms, 4 C

atoms, 12 I atoms, and 4 N atoms). We have performed structural optimization of the

orthorhombic phase of CH3NH3SnI3 under pressure, with all the structural parameters

relaxed. Our calculated lattice parameters, cohesive energy (Ecoh) and initial volume
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Figure 4.23: (Color online) The crystal structure of the CH3NH3SnI3 orthorhombic
phase with space group Pnma (No. 62).

(V ref) obtained from our calculations compared with other theoretical and experimental

results are summarized in Table (4.11). The cohesive energy Ecoh is defined as the

negative of the energy that must be supplied to the solid to separate it into its neutral

free atoms at rest and at infinite separation [105]. From Table (4.11), the calculated

negative cohesive energies indicate that the CH3NH3SnI3 compound in the orthorhombic

phase is energetically stable.

Table 4.11: Calculated parameters of the orthorhombic CH3NH3SnI3: Lattice con-
stants (a(Å), b(Å), c(Å)), initial volume V0(Å3) and cohesive energy Ecoh (eV/atom) at
0.7 GPa compared with the other experimental and theoretical study at zero-pressure.

Functional/Method a(Å) b(Å) c(Å) V0(Å3) Ecoh(eV/atom)

PBE (0.7 GPa) 9.059 12.496 8.394 950.32 -3.13

Experiment [58] 8.745 12.353 8.526 921.04 -

PBE (0.0 GPa) [42] 8.556 12.428 8.351 888.1 -

4.3.2 Mechanical Stability

The mechanical stability for CH3NH3SnI3 system was obtained by checking that all the

elastic constants are positive and satisfy the Born conditions for mechanical stability

[131]. The computed elastic constants are shown in Table (4.12) together with the

available calculated results for CH3NH3SnI3 at zero-pressure [42]. The calculated elastic

constants are comparable with the other theoretical values [42]. The differences in the

values presented in Table (4.12) can be attributed to the different in pressure (applied

stress). The mechanical stability for CH3NH3SnI3 system was obtained by checking
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that all the elastic constants are positive and satisfy the Born conditions (Eq. 3.3.10)

for mechanical stability.

Table 4.12: Calculated independent elastic constants for the orthorhombic
CH3NH3SnI3 in GPa (Cal.) at 0.7 GPa compared with the other theoretical study
(PBE+D2) at zero-pressure.

Functional C̃11 C̃12 C̃13 C̃22 C̃23 C̃33 C̃44 C̃55 C̃66

Cal. 30.48 14.69 11.08 26.08 10.51 39.67 06.04 04.85 13.70

PBE+D2 [42] 46.10 12.10 26.70 21.20 06.80 16.70 13.30 0.50 08.30

The calculated elastic moduli for the CH3NH3SnI3 orthorhombic crystal using the Voigt-

Reuss-Hill approximations with other reported theoretical values are listed in Table

(4.13). Since, the orthorhombic CH3NH3SnI3 is not dynamically stable at zero-pressure,

the bulk moduli were only reported at 0.7 GPa. The differences in the values presented

in Table (4.13) are due to the different in pressure (applied stress). The shear anisotropic

factors obtained from equations (3.3.5) and (3.3.12) along with the other theoretical ones

are given in Table (4.14). From the criterion for brittleness and ductility of materials

based on the ratio B/G related to the critical value 1.75 [158], the ratio B/G < 1.75

indicates that the crystal is brittle and if the ratio B/G > 1.75 indicates that the crystal

is ductile. The present B/G ratio 2.27 at 0.7 GPa, suggest that this material has ductile

property. For an isotropic crystal, the factors A1, A2 and A3 should be equal to unity,

while any value smaller (as A1 and A2) or greater (as A3) than unity indicates the

degree of elastic anisotropy possessed by the crystal.

Table 4.13: The calculated bulk moduli B in GPa, shear moduli G in GPa and Young's
modulus EH in GPa (Cal.) for the orthorhombic CH3NH3SnI3 at 0.7 GPa compared
with the other theoretical study (PBE+D2) at zero-pressure.

Functional BR BV BH GR GV GH EH

Cal. 18.49 18.76 18.62 07.47 08.92 08.19 21.43

PBE+D2 [42] - - 18.50 - - 04.10 16.70

4.3.3 Dynamical Stability

We have calculated the phonon dispersion curves at two different pressures along the

high symmetry directions in the Brillouin zone. The calculated phonon band structure

of CH3NH3SnI3 in an orthorhombic system at 0 and 0.7 GPa are presented in Figure
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Table 4.14: The calculated B/G ratio, Poisson's ratio (ν), the shear anisotropic fac-
tors (A1, A2, A3 ) (Cal.) for the orthorhombic CH3NH3SnI3 at 0.7 GPa, with the
corresponding theoretical study (PBE+D2) at zero-pressure.

Functional B/G ν A1 A2 A3

Cal. 2.27 0.31 0.53 0.43 2.02

Theory [42] 2.99 0.35 5.66 0.07 0.77

(4.24), respectively. The phonon frequencies are in the range of (0-5) THz (the full

phonon dispersion span to 100 THz). It can be seen from sub-figure (4.24) (a) that

the orthorhombic phase has phonon modes with imaginary frequencies around the Γ

point at zero-pressure, which indicates a structural instability. sub-figure (4.24) (b)

shows that as a pressure increased to 0.7 GPa, all phonon modes are become positive

throughout the Brillouin zone, therefore, the relaxed system is dynamically stable at

0.7 GPa, which agrees with the experimental work [62].
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Figure 4.24: Phonon dispersion curves at (a) 0 GPa and (b) 0.7 GPa for the or-
thorhombic CH3NH3SnI3.
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4.3.4 Electronic Properties

The calculated band structure for the orthorhombic phase is shown in Figure (4.25).

The so-called Fermi level is shifted to zero and is shown by the horizontal dashed

line. Since the Fermi level is closer to the VBM this indicates CH3NH3SnI3 is a p-type

semiconductor. As can be seen in Figure (4.25), the valence band maximum (VBM) and

the conduction band minimum (CBM) were found to be located at the gamma point of

the Brillouin zone, hence the investigated material has a direct band gap semiconductor

character at the gamma point.

The MBJ and HSE06 calculations are done at the PBE lattice parameters at 0.7 GPa.

Our calculated and the experimental band gap of the orthorhombic phase are listed in

Table (4.3). The PBE functional predicted a band gap of 0.73 eV at 0.7 GPa. This

value is small when compared with the experimental result (1.21 eV and 1.35 eV) [30].

It is well known that the GGA-PBE functional tends to underestimate band gaps due

to the discontinuity of the functional derivative of the exchange correlation in the Kohn-

Sham density functional formalism [167]. To overcome this problem the band gap was

estimated by using the hybrid functional HSE06 and meta-GGA MBJ functional, known

for their ability to improve the accuracy of the semilocal functional PBE. The predicted

band gaps using MBJ and HSE06 at 0.7 GPa are 1.12 eV and 1.21 eV, respectively.

Table 4.15: Calculated electronic band gap of the orthorhombic CH3NH3SnI3 per-
ovskite at 0.7 GPa compared to experimentally reported ones at zero-pressure (Exp.)
and to previous theoretical study using HSE06 at zero-pressure (Theory).

Functional/Method PBE MBJ HSE06 GW
BSE

Exp.[30] Theory [56]
a b c

Band gap (eV) 0.73 1.12 1.21 1.51 1.11 1.21 1.05 1.21-1.35 1.7

Figure (4.25) shows the total density of states (TDOS) and the projected density of

states (PDOS) for the investigated structure using the PBE functional at 0.7 GPa. It

can be seen that around the fundamental band gap, only I and Sn contribute to the

DOS. Also the organic cation CH3NH+
3 makes little contribution to the VBM and CBM,

therefore, the contribution of organic cation CH3NH+
3 to the Fermi level region is very

weak. This finding is consistent with the previous theoretical studies on lead based

perovskite [1, 2, 159, 160] at zero-pressure.
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Figure 4.25: (Color online)DFT calculated electronic structure of the orthorhombic
CH3NH3SnI3 at 0.7 GPa: band structure (left), total density of states (TDOS) and
CH3NH+

3 cation projected density of states PDOS (middle), and Sn and I atomic orbital
PDOS.

4.3.5 Optical Properties

The real εre(ω) and the imaginary εim(ω) parts of the complex frequency-dependent

dielectric tensor are presented in Figure (4.26), where we can see that the dielectric

tensors show a significant anisotropy from a-, b-, and c-directions. The calculated static

dielectric constants εre(0) are found to be 7.36, 7.18 and 10.95 in a-, b-, and c-directions,

respectively.

The calculated spectra of refractive index and reflectivity are displayed in Figure (4.27).

The calculated static refractive indices are 2.71, 2.69 and 3.31 in the a-, b-, and c-

directions, respectively. The static refractive index n(0) is related to εre(0) by the

relation n(0) =
√
εre(0). The refractive index is found to have the value 5.54 in c-

direction at 1.24 eV and decreases with increasing energy, while the maximum value

of the refractive index for a- and b-directions are observed at 1.31 eV and 1.41 eV,

respectively.

Figure (4.28) shows the calculated absorption spectrum α(ω) and energy loss L(ω) in the

a-, b-, and c-directions. From the absorption coefficient spectrum, the highest absorption

peak αc components is higher than that of αa and αb. Moreover, the anisotropy of the
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Figure 4.26: (Color online) The calculated real parts εre(ω) and imaginary parts
εim(ω) of the dielectric tensor for polarization vectors a, b, and c for the orthorhombic
CH3NH3SnI3.
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Figure 4.27: (Color online) The calculated refractive index n(ω) and reflectivity R(ω)
for polarization vectors a, b, and c for the orthorhombic CH3NH3SnI3.
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Figure 4.28: (Color online) The calculated absorption coefficient α(ω), energy loss
L(ω) and the Tauc plot of the absorption coefficient for polarization vectors a, b, and c
for the orthorhombic CH3NH3SnI3.
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Figure 4.29: (Color online) Tauc plot of the absorption coefficient for the orthorhombic
CH3NH3SnI3, showing the polarization-dependent onsets.
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phase is evident from the clear differences between the three spectra.

In Figure (4.29), the absorption coefficient α(ω) is plotted in Tauc form with exponent 2.

The edge of the absorption is obtained by linear extrapolation of (αω)2 to zero absorp-

tion. From Figure (4.29), we can see that there are clear absorption edges as function

of polarization as a result of the structural anisotropy. In the a-, b- and c-directions,

the onsets are found to be 1.27 eV, 1.36 eV and 1.20 eV, respectively. This anisotropy

seen in the BSE absorption edges are in good agreement with the experimental results

1.21 eV and 1.35 eV. From the obtained band gap, we calculate the solar cell efficiency

limits using Shockley-Queisser (SQ) model. The orthorhombic CH3NH3SnI3 efficiency

was estimated to be 41.96% (see appendix E). Therefore, CH3NH3SnI3 may be potential

material for solar cell, especially its potential in low band gap solar cell application.



5
Conclusions and Future Work

5.1 Conclusions

In this thesis we performed first-principles calculations on the structural, mechani-

cal, dynamical stabilities, lattice thermal conductivity, electronic, transport and op-

tical properties of the orthorhombic perovskites of hybrid methylammonium lead tri-

iodide (CH3NH3PbI3), hybrid methylammonium tin triiodide (CH3NH3SnI3), and all-

inorganic caesium lead triiodide ( CsPbI3) using density functional theory and many-

body perturbation theory calculations in order to provide useful information for their

applications as solar cell materials. All electronic structure calculations were performed

using the Vienna Ab-inintio Simulation Package (VASP) code. Our results are con-

sistent in most cases with the available experimental data. We hope that the present

investigation would be helpful in providing a better theoretical knowledge of the prop-

erties of these materials.

5.1.1 APbI3 (A = CH3NH3 or Cs)

We investigated the structural, mechanical and dynamical stabilities, electronic, lattice

thermal conductivities and optical properties of the orthorhombic halide perovskite

APbI3 (A = CH3NH3 or Cs) and estimated their solar cells efficiency using the Shockley-

Queisser model. The structures were relaxed using PBE and PBEsol. For the structural

study, we found that the PBEsol functional predicted structural lattice parameters and

85
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volume are in a better agreement with experimental values in comparison with PBE

functional. This is consistent with the general rule of thumb that PBEsol provides

superior structural parameters (relative to experimental data) when compared to PBE

[93]. The calculated negative cohesive energies predicted that CH3NH3PbI3 is the most

energetically stable structure than CsPbI3 structure.

The structural stability, elastic constants and vibrational properties and lattice thermal

conductivity of the orthorhombic APbI3 (A = CH3NH3 or Cs) have been calculated

using PBEsol functionals. Since there is no negative phonon frequencies along the high

symmetry k-paths in the Brillouin zone. Therefore, the relaxed system is dynamically

stable. The equilibrium elastic constants satisfy all the mechanical stability criteria for

an orthorhombic crystal, showing stability against the influence of external force.

Electronic properties were investigated by calculating the band structure, partial density

of states (PDOS), and the total density of states (TDOS) using the PBEsol functional.

For the structural study, around the fundamental band gap, only iodine I and lead

Pb contribute to the density of states. Electronic structure calculations show that

CH3NH3PbI3 (CsPbI3) has a direct (indirect) band gap of about 1.57 eV (2.38 eV).

However, the effect of spin orbit coupling on the PBEsol calculation reduces the band

gap by 1.11 eV, down to 0.46 eV, for CH3NH3PbI3 and by 0.99 eV, down to 1.83 eV

for CsPbI3.

The lattice thermal conductivity κL is a very important quantity, which significantly af-

fects thermoelectric (TE) material performance. The orthorhombic phase CH3NH3PbI3

is only stable at low temperature (T < 165 K). The calculated average lattice thermal

conductivities at 150 K for CH3NH3PbI3 and CsPbI3 were found to be 0.28 Wm−1K−1

0.407 Wm−1K−1, respectively. Our results confirmed the very low thermal conduc-

tivity at low temperature. This can be attributed to low group velocities and more

importantly to the extremely short phonon lifetimes.

The thermal conductivities of CH3NH3PbI3 and CsPbI3 were found to be very low from

0 K to 150 K, with CsPbI3 larger than CH3NH3PbI3. To gain insight into the difference

between the lattice thermal conductivities of CH3NH3PbI3 and that of CsPbI3, we

computed the group velocities as well as phonon lifetimes for each compound. Our

results show that the most of group velocities of acoustic modes of CsPbI3 are larger

than those of CH3NH3PbI3. Due to dominate contribution to total lattice thermal

conductivity from acoustic modes, group velocities can partially explain higher lattice
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thermal conductivity for CsPbI3 than CH3NH3PbI3. Moreover, the phonon lifetimes of

CsPbI3 are higher than those of CH3NH3PbI3; another evidence explain higher lattice

thermal conductivity for CsPbI3.

Also, we have carried out a detailed theoretical study of the thermoelectric properties

of the most energetically stable structure CH3NH3PbI3 based on density functional

theory combined with the Boltzmann transport theory within the constant relaxation

time approximation as implemented in BoltzWann code. We show that the optimum

figure of merit ZT values of the orthorhombic CH3NH3PbI3 were found to be 0.06 at

100 K and 0.122 at 150 K in the c-direction. This indicates that the orthorhombic

CH3NH3PbI3 is a poor candidate for thermoelectric applications.

With the help of the real part εre(ω) and the imaginary part εim(ω) of the dielec-

tric tensor ε(ω) we derived all the desired frequency-dependent optical spectra at BSE

level of approximation. For CH3NH3PbI3, the BSE absorption edges, using the Tauc,

form were found to be 2.00 eV, 2.16 eV and 1.88 eV in the a-, b- and c-directions,

respectively. For CsPbI3, the BSE absorption edges using the Tauc form are found

to be 2.59 eV, 2.39 eV and 2.49 eV in the a-, b- and c-directions, respectively. It is

well known that the DFT and GW gaps are approximate fundamental gaps, while the

BSE gap is approximate optical gaps. More important the highest absorption peaks

occur in the optical region (1.65 - 3.26) eV. This suggest that APbI3 (A = CH3NH3

or Cs) in the orthorhombic structure may be potential material for solar photovoltaic

applications. From the obtained band gap, we calculate the solar cell efficiency limits

using Shockley-Queisser model. We found CH3NH3PbI3 as the most efficient structure

with an efficiency of 28.8%. CsPbI3 efficiency was estimated to be 16.25%. Our results

show that CH3NH3PbI3 has potential applications in single or multi-junction solar cells.

Whereas CsPbI3 has potential applications in multi-junction solar cell as wide band gap

semiconductor.

5.1.2 Methylammonium Tin Triiodide Perovskite

In summary, we have systematically investigated the structural, mechanical and dynam-

ical stabilities, electronic and optical properties of strained orthorhombic CH3NH3SnI3

using density functional theory and many body perturbation theory calculations.

The calculated negative cohesive energies indicate that CH3NH3SnI3 compound in the
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orthorhombic phase is energetically stable. The dynamical stability has been studied

at two different pressures 0 and 0.7 GPa. The relaxed system at zero pressure is dy-

namically unstable, while, at P= 0.7 GPa the orthorhombic CH3NH3SnI3 perovskite

is dynamically stable. This result is in agreement with experimental phase transition

from tetragonal to orthorhombic phase reported by Xujie et al. [62] at 0.7 GPa. The

equilibrium calculated elastic constants at 0.7 GPa satisfy all the mechanical stability

criteria for an orthorhombic crystal, showing stability against the influence of external

force.

The electronic properties were investigated by calculating the band structure, total den-

sity of states (TDOS) and partial density of states (PDOS), around the fundamental

band gap, only iodine I and lead Sn contribute to the density of states. The organic

cation CH3NH+
3 makes little contribution to the top valence band maximum and the bot-

tom conduction band minimum. Therefore, the contribution of organic cation CH3NH+
3

to the Fermi level region is very weak. Our calculations showed that CH3NH3SnI3 is a

direct band gap semiconductor with an approximate density functional fundamental gap

in the range of 0.73 eV to 1.21 eV, depending on the exchange-correlation approximation

used.

Finally, with the help of the real part εre(ω) and the imaginary part εim(ω) of the dielec-

tric tensor ε(ω) we derived all the desired frequency-dependent optical spectra such as

absorption coefficient, refractive index, reflectivity and energy loss at BSE level of ap-

proximation. Moreover, the BSE absorption edges, using the Tauc plot, are found to be

1.27 eV, 1.36 eV and 1.20 eV in the a-, b and c-directions, respectively. This anisotropy

seen in the BSE absorption edges are in good agreement with the experimental results

1.21 eV and 1.35 eV. It is well known that the DFT and GW gaps are approximate

fundamental gaps, while the BSE gaps are approximate optical gaps. All these spec-

tra revealed significant optical anisotropy. From the obtained band gap, we calculate

the solar cell efficiency limits using Shockley-Queisser (SQ) model. The orthorhombic

CH3NH3SnI3 efficiency was estimated to be 40.08%. Therefore, CH3NH3SnI3 may be

potential material for solar cell, especially its potential in low band gap solar cell appli-

cation. Although the solar efficiency of CH3NH3SnI3 is high than that of CH3NH3PbI3,

we found that CH3NH3SnI3 is only stable at 0.7 GPa.
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5.2 Future Work

1. The orthorhombic CH3NH3PbI3 optical properties are based on GW and BSE level

of approximations. Our GW calculations were performed without including the

effect of spin orbit coupling (SOC). Therefore, in order to compare the calculated

optical spectra with experimental spectra, it is necessary to include the SOC. This

requires a lot of computational resources.

2. Investigate the thermoelectric transport properties of the orthorhombic CsPbI3

from a combination of first-principle calculations and semiclassical Boltzmann

transport theory.

3. Study the lattice thermal conductivities and transport properties of the orthorhom-

bic CH3NH3SnI3 under pressure and this requires a lot of computational resources

and time.



Appendix A
Hartree-Fock Approximation

The HartreeFock (HF) approximation method can be viewed as a variational method

in which the wave functions of the many-electron system have the form of an antisym-

metrised (fermion character of the electrons) product of one-electron wave functions.

This limitation leads to an effective Schrödinger equation for the individual one-electron

wave functions called orbitals with a potential determined by the orbitals occupied by

the other electrons. Which causes the resulting equations to become non-linear in the

orbitals, and the solution must be found iteratively in a self-consistency procedure [168].

The simplest approach is to assume a specific form for the many-body wave function

which would be appropriate if the electrons were non-interacting particles, that is

ΨH(ri) = Φ1(r1)Φ2(r2)...Φ(rN ), (A.0.1)

where the index i running over all electrons, Φi(ri) are states in which the individual

electrons would be if this were a realistic approximation.These are single-particle states,

normalized to unity. This is known as the Hartree approximation, and the total energy

of the system turn into

EH = < ΨH |Ĥ|ΨH >. (A.0.2)

From equation (2.2.4) we get

EH =
∑
i

〈Φi|
~2

2me

N∑
i=1

∇2
i + V̂ion(ri)|Φi〉+

e2

2

N∑
i 6=j

N∑
i=1

〈Φi(ri)Φj(rj)|
1

|ri − rj |
|Φi(ri)Φj(rj)〉.

(A.0.3)
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By using a variational principle, one can obtain the Hartree single-particle equation− ~2

2me
∇2
i + V̂ion(ri) + e2

∑
j 6=i
〈Φj(rj)|

1

|ri − rj |
|Φj(rj)〉

Φi(ri) = εiΦi(ri), (A.0.4)

where εi are Lagrange multipliers, and the Hartree potential (includes only the Coulomb

repulsion between electrons) is given by

V H
i (r) = e2

∑
j 6=i
〈Φj(rj)|

1

|ri − rj |
|Φj(rj)〉. (A.0.5)

The next level of sophistication is to try to combine the fermionic nature of electrons

in the many-body wave function Ψ({ri}). For this purpose, we can nominate a wave

function which is a properly anti-symmetrized version of the Hartree wave function. This

is known as the HartreeFock (HF) approximation [145]. It consists of approximating the

N-electron wave functions by an anti-symmetrized product of N-electron wave functions

of the systems this product is usually referred to as a Slater determinant [68]. For

simplicity we will neglect the spin of electrons and keep only the spatial degrees of

freedom. Then the Hartree Fock (HF) wave function can be expressed as

Ψ({riσi}) =
1√
N !


Φ1(r1σi) Φ1(r2σi) . . . Φ1(rNσi)

Φ2(r1σi) Φ2(r2σi) . . . Φ2(rNσi)
...

...
. . .

...

ΦN (r1σi) ΦN (r2σi) . . . ΦN (rNσi)

 , (A.0.6)

where N is the total number of electrons, and the total energy with the HartreeFock

wave function given by

EHF = < ΨHF|Ĥ|ΨHF > (A.0.7)

EHF =
∑
i

< Φi| −
~2

2me
∇2
i + V̂ion(ri)|Φi > +

e2

2

∑
ij(j 6=i)

< ΦiΦj |
1

|ri − rj |
|ΦiΦj >

− e2

2

∑
ij(j 6=i)

< ΦiΦj |
1

|ri − rj |
|ΦjΦi >.

(A.0.8)
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Using a variational calculation, one can obtain the single-particle HartreeFock equations[
− ~2

2me
∇2
i + V̂ion(ri) + V H

i (r)

]
Φi(r)− e2

∑
j 6=i

< Φj |
1

|ri − rj |
|Φi >φj(r) = εiΦi(r).

(A.0.9)

These equations differ from the Hartree equation (A.0.4) by additional term, this term is

known as the exchange term which describes the effects of exchange between electrons.

One can construct a single-electron exchange density as

ρi(r) = |Φi(r)|2 (A.0.10)

ρ(r) =
∑
i

ρi(r). (A.0.11)

The Hartree potential in equation (A.0.5) can be written in a different way

V H
i (r) = e2

∑
j 6=i

∫
ρj(r

′
)

|r− r′ |
dr
′

(A.0.12)

V H
i (r) = e2

∑
j 6=i

∫
ρ(r

′
)− ρj(r

′
)

|r− r′ |
dr
′
. (A.0.13)

The single-particle exchange density can be constructed as

ρi(r, r
′
)X =

∑
j 6=i

Φi(r
′
)Φ∗i (r)Φj(r)Φ∗j (r

′
)

Φi(r)Φ∗i (r)
, (A.0.14)

so the single-particle Hartree-Fock equations can be written as[
− ~2

2me
∇2
i + V̂ion(ri) + V H

i (r) + V X
i (r)

]
Φi(r) = εiΦi(r), (A.0.15)

where V X
i (r) is the exchange potential

V X
i (r) = −e2

∫
ρX
i (r), (r

′
)

|r− r′ |
dr
′
. (A.0.16)

The Hartree and exchange potentials give the potential for electronelectron interaction

in the Hartree Fock approximation (HF)

V HF
i (r) = e2

∫
ρi(r

′
)

|r− r′ |
dr
′ − e2

∫
ρi(r

′
)− ρHF

i (r, r
′
)

|r− r′ |
dr
′
, (A.0.17)
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where the first term is the total Coulomb repulsion potential of electrons, and the second

term is the effect of fermionic exchange.The next expression for the total electronelectron

interaction potential [145]

V HF
i (r) = e2

∫
ρi(r

′
)− ρHF

i (r, r
′
)

|r− r′ |
dr
′
. (A.0.18)



Appendix B
Green's Function

Quasi-particle properties, and expectation values of single-particle operators of a many-

body system are determined by the single-particle Green function G [104]. Mathemat-

ically, the Green function of a linear operator L can be defined as

[z − L(r)]G(x, x
′
; z) = δ(x− x′), (B.0.1)

where δ(x− x′) is Dirac's delta function. For a single quantum particle in an external

potential vext(r) one has [169][
− }

2m
∇2 + vext(r)− E

]
Go(r, r

′
;E) = −δ(r− r

′
). (B.0.2)

The one-particle Green function G(r, r
′
; t, t

′
), describes the probability of finding an

electron at position r at time t, if another electron is added (or removed) at position r
′

at time t′. In the energy domain, the Green’s function is the solution of the Schrödinger

equation[
− }

2m
∇2 +vext(r)−E

]
G(r, r

′
;E)+

∫
Σ(r, r

′′
;E)G(r

′′
, r
′
;E)dr

′′
= −δ(r−r

′
), (B.0.3)

where Σ(r, r
′′
; E) is the self-energy operator,it is energy-dependent, non-local and non-

Hermitian operator.

If the exact Green function Go(r, r
′
; E) of a related reference system is known exactly,

then G(r, r
′
; E) of the real system can be calculated using many-body perturbation
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theory through Dyson’s equation

G(r, r
′
;E) = Go(r, r

′
;E) +

∫ ∫
Go(r, r1;E)Σ(r1, r2;E)G(r2, r

′
;E)dr1dr2, (B.0.4)

If one takes the Kohn-Sham system as the reference system, the Greens function assumes

the form

Go(r, r
′
;E) =

∑
n

ΨQP
n (r)ΨQP∗

n (r
′
)

E − En
, (B.0.5)

where Ψn(r), En are the solution of the single-particle equation and eigenvalues, respec-

tively. The problem is how to calculate the self-energy, which contains all the exchange

and correlation effects [64]. If |N, |0〉 stands for the ground state of the N -electron

system, the one-particle Green’s function is defined as

G(r, r
′
; t, t

′
) = −i 〈N, 0|T [Ψ̂(rt)Ψ̂∗(r

′
t
′
)] |N, 0〉

=

−i 〈N, 0|T [Ψ̂(rt)Ψ̂∗(r
′
t
′
)] |N, 0〉 if t > t′

i 〈N, 0|T [Ψ̂∗(r
′
t
′
)Ψ̂(rt)] |N, 0〉 if t

′
> t

.
(B.0.6)

Starting from the equation of motion for the fermion creation and annihilation operators

in the Heisenberg representation and the representation of one-particle Greens function

in equation (B.0.6), one gets the differential form of Dyson’s equation[
i
∂

∂t
−
(
− ∇

2

2
+ VH(r) + Vext(r)

)]
G(12)−

∫
d3Σ(13)G(32) = δ(12). (B.0.7)

Here, 1, 2 and 3 are short notation for a combined space and time coordinates, e.g.,

(1)=(r,t) [107].



Appendix C
Vienna Ab-initio Simulation

Package (VASP)

Vienna Ab-initio Simulation Package (VASP) is a complex package for performing

ab-initio simulations for quantum mechanical molecular dynamics (MD) using either

pseudopotentials, or the projector-augmented wave method and a plane wave basis set

[170, 171]. The approach implemented in VASP is based on the local-density approx-

imation where the variation quantity is the free energy here, and the exact evaluation

of the instantaneous electronic ground state at each molecular dynamic time step.

In VASP, the electron-ion interaction was described by Vanderbilt pseudopotentials or

by the projector-augmented wave (PAW) method with plane wave basis functionals.

For transition metals, the Vanderbilt pseudopotential and the PAW method allow for

considerable reduction in the number of plane-waves per atom. Using VASP code,

forces and stress tensor can be calculated which can used the relax atoms into their

ground-state.

VASP computes an approximate solution to the many-body Schrödinger equation, either

by using density functional theory (DFT) (solving Kohn-Sham equation), or within the

HF approximation (solving the Roothaan equations), hybrid functionals. Furthermore,

Green's function methods and many-body perturbation theory (MBPT).

As minimal setup, VASP package requires input files and the calculation will be done in a

work directory, where the input files must be created. The four most basic and important
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input files in VASP are the INCAR, POSCAR, POTCAR and KPOINTS files. All VASP

calculations require (at least) these files to perform the DFT calculations. While the

files are described briefly in the following, no specific examples are given. Following are

the most important input files in all VASP calculations.

INCAR file

In general, the INCAR file is the central input file of VASP where the user can define the

starting options for a calculation. It determines what to do and how to do it. It contains

large number of options define the size, scope and all details of the calculations. Options

that are not included in the INCAR file manually are automatically set to default values,

where the choice of many of these options depends on the structure under study or the

computer resources to be used.

POTCAR file

The POTCAR file defines the pseudopotentials to be used for each element in the system

used in the calculation. It is also contains information about the functionals used, the

atoms mass, valence, the energy of the atomic reference configuration for which the

pseudopotential was created and other features. The order of pseudopotentials in the

POTCAR file should match those in the POSCAR and INCAR files.

POSCAR file

The POSCAR file gives the position of each atom, length and direction of the lattice

vectors on the unit cell or supercell.

KPOINTS file

The KPOINTS file contains k-point coordinates and weights or mesh size for creating the

k-point grid. While one can explicitly defined the k-point mesh, it is usually calculated

by the Monkhorst and Pack method.



Appendix D
Dielectric Function

The complex dielectric function ε(ω) is the fundamental quantity used to determine

optical properties of a material. It describes the response of the material to electro-

magnetic radiation. For a periodic system and at a coarse scale, response function is

homogeneous, while the total macroscopic electric field E follows the periodicity of the

external perturbation Eext, but the total microscopic electric field e oscillates on the

scale of a primitive cell. Therefore, it is crucial to differentiate between the macroscopic

and microscopic dielectric functions. The E and Eext are connected by the macroscopic

dielectric function εmac via

E(r, ω) =

∫
dr
′
ε−1

mac(r− r
′
, ω)Eext(r

′
, ω). (D.0.1)

Because the material is homogeneous, the macroscopic dielectric function depends only

on the difference r− r
′
. Similar to equation (D.0.1), the microscopic dielectric function

ε fulfils [105, 110]:

e(r, ω) =

∫
dr
′
ε−1(r− r

′
, ω)Eext(r

′
, ω). (D.0.2)

The macroscopic dielectric function εmac couples the total electric field E in a material

to the external field Eext. The response to change in electric field E is given by

E = ε−1
macEext, (D.0.3)

where εmac (3×3 Cartesian tensor) is the macroscopic dielectric function. In a macro-

scopic system, the solution of equation (D.0.3) is a product of momentum and frequency
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space. The total potential vtot on the system is divided into external potential vext (gen-

erated due to the external charge density ρext) and induced potential vind (generated

due to the induced charge density ρind) [110], that is

vtot = vext + vind. (D.0.4)

Therefore, in momentum space (in the long-wavelength) equation (D.0.3) takes the form

vtot = ε−1vext. (D.0.5)

Within the linear response regime (weak external fields) the response function (reducible

polarizability) χ and the screened response function (irreducible polarizability) P take

the form

ρind = χvext

vind = Pvtot. (D.0.6)

Moreover, we can write the connection between the dielectric function ε and its inverse

ε−1 as

ε = 1− vP , (D.0.7)

ε−1 = 1 + vχ, (D.0.8)

where χ and P are related by

χ = P + Pvχ. (D.0.9)

Equation (D.0.9) has the form of a Dyson equation. From the above discussion, one can

conclude that the dielectric function ε can be computed if the response of the system to

the change in either the total potential vtot (equation D.0.7) or the external potential

vext (equation D.0.8) is known [105, 110].

The microscopic dielectric function ε is invariant only by a translation of lattice vector

R, i.e.

ε(r; r
′
, ω) = ε(r + R; r

′
+ R, ω). (D.0.10)

Using the invariant property in equation (D.0.10), it is straightforward to show that
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[110]

e(q + G, ω) =
∑
G′

ε−1
G,G′

(q, ω)Eext(q + G
′
, ω). (D.0.11)

To study the relation between the macroscopic and microscopic dielectric function, we

link the macroscopic electric field to the microscopic one

E(R, ω) =
1

V

∫
V (R)

dre(r, ω), (D.0.12)

where V (R) indicates integration over the unit cell around position R. Using Fourier

transform of the microscopic dielectric field e(r, ω) [105, 172], one can write the macro-

scopic electric field E(R, ω) as

E(R, ω) =
∑
G

∫
BZ

dq

(2π)3
e(q + G, ω)

1

V

∫
V (R)

drei(q+G)r. (D.0.13)

Assuming that (q� G),

E(R, ω) =

∫
BZ

dq

(2π)3
eiqRe(q, ω). (D.0.14)

The Fourier transform of the macroscopic electric field is

E(R, ω) =
∑
G

∫
BZ

dq

(2π)3
E(q + G, ω)ei(q+G)R. (D.0.15)

Comparing equation (D.0.14) and (D.0.15), yields the relation between macroscopic and

microscopic fields

E(q + G, ω) = e(q, ω)δG,0. (D.0.16)

Since the external field Eext is macroscopic, it can be written as

Eext(q + G, ω) = Eext(q, ω)δG,0. (D.0.17)

Therefore,

E(q, ω) = e(q, ω) =
∑
G
′

ε−1
0G′

(q, ω)Eext(q, ω)δG′ ,0 = ε−1
00 Eext(q, ω). (D.0.18)

Comparing equation (D.0.3) and equation (D.0.18), the relation between macroscopic
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and microscopic dielectric function is given as:

ε−1
mac(q, ω) = ε−1

00 (q, ω), (D.0.19)

εmac(q, ω) =
1

ε−1
00 (q, ω)

. (D.0.20)

The macroscopic dielectric function is therefore obtained by inverting the microscopic

dielectric function with respect to G, G
′
, taking the head (G=G

′
=0) of the resulting

matrix and inverting 3×3 tensor. In a real solid, the microscopic electric field often

varies rapidly over the unit cell compared to the external field. This is known as the

local field effect. Only for materials that are also homogeneous on the microscopic scale

(like the homogeneous electron gas), the off-diagonal elements of ε−1

G,G
′ are zero and no

local field effects are present:

εmac(q, ω) = ε00(q, ω). (D.0.21)

This approximation is usually referred to as neglect of local field effects.



Appendix E
Efficiency of Halide Perovskites
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Figure E.1: Estimated efficiency of CH3NH3PbI3 (red point) using Shockley-Queisser
model.
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Figure E.2: Estimated efficiency of CsPbI3 (red point) using Shockley-Queisser model.
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Figure E.3: Estimated efficiency of CH3NH3SnI3 (red point) using Shockley-Queisser
model.
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[44] Xavier Mettan, Riccardo Pisoni, Péter Matus, Andrea Pisoni, Jacim Jacimovic,
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[85] Peter E. Blöchl. Projector augmented-wave method. Physical Review B,

50(24):17953, 1994.

[86] Georg Kresse and D. Joubert. From ultrasoft pseudopotentials to the projector

augmented-wave method. Physical Review B, 59(3):1758, 1999.
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