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Abstract

Organometallic perovskite solar cells have attracted great attention in the last years. They
exhibit very low production cost, due to their simple preparation method, coupled to high
power conversion efficiencies (up to 26% for Formamidinium Lead iodide perovskite FAPbI3).
This is achieved after just few years following their discovery. However, organometallic
perovskite are very sensitive to moisture, oxygen and light due to the presence of organic
cations. The smaller cesium cation has been used to replace organic cations to resolve the
instability issues of organometallic perovskite. In this thesis, first principle computation
method is used to understand perovskite’s high power conversion efficiency. The structural
stability, electronic and optical properties of CsPblz polymorphs are investigated as well as
some carrier transport properties. The lower symmetry orthorhombic Pnam black phase is
more energetically favourable compared to tetragonal phase and the high symmetric cubic
phase. Lead as well as iodide atoms play significant role in the high optical absorption
(more 10°Cm~"). Mixed halide perovskite CsPb(I;_,Bry)3 at low symmetry black phase
(Pnam) are investigated to increase material stability and adjust the optoelectronic proper-
ties. The iodine bromine partial substitution significantly enhances material stability. The
carrier mobility are computed through deformation potential theory, and both CsPbl; and
CsPbBr; compounds show very low effective mass. Band alignment approach is used to
find suitable electron and hole transport materials. By means of super cell approach as well
as FNV-KO scheme, the defect tolerance of cesium lead halide perovskite is discussed by

studying all possible intrinsic point defects. Several defects create shallow levels, while the
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intrinsic defects that may create deep levels have high formation energies especially under

Iodine and Bromine poor conditions.
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Introduction 2

Introduction

The world population is nearing 8 billion while energy demand is extensively increasing.
The increased worldwide energy demand needs green and sustainable sources, which don’t
cause damages to our environment. The sun gives us more than enough of power to satisfy
the entire world’s energy demand. Solar energy is one of the most used renewable source
of energy, readily available, and free with one limitation; our ability to directly convert
the energy of light into electrical energy efficiently with an effective cost. The majority of
devices used for this purpose nowadays are silicon based solar cells. This technology has
been used since 1976. All these years were more than enough for scientist to understand
this technology and develop an efficient strategy to improve the efficiency and reduce the
cost. However, these cells are heavy and not flexible, too. While the monocrystalin silicon
that needs a high technology and thus a high cost has no space for much improvement in
power conversion efficiency (PCE).

In 2009, A. Kojima and collaborator [1] used, for the first time, organometal halide
perovskites as visible-light sensitizers in dye-sensitized solar cell with PCE of 3 % . In
2012, Methylammonium Lead Iodide MaPbls was used as a light harvester material for
heterojunction mesoscopic with 9.7 % of PCE [2]. It was really a big step forward for
an emerging material. Moreover, perovskite solar cells (PSCs) have very low production
cost since they can be elaborated using low temperature solid solution process. Indeed,
for these two reasons (low production cost as well as fast development in PCE) PSCs have
attracted great attention in recent years. They may lead photovoltaic field in the future,
due to their extraordinary optoelectronic properties such as high optical absorption, high
mobility, and low non-radiative recombination rates ... etc [2—15]. In just few years, PSCs
outperformed high production cost traditional photovoltaic technologies with high PCE
of 26%. However, the organometallic perovskites are unstable, so their efficiency drops
drastically, especially under humidity, light, and heat. Commercial application of these
emerging materials has not yet started due to this instability and related issues [16-20].
The main challenge for many researchers nowadays is improving material’s stability. Very

recently, cesium has been reported to replace the sensitive to moisture and oxygen organic
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cations MA and FA.

In this work, full inorganic perovskites is studied as alternative emerging materials. At
the atomic level, and try to understand their high-performance, and improve their stability
without losing in PCE.

This thesis is organized as follow: in the first chapter, we will first present photovoltaic
system and discuss the link between PCE and internal parameters such as energy band
gap, absorption, and mobility... etc. In the second part of this chapter, we will present
perovskite materials by giving a brief description of their crystallographic structure and
discussing geometrical stability factors. We present the excellent photovoltaic characteris-
tics of these materials, too. In the second chapter, we give a brief introduction of simulation
methods used in this work and provide a detailed description of point defects simulations
using DFT method.

Results and discussions are presnted in the following three chapters. Chapter 3, presents
our study when substituting the organic molecule by cesium atom for more stable mate-
rial. Indeed, we investigate the structural stability, electronic, and optical properties as well
as some carrier transport properties of full inorganic CsPbls perovskites polymorphs. In
chapter 4, we use solid solution by means of super-cell approach to partially or totally sub-
stitute iodide by bromine (CsPbl;_,Bry) in order to stabilize the preferred perovskite black
phase, therefore, we investigate the stability as well as the electronic and optical character-
istics of low symmetry orthorhombic structure. Meanwhile, this class of material has large
diffusion length as well as high life time even in the presence of defects. The objective
of last chapter is to give in depth understanding of defect chemistry of both CsPblz and

CsPbBrj perovskite through DFT method and finally conclusion and some perspectives.
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1.1 Introduction

In this first chapter, we first briefly present the photovoltaic system by giving a short de-
scription of basic electrical characteristics such as power conversion efficiency PCE, short-
circuit current and open-circuit voltage. Other internal parameters that directly affect PCE
such as band gap, absorption, and mobility are also considered. In the second part, per-
ovskite materials, their historical development, and crystallographic structure are intro-
duced and both tolerance and octahedral factors are described. Finally, we will introduce
hybrids and full inorganic perovskite solar cell materials, and their excellent characteristics
are explained by showing their great potential to lead the next generation of photovoltaic

devices.

1.2 Photovoltaic system

1.2.1 Generality

Solar cell is one of the key devices that are widely used to generate electricity from solar
energy. In order to achieve this goal, semiconductors are used to absorb light. In general,
energy conversion consists of the following stages: absorption of the photon, separation
of charges (electron and holes), charges transport and finally collection of charges (Figure
1.1).

(i) Photon absorption: Sunlight has different wave lengths corresponding to different
photon energies. Only photons with energy equal or greater than the material’s band gap
energy are absorbed causing the excitation of electrons from the valance band to the con-
duction band leaving a hole.

(ii) Separation of charges: The electrons and holes are separated and collected by elec-
tron transport material (ETM) and hole transport material (HTM) respectively.

(i11) Finally, charges transport, the previously generated charge carriers, must be ex-

tracted by an external circuit to do useful work.



Perovskite materials for Photovoltaic applications 8

e )

/- [ J
I
O ETM

Anode

Cathode

Figure 1.1: Schematic architecture of the working principle of a selective contact solar cell.

1.2.2 Solar cells generation

Solar cells are classified into three main categories (generations) depending on period of
their development. The first generation is mainly made of conventional silicon pn-junction,
which now dominate the photovoltaic market. This domination is caused by two biggest
advantages: Silicon is very stable non-toxic material and one of the most abundant element
on earth. Second is the long period of study (70 years). The optoelectronic and struc-
tural properties are very well understood. However, let’s talk about the bad side, Si has
an indirect bandgap and moderate absorption coefficient hence thick layers 300 um are re-
quired to ensure sufficient photon absorption. Furthermore, two major silicon technologies
were used in the photovoltaic field; the multi-crystalline silicon is fabricated with simple
elaboration process and shows low production cost with low PCE of 10%. The alterna-
tive 1s the high pure mono-crystalline silicon (mono-Si) with PCE of 26%. Mono crystal
means high production temperature (>1000C) and more advanced, and complex technol-
ogy is needed, thus is much expensive. 2"¢ Generation thin film corresponds to thin film
solar cells, based on materials such as Copper Indium Gallium Selenide (CIGS) and Cad-
mium Telluride/Cadmium Sulphide (CdTe/CdS) they also include organic materials, with
a few nanometres to tens of micrometres of thickness and hence can be flexible and able to

growth on large areas. Due to simple preparation process they have much lower production
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Table 1.1: Characteristic of different solar cells generation

1*" Generation 2"d Generation 3 Generation
Highly efficient (> 20 %). Low efficiency (around 10 %). Highly efficient (>20 %).
Rather expensive (complex processes) Low production cost Very Low production cost
Very stable Flexibility Flexibility

Not stable

Toxic (lead based)

cost, but present a low conversion efficiency (10 to 20 %).

3’4 Generation solar cells include, Dye sensitized solar cells and hybrid organic inor-
ganic solar cells... etc. The main goal is to get high PCE and low production cost, but they
are still in the research stage and this novel technology is not commercially mature yet.

Solar cells characteristics are summarized in Table 1.1.

1.2.3 Characterization

After the fabrication of the solar cell, power conversion efficiency should be evaluated and
compared to other cells. Solar cells performance is evaluated under standard condition
25°C, using artificial sunlight. PCE. or 1, is the percentage of output power produced by
the solar cell (P,,;) to the power of input light (P;,). The last is standard e.g. 1kW = m?
for AM 1.5G spectrum, which simulates the global average of sun irradiation, including
incidence angle, losses due to the absorption of sunlight in the atmosphere.

Hence:

(1.1

For electronic device, power (P) is the product of current and potential. For solar cell,
the two terms are multiplied by the Fill Factor (FF). In practice, when the photovoltaic
cell is synthetized we measure and plot current-voltage (J-V) curve (see Figure 1.2). All
characteristic of the solar cell could be extracted from this curve.

Where V,,. is the open circuit voltage (maximum potential difference obtained when
the current is zero.), Jsc is the short circuit current density (voltage is zero when the cell is

short circuited). Product of the two terms gives the maximum theoretical power F,,.
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Current density j

VOC

Voltage v

Figure 1.2: Current density voltage (J-V) curve.

FF given by:

FF — Prax _ Prmax (1.2)
P;,  Voclsc

PCE is given by
Prmax _ Voc Jsc-FF

(1.3)
Pin Pin

'r’:

One should keep in mind that PCE depends on external parameters such as cell area
and incident light intensity, which are normalized in order to make meaningful compar-
ison between cells. Moreover, the internal parameters such as: band gap energy, carrier
mobilities, cell absorption and reflection coefficients... etc. are the main contributors to

conversion efficiency.

1.2.4 Intrinsic properties of solar cell

As mentioned in the previous section, the most important parameter for each solar cell
is PCE which is directly related to the Fill factor, open circuit voltage, and short circuit
current. These three parameters are affected by many intrinsic factors namely: carrier
diffusion length and lifetime, band gap, band alignment, defect density, recombination rate,
carrier mobility and absorption coefficient... etc. Through Ab-initio calculations we able
to determine several of these parameters. In the following sections, a brief introduction on

these parameters is given.
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1.2.4.1 Band gap

One of the most important parameters in solar cell is the gap energy, which is defined by
the energy distance between the highest occupied level in the valence band and the lowest
unoccupied level in the conduction band. In other words, the band gap represents the
minimum required energy to excite an electron from the valence to the conduction band.
According to Shockley-Queisser [1] (see Figure 1.3), this energy ranges from 1.1eV to
1.7eV for Single Junction (SJ) solar cells that could yield 33 % PCE which represents the

maximum theoretical values for SJ solar cells.

Other Losses

Thermalizaton

Below Band gap

Incident light energy

Shockley Queisser limit

0.0 0.5 1.0 1.5 2.0 25 3.0
Energy band gap

Figure 1.3: The Shockley—Queisser limit for the efficiency of single junction solar cell (Eg
eV).

Moreover, if the semiconductor has lower band gap, excited electron by low energy,
produce lower voltage. On the other side, if the band gap much larger, a smaller number
of photons will be absorbed leading to a weaker current. Hence Eg should be tuned to get

optimal value, which leads to the maximum efficiency.

1.2.4.2 Band alignment

The solar cell is formed by different materials (layers) (heterojunctions), i.e. absorber ,
hole transport material and electron transport material... etc. These layers don’t have the
same band gap. As result, discontinuities in the valence-band, and/or the conduction-band

are formed. Many interactions are observed in the interface, thus limiting carrier transport.
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In ( Figure 1.4) different types of heterojunctions are presented.
CBM e N _—
- L

I
vBmM ——
Type ll Type Il Type lll
Straddling Gap Staggered Gap  Broken Gap

Figure 1.4: Schematic architecture of different types of heterojunctions in semiconductors.

For solar cell applications, energy bands should be aligned in order to allow electron
and hole transport to ETM and HTM respectively. Indeed, CBM (VBM) of absorber should
be higher (lower) than CBM(VBM) of ETM(HTM). This offset should be very small
(0.2eV) to avoid the formation of large thermodynamic barrier at the heterojunction [2].
On the other hand, this barrier is used to block the transport of the electrons and holes in
absorber/HTM and absorber/ETM contacts respectively. As presented in Figurel.5, band

alignment has also much effect on Voc value.

Energy

ETM Absorber HTM

Figure 1.5: Schematic architecture of (ETM/Absorber/HTM) band alignment and their
effect on open circuit voltage.

Therefore, before designing any photovoltaic cell, the first step is the determination

of band position by selecting a suitable partner. The Figure 1.6, depicts the energy band
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position of popular cell partners.
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Figure 1.6: Band alignment of organometallic perovskite and commonly used materials in
solar cells (eV). Reprinted with permission from Ref [3]

In the next chapter, we will give a detailed description on band alignment calculation

through DFT method.

1.2.4.3 Absorption coefficient

The absorption coefficient ¢ for a particular photon energy defines how much electromag-
netic radiation can be absorbed by a material with a given thickness. Indeed, bandgap
nature has a great effects on the absorption coefficient. For instance silicon has an indi-
rect band gap that leads to a lower optical absorption coefficient ( 103cm™!) compared
with GaAs (10°cm™") . Therefore, we need thicker layer when silicon is used in order to

increase photon absorption.

1.2.4.4 Diffusion length and carrier lifetime

Diffusion length and lifetime of an electric carrier are the average length and time, respec-
tively, between generation and recombination processes. They strongly depend on the type
of recombination. Higher diffusion length means a longer lifetime. In the previous section,
we said that we need thicker absorber, which is not very useful if the diffusion length is low

because most generated carriers will recombine before reaching the ETM. The following
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relation links these two physical quantities
L=+Drt (1.4)

Where L is Diffusion length, 7 is lifetime and D is the diffusion factor which depends

on the carrier mobility through Einstein’s formula:

_ kTu
a e

D (1.5)

1.2.4.5 Recombination rate

The recombination rate is the ratio between excited and recombined carrier concentrations.
The generated electrons lose energy to recombine with a hole and produce either heat or
light. As presented in Figure 1.7, there are different recombination types; Shockley-Read-

Hall, Radiative and Auger recombination. Shockley-Read-Hall SRH recombination is a

A
@ @ o0
E Y
Eph_?Eg t A
i B L
C“‘ ._ [ @ @
gena:errg(te'ir;)n SR_H ) Radiative Auger
recombination recombination recombination

Figure 1.7: Schematic architecture of carrier recombination mechanisms in semiconduc-
tors after the generation.

process in two steps, first electron (or hole) is trapped in new energy level introduced by

the defect, the trapped electron moves from trap level to the VB and recombines. The
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energy difference Et-Ev (or Ec-Et in the other process) will be transferred to the crystal
lattice or as a phonon emission.

Radiative recombination is dominant in direct band gap semiconductor. It is a recom-
bination between an electron from CB and a hole from VB after this process a photon is
generated.

Auger recombination process: an electron of CB recombines with a hole of the VB, an
emitted energy will be given to an electron of CB, which thermalizes by going to the edge

of the CB.

1.2.4.6 Defect tolerance

Generally, defects have profound impact on the performance of a material [4-9]. When
defect doesn’t have much effect on material properties the material is called defect tolerant.
More precisely, this is the case when defects create shallow levels in the energy band gap
rather than deep levels (recombination centre Figure 1.7 ) in the bandgap, for more detail

on the point defect see chapter 2

1.2.4.7 Carrier mobility

One of the most important parameters for PCE is carrier mobility. It gives a measure of the
charge carrier movement inside a material. It is directly related to effective mass through

the following relation

qT

= 1.
2my . (1.6)

Hp.e

Where my, . is the carrier effective mass. Organometallic halide perovskites are charac-
terised by low effective mass about 0.15 for both electron and hole. This is lower than
traditional absorber like Si 1.06(0.59)[10] and higher than GaAs 0.067(0.44) [11] for elec-

tron (hole).

1.2.4.8 Exciton binding energy

After light absorption, electron-hole pair is generated. They interact with each other via

long range Coulomb interaction giving birth to a new quasi-particle known as the exciton.



Perovskite materials for Photovoltaic applications 16

In other words, it is the energy required to disassociate the electron-hole pair. The exciton
binding energy depends on dielectric constant. Two methods are proposed to calculate this
parameter according to dielectric constant. If the material has a large dielectric constant the
Coulomb interaction is reduced because the electric field is strongly screened and this is
Wannier—Mott exciton case. The opposite is the Frenkel exciton. Due to their large dielec-
tric constant and low effective masses, halide perovskite show very low exciton binding

energy around 14 meV [12].

1.3 Perovskite materials and photovoltaic applications

In 2009 the first perovskite based solar cell (PSC) was born using liquid electrolyte per-
ovskite in dye-sensitized solar cell (DSSC), the first obtained PCE was only 3% [13]. In
2012, Hui-Seon Kim and co-workers presented the first heterojunction mesoscopic solar
cell with PCE of 9.7% using MAPbI; as a light harvester material [14]. Compared to other
conventional solar cell materials, they provide the lowest cost in solar energy technology
[14—17] with high power conversion efficiencies (PCE) approaching 24% [18]. Indeed, in
just few years following their discovery, these materials outperformed Cadmium Telluride
(CdTe) and not far from high-purity and high production cost crystalline silicon solar cell
26% [19]. The National Renewable Energy Laboratory (Colorado, United states) presents
the confirmed PCE of different technology from 1976 to the present. Table 1.2 shows the

last best research cells efficiencies for different photovoltaic.

Table 1.2: The last best research cells efficiencies for various photovoltaic technologies.
Efficiencies confirmed by independent, recognized test labs [2021].

Solar cell technology PCE  Developer name

Silicon 26.1 ISFH(Institute for Solar Energy Research Hamelin)
22.3 FhG-ISE (Fraunhofer Institute for Solar Energy Systems)
21.2  Solexel

GaAs 27.8 LG (LG Electronics)
29.1 Alta device
CdTe 22.1 FirstSolar (First Solar Inc)

25.2 KRICT/MIT (Korea Research Institute of Chemical Tech-
nology/ Massachusetts Institute of Technology)
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In general, the most commonly used PSCs are the organic lead halide based materials
of general formula ABX3, where A is an organic monovalent cation like methylammonium
(MA) or formamidinium (FA), B is an inorganic divalent cation like lead and X is a halo-
gen anion (I, Br, CI or F). The organometallic perovskite are unstable and after few hours
of use, their efficiency decreases drastically, especially under humidity and heat. The main
challenge for many researchers nowadays is improving material’s stability. Recently, Ce-
sium has been reported to replace the sensitive to moisture and oxygen organic cations
MA and FA. Indeed, Cs+ (1.67 A) cation has a smaller ionic radius than MA+ (1.80 A) or
FA+ (1.90 A) with Goldschmidt tolerance factor of 0.81 [20, 21]. Actually, fully inorganic
cesium lead iodide perovskite CsPbls has been much studied owing to its higher thermal
stability[22—28] and high PCE of 13.4% for quantum dot devices [24] and 15.1 % for a thin
films [23]. In the Table 1.3, I present both internal and external characteristic of perovskite
material compared with other widely used conventional solar cell material.

Table 1.3: Internal and external characteristic of PSCs thin film compared with conven-
tional Si (crystalline cell) and GaAs (thin film cell).

Characteristic Perovskite [29] Conventional

Si[19] GaAs[30]
FF 84.8 84.9 86.7
Voc (V) 1.1805 0.738 1.1272
Jsc (mA/cm?2) 25.14 42.65 29.78
PCE (%) 252 +£0.8 26.7 £0.5 29.1+£0.6
Effective mass me(mh) 0.15 1.06(0.59)[10] 0.067(0.44)[11]
Gap (eV) Direct, tunable 1.1-2.5 Indirect 1.14 Direct 1.43
Absorption coefficient (cm—1)  greater than 107 103 10
Exciton binding energy (meV) around 14 [12] About 10 [31] 4.2[11]

1.3.1 Perovskite materials

The perovskite calcium titanium oxide (CaT'iO3) mineral was discovered in the Ural Moun-
tains of Russia by Gustav Rose in 1839 and is named after Russian mineralogist Lev Alek-
seevich Perovski (1972—-1856). Today this name is also applied to compounds with general
chemical formula ABX3 having a similar crystallographic structure such as CaTiO3. These
compounds have attracted much attention due to their interesting physical properties, such

as ferroelectric, superconductivity, catalysis and other optoelectronic properties [32-39].



Perovskite materials for Photovoltaic applications 18

This makes them desirable for various technological applications. The most important

application for us is the solar energy conversion.

1.3.1.1 Crystal structure

The ideal perovskite should have the same crystallographic structure as CaTiO3 mineral,
consisting of corner-sharing BX¢ octahedra in the three directions, the cuboctahedral cavity
in each unit cell is occupied by A atom forming cuboctaheral geometry AX|, (see Figure
1.8). The same crystal structure is also found for a wide range of materials with ABX3

stoichiometry[40].

Figure 1.8: Ideal perovskite structure, BXg octahedral corner sharing (left) and cuboctahe-
dral AX|, geometry (right).

These materials are the archetypal systems for phase transitions with accessible cubic,
tetragonal, orthorhombic, trigonal and monoclinic polymorphs depending on the degree of

tilting and rotation of the BX¢ octahedra in the lattice[40—43].

Figure 1.9: Tilting of the BXg octahedra in the cubic, tetragonal and orthorhombic per-
ovskite.
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1.3.1.2 Goldschmidt and octahedral Factors

As we said in the previous section, perovskite take many phases, Goldschmidt [44] pro-
posed a tolerance factor (TF) to estimate the distortion degree and predict the stability of
perovskite structure. This factor is based on the ratio of the ionic radii [45] of its constituent
using a simple geometrical principles where, atoms are considered as a collection of rigid
spheres:

t = Aty (1.7)

V2(rg+rx)
Here ry, rp and rx are the ionic radius of A-cation B-cation and X anion respectively. For
the ideal cubic perovskite r4 + ry = V2 (rB + rx). For distorted perovskite, the octahedra
will tilt in order to fill the available space. Disorder perovskite structures as well as ideal
structure have the following tolerance factors (TF) [40].

0.71-0.9 09-1 >l
Orthorhombic/Rhombohedral Cubic Hexagonal or Tetragonal

The TF alone is not sufficient for the prediction of perovskite structures. Other con-
dition should be satisfied. The B cation is six fold coordinated to X anions, therefore, it
should have the appropriate size to fit into the octahedral void formed by the six X anions.
From a pure geometric consideration, the minimum radius for the B-cation is 0.414 ryx. To

estimate the fit of B into Xg octahedron, the octahedral factor i is defined as follows:

I'p
rx

= (1.8)

Based on these two factors, we are now able to identify the stability range, using t and
u limits [46-50].
(1) Stretch limit
If the A cation is so large and touches all twelve X anions (t =1). This is the case of ideal
perovskite. SL boundary.
(i1) Octahedral limit

Two X anions in the same octahedron are in contact, the distance satisfy the following
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Figure 1.10: Perovskite stability region. Reprinted from Ref [46]. Copyright (2018) Na-
tional Academy of Sciences of the united states of America.

condition \/E(rb +ry) = 2r¢ and thus p > V2-1

(iii) Tilt limits

When the octahedral cavity is bigger than the A-site, BXg octahedra tilt and get distorted
and thus the coordination of A-site is reduced. We label this bound by tilt limit (TL). In
Table 1.4, we summarise the tolerance and octahedral factor for some halide perovskites
material.

Table 1.4: List of some halide perovskite ABX3 compounds and their tolerance and octa-
hedral factors.

Compound  Ionic radius TF  OF
r4 [21, 51] rp[51] rx [52]
MAPbDI; 2.17 1.03 22 0.96 047
MAPDBCI;  2.16 0.99 1.81 1.00 0.55
MAPbBr3  2.16 0.98 1.96 099 0.5
FAPbI3 2.53 1.03 22 1.04 047
FAPbCl3 2.53 0.99 1.81 1.10 0.55
FAPbBr3 2.53 0.98 1.96 1.08 0.5
CsPbl; 1.88 1.03 22 0.90 0.48
CsPbCls 1.88 0.99 1.81 093 0.55
CsPbBr; 1.88 0.98 1.96 092 0.5

All presented compounds verify both octahedral and tolerance factors and experimen-
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tally synthesised on their perovskite structure.

1.3.2 Fabrication

After the first use of full perovskite as solar absorber materials many thin film deposi-
tion techniques have been developed to fabricate perovskite film such as rapid deposition
crystallization, Vapour assisted solution processing, Thermal evaporation, Pulse laser de-
position, Electrospray-assisted deposition. But the most widely used technique due to its
simplicity and thus the low-cost requirement are: Single-step deposition and Two-step se-

quential deposition. In the Figure 1.11, we gives a schematic representation of these last

X Csl, +Pbl

(]

aa» r__il

o b

(1

S
Two-Steps I I

Figure 1.11: Schematic representation of Single-step and Two-Steps deposition techniques.

two techniques.

o~

One-Step

In the following as example, we present the synthesis procedure of CsPblz perovskite
absorber solar cell through a simple deposition method given by Ref [53]. The prepara-
tion of substrate -most used is Fluorine doped Tin Oxide (FTO)-coated glass substrates
and after, the deposition also with spin coating method (i) the inorganic 7i0, as electron

transport layer, (ii) perovskite as absorber and (iii) organic hole transport layer suquestly
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and finally silver or gold electrodes are then deposed using thermal evaporation method. In

Table 1.5, we present the detailed information of each fabrication stage.

Table 1.5: CsPblz PSCs deposition procedures given by Ref [53] as well as the different
possible material for ETL, HTL and electrode.

Layer Procedure [53] Condition Layer Thickness Other possible part-
[53] [53] ner
Substrate FTO-coated glass substrates are
first etched by HCI and Zinc pow-
der and cleaned.
ETL From the titanium isopropoxide in 2000 rpm 230nm-400 nm Metal oxide:
anhydrous ethanol, Inorganic com- for 60 s TiO2 [54-57], A1203
pact and mesoporous layer TiO2 [15, 58], ZnO [58]
are spin coates as on FTO substrate Sn02[59]
Organic molecules:
Fullerenes [60, 61]
Perovskite The precursor solution of PbI2 500 rpm for 200 nm-400nm MAPbLI3, FAPbI3,
layer and Csl are prepared and de- 10 followed CsPbBr3
posited by spin-coating (room- by 1500 rpm
temperature) onto the last prepared for 20 s
FTO substrates with TiO2 layer
and annealed (350C) to form a
pure phase to kep this phase device
rapidly cooled at room temperature
HTL From a 0.08 M solution of Spi- 2000 rpm Metal oxide:
roOMeTAD, Pre-oxidised Spiro- CoOx[62], CrOx
OMeTAD organic charge transport [63], NiOx [64-67],
layer are spin coated. Organic:
Polymer [68, 69]
Electrode 80 to 120 nm of silver, or 20 nm of 120-140 nm Carbon[70]

gold followed by 120 nm of silver
were deposed using thermal evapo-
ration method.
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1.3.3 Perovskite solar cell architecture

As we said, the first adaptations of perovskite material (MAPbI; and MAPbBr3) were in
solar cell application as a liquid electrolyte in dye-sensitized solar cell DSSC with PCE of
3% [13]. Moreover, to enhance the stability as well as efficiency numerous investigations
have been carried out. Solar cell are formed by different components according to their
type and arrangement. Several structures have been reported: Regular planar structure,

Inverter planar structure and Mesoporous structure.

Metal Anode Au Metal Anode Au Metal Cathode Al
HTM HTM ETM
Perovskite/m TiO, Perovskite Perovskite
'o‘b..,o.
ETM ETM HTM
Transparent Cathode Transparent Cathode Transparent Anode
FTO glass FTO glass FTO glass
(a) Mesoporous (b) Regular planar nip (c) inverted planar pin

Figure 1.12: Schematic diagrams of different perovskite solar cell architecture.

1.3.4 Challenges

PSC is the future of the solar cell due to its fast progress in PCE from 3% to 26% in a
short period. However, a huge challenge related to the stability issue blocks commercial
application of this emerging material. There are three main drawbacks: stability, toxicity

and scalability. In the next figure, we summarized the commercialization issue of PSCs.
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* Moisture
MAPbI3 <> MAI (aq)+PbI2(s)

Lead Toxicity

* temperature
™ CHaNHanI3 — CH,NH, (g)+HI+PbI2(s)

* Radiation
Stability 2l 1, + 2e
—™3CH,NH,<> 3 CH,NH (g) +3 H*

I-+1, + 3H" +2&” ¢ 3HI (g)

Scalability

¢ lon immigration
* Interfacial degradation

Figure 1.13: Representation of the biggest commercialization issue of perovskite solar cells
technologies.

From this figure, it is clear that all PCSs issues are directly related to the stability of

perovskite material.
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2.1 Introduction

The resolve of the basic equation in quantum mechanics “Schrodinger equation” for a
given material gives us an enormous opportunity to understand its fundamental properties.
The purpose of the first part of this chapter is to give a short and brief presentation of
the Density Functional Theory (DFT) and pseudo potential plane wave (PPPW) method.
In the second part, I give a description on computational methodology by explaining the
electronic structure and how it can be used to extract a useful information about studied
system such as band alignment, carrier effective mass as well as carrier mobility and other
related quantities. In the last part, I intend to provide a detailed description of point defects

simulations using the above-mentioned method (DFT-PPPW).

2.2 Theoretical background

In 1925 Erwin Schrodinger postulated his equation, which is a linear equation of the wave
function of a quantum-mechanical system, which describes their variation in the space and

time.

i%w(?,t) _ {;Vz + V(?,t)} (o) @1
Where V? the Laplacian, 7 is the position eigenvector and V (7,1) is the potential.

Indeed, all properties of a quantum system; atom, molecule or a solid are determined by
their wave function y/(7,7) and corresponding energy and their derivatives. Nevertheless,
exact solution of this problem is only possible for few simple systems such as the hydro-

gen atom, free electron, and harmonic oscillator. In this thesis, we use time independent

Schrodinger equation 2.2.
3V V) | W) = Ev) 22)

Where E is the energy.

As we mentioned above, the exact solution is impossible for the multi particle sys-
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tem, and therefore, approximation should be used. First, since the nuclei are much heavier
than electrons and thus they move much slower than the electrons, their movement can be
separated, this is Born and Oppenheimer approximation[1]. However, the problem is not
yet solved. In 1927 Hartree propose to separate electrons and write the wave function as
a product of many electronic system. In 1930, Vladimir Aleksandrovich Fock and John
Clarke Slater treated the wave function as Slater determinant, which includes the antisym-

metric property of the wave function and respects the exclusion principle of Pauli.

2.2.1 Density Functional Theory

Hartree fock method was used to resolve Schrodinger equation for molecules but failed
for more complicated system for the following reasons: it ignores electronic correlation
energy part so doesn’t gives the real wave function and exact energy and it is also very
expensive method (long time, high memory). Density-functional theory (DFT) was devel-
oped to solve these issues by giving us a practical way to solve Schrodinger equation for
complicated system by using the electron density as a basic source to get information on
an electronic system (Thomas and Fermi 1920). Indeed, DFT found enormous success in
physics, chemistry and materials science, which provides a description of material at the
atomic scale. In this section, we will briefly introduce this method.

Hohenberg and Kohn (HK) [2] in 1964 came up with the following two basis theorems

of DFT: The first theorem states that the external potential V,

ext(r) Uniquely determines the

wave function and as consequent determine the electronic density. Hohenberg and Kohn
have proven that V,,;(,) is uniquely determined by the density n(r). 2" the exact ground
state density is a unique functional of the minimum energy (ground state energy). Until
this point, the form of this functional is not yet known. In following year Kohn and Sham
[3] provided an approach to compute this and gave the following equation 2.3 known as
Kohn-Shame (KS) equation:

1

=3 V2 Vet ] + Vi 1] + Vie ] | w(7) = ey (7) (2.3)
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Where they replaced the interacting electronic system by a non-interacting one with
the same density as well as the same ground total energy, and put all the difference in the
exchange and correlation potential V,.[n]. In above equation —%Vz is the kinetic energy
potential, Vi [n] the Hartree potential, V,,;[n] is the external potential on the electronic
system that created by the nuclei.

Until this point DFT is an exact theory where it is simple to calculate the kinetic energy
of the non-interacting system, is also simple to calculate Hartree potential and the potential
applied by the nucleus. The difficult part until this day is Vy.[n]. Approximations have been
made to solve this issue such as Local Density Approximations (LDA)[4] Generalized-
Gradient Approximation (GGA)[5, 6], Hybrid functional[7] ...etc.

KS equation is then solved by an iterative way through the variational principle depicted
in the following chart:

In this work, and in order to calculate the physical properties, I use the pseudo- potential

plane wave (PPPW) method.

2.2.1.1 Pseudopotential

Only the valence electrons are chemically active and most of the properties of a solid are
related to the valence electrons. Therefore, we can replace the effect of the core electrons
on a valence system by a pseudo potential. In other words, we replace the complicated

interactions between core electrons of a physical system by pseudo potential.

2.2.1.2 Plane Wave Basis Sets

In order to solve KS equation we should expand the wave functions y in a specific basis
set. The plane wave basis set is the most used one for many DFT codes such as VASP,
Quantum Espresso, Abinit and Castep ...etc. due to its parallel efficiency. Moreover,
according to Bloch’s theorem, the wave function is already expressed as a combination of

plane waves for a periodic system.
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Initial guess n;y, ()

—p

1
—EVZ + Vnucl(F) +Vy [Tl] + ch[n]l IP(F) =€ EU(F)

'

Compute the effective potential

Vers [n] = Vet ) + Vy[n] + Vienl

}

Solve Kohn-Sham equations

1
[—EVZ + Veff[n]] Y(@) = eP(¥)

|

Compute the new electronic density

Mout (F) Total energy J

Figure 2.1: Iterative solution of KS equation.
2.3 Band structure

The band structure (BS) is a 2D representation of the allowed electronic energy levels in
a crystalline material along specific high symmetry points in “k-space”. BS gives many
useful information on the studied material. It allow us to determine their nature e.g.
metal, semimetal, insulating. Moreover, band dispersion directly reflect the carrier mo-

bility, which will be explained in the next section.

2.3.1 Effective masses

According to the Eq 1.6 carrier mobility is directly, depend on the effective mass values. In

this section, I will describe their concept and how we can compute their values using band
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structure diagrams. As we previously said, many valuable information can be extracted
from the band structure and their dispersion. In the band edge, the relationship between
energy and wave vector could be modelled as free electron according to the following

parabolic relation:

nk?
E(k) = 2.4
(K) = S, 2.4)
So the effective mass is obtained by differentiating this relation
= ! 2.5
e = A PER 2
dk?

From this relation a flatter band represents high effective mass while much more dis-

perse band have lower effective mass. In order to compute the second derivative of energy

d?E (k)
iz

with respect to the wave vector with high accuracy we need a large number of points

around energy band edge in the E (k) curve.

2.3.2 Carrier mobility

High Electron-hole mobility (i) is one of the most important characteristic for efficient
absorber material. The experimental scheme is straightforward, but on the contrary, DFT
computation is challenging. Indeed, to calculate carrier mobility we use deformation po-
tential theory.[8, 9]. By applying low deformation along specific axe, it is possible to

determine u using following relation:

o (877:)1/2]14Cii
3E2m*S/2 (kpT)>/?

(2.6)

Where h,C;;, E;,m*, kg,andT are the reduced Planck constant, elastic constant, deformation
potential constant, effective mass, Boltzmann constant, and temperature.
The elastic constants is calculated through the energy-strain curve by the following

relation:

2.7
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Where E, [, Iy, and Sy are the total energy, the lattice constant, the initial lattice constant
and the unit cell’s area respectively.
The deformation potential constant E; is estimated using edge shift with respect to the

strain

JE

E = BTN (2.8)

2.3.3 Band alignment

In multi-layer solar cells systems, the band position of absorber material should be aligned
with partner layers [10, 11]. Indeed, the eigenvalues given by DFT periodic calculations
have no significance because they depend on many calculation factors such as pseudo po-
tential choice without any external energy reference. However, all materials have the same
vacuum level, and therefore, we should determine valence band maximum (VBM) with

respect to Vacuum level i.e. the ionization potential.

IP = Evacuum - EVBM (2-9)

A second calculation is required using slab model, we need big vacuum region in the
order of 30 A in order to avoid any interaction of the slab and its periodic image. Moreover,
a large number of layers are required to assume that all layers in the middle behave as bulk
as we present in Figure 2.2

The electrostatic potential should be the plateau in the empty space and their values

represent the calculated vacuum level(see figure 2.3).
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Figure 2.2: Slab model with large vacuum space.

Average potential profile along Caxis

Hectrostatic potential, eV

0.6 0.8 1.0 1.2 1.4
Fractional coordinate

Figure 2.3: Electrostatic potential of slab model, the vacuum slab show a plateau in elec-
trostatic potential for CsPbls.

The variation in the electrostatic potential is caused by different layers. In order to com-

pute the IP we choose one core state and compare vacuum-core level in the slab calculation
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with VBM-core level in the simple bulk calculation.

IP = (Evac - Ecore,slab ) - (E VBM,bulk — Ecore, bulk ) (210)

2.4 Point defect

In all materials, point defects can be formed and are always present with different con-
centrations. They play important roles and dramatically influence material’s properties
and performances. They particularly modify mechanical, electronic, transport and optical
behavior. Hence, the understanding of defects is crucial for wide range of technologies.
Controlled presence of defects in a material allows the tuning of many useful properties for
several applications such as optoelectronic devices, solar cells [12-16] , thermoelectricity
[17-19], batteries [20-22] and catalysis... etc. Indeed, one of the most required charac-
teristic for an efficient photovoltaic device (which is the main subject of this thesis) is the
defect tolerance. This means that the intrinsic defects will not destroy the performance of
solar cells by trapping the generated carriers. The semiconductor should be elaborated in
special condition in order to reduce the SRH recombination rate. As consequence the gen-
erated carriers lifetime is long enough to be extracted [12, 13, 15]. Only defect chemistry
could provide in depth understanding of the most required properties for battery materials
such as theoretical capacity, cell voltage, transport and charge-transfer resistance... etc.
[20-22]. Defects have also great influence on the behavior of electrons and phonons. It is
possible to enhance power factor by tuning the carrier concentration and affect on the effec-
tive mass via the formation of resonant impurity levels. All these properties can be studied
with much details that are very challenging to access through experimental way [23, 24].
In this section, we try to present the problem by giving a simple practical way and mention
most recent toolkits that can be used to automate the treatment of point defects using DFT
computation . For in depth understanding of the physics behind defect DFT computation

and correction schemes, we highly recommend the much detailed review [23-29].
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2.4.1 Defect types and notation

The most common point defects are vacancies (missing atoms), interstitials (self or impu-
rities additional atoms incorporated on sites) and antisites. Point defects can be formed

directly by removed, added or substituted atoms to a perfect structure.

Substitution Vacancy
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o .\: ©C @ 0 @ /¢
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Figure 2.4: Different point defects top: substitution and vacancy, middle: antisites and
bottom interstitial.

The challenge is how we identify the interstitial site most likely to be formed because
of the large number of possibilities. Many methods were employed in order to find the
most suitable tetrahedron, octahedron body-centered cubic, face-centered cubic and hexag-
onal close packed motifs environments. However the easiest and most effective method is
provided in the python tools (Interstitial Finding Tool: InFiT) which was developed by
Zimmermann et al [30].

Usually used notation relate defect types and species, for interstitial and vacancy can be
represented by i and V respectively and define the type of atom i.e. Br; (Vp,) for Bromine
interstitial (vacancy), for substitution add Xy notation where X is the new atomic species
which occupy the atomic site of Y specie. For the charge we just add their numerical value,

for example, the positively-charged Br-on-Cs is represented by Brgsz.



Theory and Computational Methodology 39

2.4.2 DFT simulation of point defect

DFT is a powerful tool that allows us to understand the behavior of defect in materials.
Based on (relatively) simple formalism, it is possible to compute the defect formation en-
ergies by mean of first-principles ground-state calculations. We can also discuss the stabil-
ity of different defects with different charge states. We are also able to calculate the deep
and shallow thermodynamic transition levels and their concentration under various growth
conditions. Point defects are simulated in a periodic system (periodic boundary conditions)
using finite sized super cell Figure 2.5. It is well known that defect concentration is very
low and defect-defect interactions are negligible. However, for small supercell the sup-
posed concentrations are very high and defect interactions are present and affect calculated

results. This issue will be dealt with in the coming sections.

Unit cell Pristine 222 supercell Defective supercell

Figure 2.5: Supercell model to simulate point defect as a periodic system.

Other obstacle: we know about the DFT deficiency to predict the material’s properties
which are associated with the electronic structure especially the band gap, therefore, high
performance strategy should be used such GW or hybrid calculation.

Based on DFT-SC simulation many important defect’s properties can be calculated such as

defect formation energy (DFE), ionisation level (IL) as well as defect concentration.



Theory and Computational Methodology 40

2.4.2.1 Defect formation energies (DFE)

DEFE is the energy cost to create a defect X in a host material. The formation of a defect is
governed by the Gibbs free energy A¢G = AfH — TA¢S. DFT calculation are carried out in

the absence of temperature,and without any changes in volume or pressure, too.
AfG = AfH — TAfS ~ AfH = AfE + pAV ~ AfE (2. 1 l)

A¢E is the total energy change that we can get through our DFT calculations. In general,
simulated system can be divided into two categories: neutral and charged defect. For
neutral defects, formation energy Ey is well converged according to SC size and can be

calculated from the following Equation
Ef[X] = Eiot [X] — Etor [ bulk | =) mip; (2.12)

Eior [X] is the total energy of the defective supercell, Eyo [ bulk ] is the total energy of
the pristine bulk supercell (equivalent to defective one) and L; is the atomic chemical po-
tentials of added (n; = +1) or removed (n; = —1) species from the pristine bulk supercell.
On the other hand, for charged defect Ey converges particularly slowly while increasing
supercell size. Due to interaction between defect images [23—-29], correction term should
be added (see Eq 2.13 and Figures 2.6 and 2.7). However, the correction magnitude could

be sizeable.
E¢ [Xq] = Eyot [Xq] — Eot [ bulk ] - Zni.ui + qEF + Ecorr (2-13)

E;[X] is similar to what we have just showed for the neutral defect and should be re-
calculated by adding charge state q to the defect, while Eyy [ bulk | and y; are exactly the
same as neutral case. Er is the Fermi level, gEF is the electron chemical potential which is

defined as the energy cost of adding or removing electrons and E,,, is the correction term.
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Figure 2.6: Defect formation energy calculation scheme through super cell model including
corrections.

2.4.2.2 Chemical potentials

In thermodynamics, the change of particles number when a chemical species is added or
removed makes change in the energy of studied system. Thermodynamic quantities could

be written as follow:

Free Gibbs energy dG = VdP —SdT + ) uidn
Internal energy dU = —PdV +TdS + ) t;dn
Free energy dF = —PdV — SdT + ) uidn
Enthalpy dH = VdP + TdS + ¥ uidn

The chemical potential is defined as the change rate of free energy with respect to the

change in the number of atoms:

U oF oH G
Hi= (a—m)v,s - (a—m>V,T - <a—m)P,S - (a—m)P,T 1

Particles tend to move from higher to lower chemical potential. Based on this, the
equilibrium conditions of chemical reaction and equilibrium phases are studied. There-
fore, under different preparation (growth) conditions of the material, the atomic chemical
potential can be defined. In general, u; is referenced to the total energy E; of pure solid or
molecule elements.

The change in total energy when we add or remove one electron is the electron chemical
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potential which known as Fermi energy.

Chemical potential range can be computed using the following steps

1. Optimize all elements in their standard state (e.g. Br molecule and Cs pure bulk in
CsPbBr3), and compute the total energy.

2. Optimize other secondary phase (e.g. CsBr PbBr, for CsPbBr3;) and compute the
total energy.

3. Optimize the host cell and compute the total energy.

4. Use all these boundaries to define chemical stability region and chose a representable

point for Eq 2.13.

2.4.2.3 Correction terms

As discussed in previous sections, for charged defects and due to finite supercells we should
add correction terms; first, for potential alignment due to the shift introduced by defect
charge, the second corresponds to the electrostatic interactions between defects and their

periodic images. Both terms are sizeable (i.e. decrease when use a larger SC Figure 2.7).
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Figure 2.7: Convergence of formation energies with respect to super cell size for uncor-
rected formation energies, only potential alignment (PA), and Freysoldt-Neugebauer-Van
de Walle (FNV) scheme. Reprinted from Ref [31] Copyright 2018 Elsevier B.V.
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24.2.4 Potential alignment

Charged defect supercells and bulk supercells don’t have the same reference for the elec-
trostatic potential. However, all of the eigenvalues of defective supercell are shifted with

respect to that of the pristine one. We must align the potentials using the following relation.

AVy = Veore, X — Veore .1 (2.15)

Where Veore, x 1s the potential of one core level in the defective supercell and Viore 7 1s the

same core level in the host supercell.

2.4.2.5 Electrostatic correction

As discussed above, corrections are needed in order to take into account of the electrostatic

interactions between charged defect sites and their periodic images. Many forms have been

suggested for this correction, almost of them derived from the Madelung expression [32]:
2o

q
EMadelung = E (2.16)

where o is Madelung constant, and L the distances between the charges (point charges).

The charge density distribution around a defect is diffuse and doesn’t correspond to
point like model. Makov and Payne (MP) [33] treated charge screening in their expression
by including the dielectric constant of the host structure as well as the interaction between
charged defect quadrupolar moment of its charge density images. Charge is then treated as
a localized charge distribution in vacuum.

AEMP — go 2790
ree 2eL  3eQ)

(2.17)

Where Q,and () are the quadrupole moment, and supercell volume.
Other schemes were proposed in order to simplify and enhance the electrostatic correc-
tion term such as:

* Lany and Zunger (LZ) in order to evaluate a second radial moment suggest the use of
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the charge difference between both neutral and charged defect [27].

* Freysoldt, Neugebauer, and Van de Walle (FNV) suggested a new scheme with rapid
convergence with cell size . In this scheme the correction energy is computed from pristine
and defective supercell[25].

* Kumagai and Oba (KO) extended the FNV through the atomic site potentials and

dielectric anisotropy [34].

2.4.2.6 Ionization levels

Point defects often create ionization levels (IL) (see Figure 2.8 and 2.9), which are also
known as trap levels in the band gap or near the band edge where the defect can accept
or donate electrons. Removing an electron/ hole from the trap conduction/valance band

requires an energy which is relatively high for deep level.

Pristine crystal Trap level created by defect
/@\ @ CB @ ® CB
! E@——
® @ @
- L_ H

.

Figure 2.8: Carrier Generation and Recombination and defect effect. (1) sun-light (2) elec-
tron excitation (3) pair electron-hole (exciton) formation (4) recombination. Hole capture
in H trap level and Electron capture E trap level created by defect..

According Eq 2.13 we plot DFE as a function of Fermi level position from VBM to
CBM (see Figure 2.9). Neutral charge states appear as horizontal lines, while positive
charge states increase from left to right, and negative charge states decrease. Transition
level correspond to where the two charge states have the same energy in other words the

intersection between two charge states.
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Figure 2.9: Schematic illustration of formation energy vs Fermi level for different charge
state red, blue and green represent +1, 0 and -1 charge state respectively. Solid line indicate
the most energetically charge state. Three transition deep level were presented

2.4.2.7 Practical way

Recently, many softwares have been developed with useful interface to automat DFT sim-
ulation of point defect, which read potential file in cube/xsf format that can be provided
by many DFT codes. In Table 2.1 we summarize their correction schemes, compatible ab

initio code and a short description.
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Table 2.1: List of widely used toolkit for defect study with a short description and compat-
ible DFT code.

Software Description
PyCDT Python Charge Python package can be used to generate input files required
Defects Toolkit[35] for DFT calculation and process the result to directly com-
pute DFE, IL.
Build initially for vasp
PyDEEF [36] post-treatment software for ab-initio simulation with sim-

ple Graphical User Interface (GUI).
Build initially for vasp

CoFFEE [31] Python toolkit to process DFT result. Tested for wide
range of material bulk, slab (or two-dimensional), wires
and nanoribbons. Quantum Espresso was used as test in
their paper but can be used with vasp code.

Pylada-defects [37] A computational framework to automate point defect cal-
culations through VASP code.
Sxdefectalign [25, 26] A simple toolkit for defect energy correction computation

directly read potential file provided by different ab initio
codes, created for SPHInX and now can be used for VASP,
Socorro and quantum espresso codes. Already included in
PyCDT

We note that the most used correction scheme for all toolkits is FNV due to its improved

results in numerous materials.

2.4.3 Summary

In general, DFT simulation of point defect can be summarized as follow: first generate
point defect, perform optimization and calculate DFE and other related properties.
1. Generate defective structure
* Vacancy, antisite, substitution and use a software like InFiT for interstitial defect
generation.
2. Perform DFT calculation
* Pristine structure geometry optimization, dielectric constant and generate potential
file.
* Defective structure (only relaxation) compute total energy and generate potential files.
* Pure atom and molecule full optimisation.

3. Collection of parameter
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» Total energies to plot chemical potential range.

* Compute potential shifting and electrostatic correction.
4. Analysis

* Compute the DFE.

e Compute IL.
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Lead 10dide perovskite polymorphs CsPbl;

In this chapter, we use PP-PW method to investigate structure stability, electronic and
optical properties as well as some carrier transport parameters of CsPbls perovskites poly-
morphs, which according to last finding could replace MAPbI; for more stable perovskite
solar cells with high power conversion efficiency. This chapter is a modified version of
our paper [ 1] entitled “First-principles investigation on the stability and material properties
of all-inorganic cesium lead iodide perovskites CsPbls polymorphs” published in Physi-
caB: Condensed Matter and has been reproduced here with the permission of the copyright

holder.
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3.1 Introduction

Perovskite solar cells (PSCs) have attracted much attention in recent years. Compared to
other conventional solar cell materials, they provide the lowest production cost in solar
energy technology [2—6] with high power conversion efficiencies (PCE) approaching 24%
[7]. In just few years following their discovery, these materials outperformed Cadmium
Telluride (CdTe) and not far from high-purity and high production cost crystalline silicon
solar cell 26% [8]. However, organometallic perovskite are unstable and very sensitive to
moisture and oxygen due to the present of organic cations MA and FA. Indeed, the smaller
cation Cs+ (1.67 A) has been used to replace organic cation MA+ (1.80 A) or FA+ (1.90
A) which resulted in a higher thermal stability [9-15] and high PCE of 13.4% for quan-
tum dot devices [11] and 15.1 % for a thin films [10]. CsPbls has many phases. Cubic
perovskite (Pm3m) is the most studied among CsPbls perovskites [16—19] with Eg =1.73
eV [14], which is almost ideally suited for perovskite-silicon tandem solar cell [12]. Many
works have reported that this phase can be stabilized only at temperatures above 300 °C
[12, 20]. M. Roknuzzaman et al. [21] reported theoretical investigation of structural, elec-
tronic, mechanical and optical properties of Pb and lead-free inorganic metal halide cubic
perovskites and showed that these compounds are mechanically stable and have low reflec-
tivity and high optical absorption coefficients with suitable direct gap. More recently, R.
J. Sutton et al. [9], have prepared orthorhombic (SG Pnam) black CsPbl; thin-films, using
high and low-temperature preparation routes. By means of ab initio electronic structure
calculations, they also investigated the band structure of Pnam phase and showed that this
phase is energetically the most stable polymorph among CsPblj perovskites.

The fundamental properties of perovskite absorber materials are largely unknown, a
good understanding of the structure effect on the different physical properties of CsPbls
perovskite polymorphs, especially octahedral tilting impact is required [22]. In this chap-
ter, we report a theoretical study on the CsPbl; perovskite polymorphs using density func-
tional theory. We investigate the structural, electronic, optical, and some carrier transport

properties of cubic, tetragonal and orthorhombic black phases.
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3.2 Computational detail

The pseudopotential plane-wave(PP-PW) method as implemented in Cambridge Sequen-
tial Total Energy Package (CASTEP) module of material studio [23, 24] was used. The
electron-ion potential is described in average by norm-conserving Pseudopotentials [25].
Different exchange and correlation functionals are used namely Local density approxi-
mation (LDA) [26], Perdew—Burke—Ernzerhof generalized gradient approximation(GGA-
PBE) [27] and PBE for surface and solid (PBEsol) [28]. Pseudo atomic calculation were
performed for Cs:5s% 5p° 65!, Pb:5s? 5p° 5d'° 65% 6p? and 1:5s5% 5p°.

The plane-wave cutoff energy of 600 eV was used throughout our investigations. For
crystal structure relaxation, we choose k-point mesh of (6x6x6), (4x4x5) and (4x4x3)
for the cubic tetragonal and orthorhombic phases respectively. Using Broydene-Fletchere-
Goldarbe-Shanno (BFGS) method [29], all atomic general positions were relaxed until the
atomic forces were less than 0.01 eV/A with maximum stress 0.02 GPa. For the electronic
and optical properties, we used a denser k-point mesh of (8x8x8), (6x6x8) and (6x6x4)
for the cubic tetragonal and orthorhombic phases respectively. For better calculations of
the electronic properties, especially to determine more precise band gap, non-local hybrid

exchange-correlation functional (HSE06) [30] has been used.

3.3 Structure and material stability

Cesium lead iodide CsPbls has many phases; active black phases synthesised at high tem-
perature having space groups Pm-3m, P4/mbm and Pnam phases for which the unit cells
contain 5,10 and 20 atoms respectively, and inactive yellow phase (Pnma) at low temper-
ature. The challenge now is how to form the black phase at room temperature [9, 12, 13].
Indeed, cubic phase is formed at 360 °C upon cooling, however, tetragonal and orthorhom-
bic black phases are formed at 260 °C and 175 C respectively. Examination of their crystal
structures revels that these polymorphs differ mainly in Pblg octahedra, (see Figure 3.1).
First step for ab initio method is the optimization of targeted structures by the mini-

mization of internal forces and pressure. For the ¢-phase (Pm3m) and y-phase (Pnam) we
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a CsPbi3 360 °C

B CsPbl3 260 °C Cooling

y CsPbi3 175 °C
Cooling

Figure 3.1: Ideal perovskite a(Cubic) phase and lower-symmetry f(tetragonal) and
Y(orthorhombic) phases

start from the experimental crystal structures given by R. J. Sutton et al [9]. The 3-phase
(P4/mbm) is isostructural to CsSnlz hence, we use the latter structure as a starting point.
The functional choice is of great importance to treat solid system. It is well known that
LDA(GGA-PBE) always lower(higher) estimate lattice parameter and therefore we used
also PBEsol for better description of the ground state properties. The calculated lattice
constants are summarized in Table 3.1. Our calculated results are in good agreement with
experimental values [9, 31] especially those obtained using PBEsol for a (y) phases with
disagreement of the order of 0.2% a (1.02% a, 0.35% b and 0.56 % c).

Furthermore, we evaluate the thermodynamic stabilities of CsPblz phases by calculat-
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ing formation energies of our compounds from CsI and Pbl, precursors using the following
relation:
AHy =~ AE; = E [CsPbl3] — E[Csl] — E [Pbl] (3.1)

Table 3.1: Summary of calculated structural parameters and formation energies for CsPbl;
perovskites polymorphs compared to available theoretical and experimental data.

Lattice parameter (Angstrom) Formation energy (eV)

CsI+Pbl,
o-CsPbls This work LDA a=06.15 0.075
PBE a=6.41 0.010
PBEsol a=6.27 0.047
other a=6.289¢6.2646.39 ¢
B-CsPbl; This work LDA  a=8.44 c=6.28 -0.074
PBE a=8.86 c=6.51 -0.074
PBEsol a=8.67 c=6.37 -0.051
other HkK
y-CsPbl; This work LDA  a=8.95b=7.99 c=12.17 -0.149
PBE a=9.12b=8.79 ¢ =12.67 -0.107
PBEsol a=8.95 b=8.55 c= 12.40 -0.091
other ba=8.86b=8.58c=1247

aexp o CsPbl; 634 K [31]
b exp y CsPbls [9]

¢ PBEsol [18]

d PBE [19]

e FP-LAPW GGA [16]

We can see clearly that the cubic phase has positive formation energy and therefore,
this phase is energetically unstable. The orthorhombic y-phase is the most stable with total
energy lower by 9.9 meV and 13.9 meV (PBEsol) per unit formula than tetragonal and
cubic phases respectively. In general, this result agrees with previous work[9].

We should note here that, for good comparison between total energies of CsPbl3 phases,

we used the same calculation parameters (sampling 0.03 A~! and Ecut 600 eV). From this

point on, we are only interested in stable structures.

3.3.1 Thermodynamic stability regions

The equilibrium conditions of chemical reaction and equilibrium phases can be evaluated
by studying different possible species in chemical reaction (for more information see chap-

ter 2 ). Chemical potential range can be computed using the following conditions:

Ucs + Upp + 3 = AH (—5.88 for y— CsPbl; and — 5.84 for B — CsPbl3) (3.2)
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To avoid the formation of CsI and Pbl, secondary phases, we must apply the following

limits:
Ucs + 1y < AH(Csl) = —3.39eV 3.3)
Upp + 2 < AH(PDI2) = —2.40eV (3.4)
Thus
Mpp, + 24y > —2.49 for yCsPblz and — 2.46 for PCsPbls 3.5

Now we can plot the thermodynamic stability regions

-3 2 -1 0 3
0.0 T 0.0 0.0
-0.5- Pbl, 05 .95
< B CsPbl, ~
Q9 ©
= E
1.0 CSl 1-1.0 4.0
1.5 ; T A5 45 ; T 1.5
-3 -2 -1 0 3 2 1 0
Hpp(eV) Hpp(eV)

Figure 3.2: Stability diagram of y— CsPbls, B — CsPbl, Csl and Pbl, compounds obtained
by PBEsol calculations

It is clear that the stability region is narrower in 3 — CsPblz compared to Y — CsPbl;

phase, a smaller energy is therefore needed to decompose CsPblz into Csl and Pbl,.
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3.4 Electronic properties

3.4.1 Band structure

Experimentally, CsPbl; perovskites have band gaps values around 1.7 eV and according
to our calculations, all three structures are characterized by a direct band gaps as shown
in Figure 3.3. The band gap of cubic phase is located at the R point in the Brillouin zone.
However, the cubic to tetragonal to orthorhombic transitions folds the band edges from

R-to-Z-to-G (see Figure.3.3).

0(-CstI3

Energy (eV)

Figure 3.3: Calculated electronic energy band structures along the principal high-symmetry
directions in the Brillouin zone for CsPbls perovskites using the GGA-PBE functional.

We computed the Kohn-Sham(KS) band structures of CsPblz perovskites. We know
the band dispersion calculated using this method is reasonable but the calculated band gap
energy is quantitatively wrong. In order to compute Eg much more accurately we used
the hybrid functional HSE06. Many theoretical works[32-36] verified the important role
of the spin orbit coplling (SOC) effect especially for heavy elements (lead atom in our
case). In order to check the importance rule of the relativistic effect of the heavy metallic

elements we calculated the electronic band structures with and without the SOC, which
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split and downshift of the degenerated unoccupied Pb*2 p orbitals. Table 3.2 summaries,
the results of band gap calculations, with and without SOC, for CsPbls perovskites. For
comparison, results of previous works are also included in table 3.2. It should be noted
that the calculated band gaps without SOC effects are in much good agreement with slight
overestimation (underestimation) compared to the experimental value of 1.73 eV using
PBE(PBESsol). This is due to the fortuitous error cancellation between overestimation when
ignoring the SOC effect and the well-known DFT underestimation error. Therefore, when
we include the SOC, the underestimations of the band gaps become around 1.1 eV for both

B and y phases due to the well-known DFT deficiency and limitations.

Table 3.2: Calculated band gaps (eV) for CsPbls perovskites with and without SOC.

Y-CsPblj ﬁ -CsPbl;
This work GGA-PBE (withSOC) 1.78(0.68) 1.598(0.54)
PBEsol (withSOC) 1.517(0.59) 1.271(0.46)
HSEO06 2.01 1.9
Other work 1.2% 1.57#% 1.72%%%*

* LDA,** GW and ***exp.[9]

3.4.1.1 Density of state

For good understanding of the electronic properties, we computed the density of states
(DOS). Figure 3.4 shows that the calculated DOS of our three phases present many simi-
larities.

The Cs s and p states are far from the band edges, which are mainly formed by Pb and
I states. The conduction band minimum (CBM) is the result of Pb 6p states contributions
(weakly bonding with I 5p orbitals) while the valence band maximum (VBM) is mainly
formed by contribution of Pb 6s and I 5p anti-bonding hybridized states. Indeed, the elec-
tronic transition from Pb s to Pb p states and I p to Pb p states have high probabilities which

indicates Pb atoms impact on electronic and optical properties of CsPbl; perovskites.
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Figure 3.4: Calculated electronic density of state of cesium lead halide perovskites ( 8 and
0 phases).

3.4.2 Optical properties
3.4.2.1 Dielectric function

The response of a solid to the perturbation of an external electric field is described by the
complex dielectric function &(®) = € (®) + & (®)). The imaginary part determines the
possibility of all (inter band) electronic direct transitions for a photon energy value. It
is calculated from the momentum matrix elements between the occupied and unoccupied

electronic states given by:

&= Z| wilar|wy)|* 8 (Ef — E} —E) (3.6)

kvc

Qe

Where i is the vector defining the polarization of the incident electric field and w;yy
represent the valence and the conduction band states in which the direct transitions are
possible.

On the other hand, the real part €1, directly related to the refractive properties, and it is



Lead iodide perovskite polymorphs CsPbls 60

determined by Kramers-Kronig relation which takes the form

o'e CO/
g =1+4= / /22 do' (3.7)
(0]

Figure 3.5 shows the calculated dielectric function €(®) in the energy range from 0 up to

15 eV for CsPbl; perovskites.
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Figure 3.5: Frequency dependent dielectric function for CsPbls perovskites polymorphs.
Calculated within GGA.

The electronic vertical inter-band transitions from the valence to the conduction band
described by the variations of the imaginary part & (@) (red lines) a dominant peak at 3.03
eV. This peak corresponds to the transitions from I p and Pb s states to p state of Pb atom.
3.4.2.2 Optical Absorption

The absorption coefficient o is computed from the € and &, via the following relation:

20 | & (0)+8 () e
c 2

o(w) = (3.8)
Figure 3.6 shows the calculated optical absorption of CsPbls perovskites. This figure
reveals that CsPbl; perovskites are characterized by high absorption coefficient values
(o0 = 10*t010°cm™") due to the high values of DOS and direct band gap. These values

are greater than absorption coefficient of conventional materials such as CdTe as depicted
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in Figure 3.6.
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Figure 3.6: Photo-absorption coefficients of cesium lead halide perovskites polymorphs
(o, B and 7y phases) with CdTe coefficient for comparison calculated within GGA.

In general, all studied phases have the same optical characteristics with short increase
of absorption for lower-symmetry tetragonal and orthorhombic perovskites. The ideal per-
ovskite structure, however, has the best optical characteristic in accordance with previous

results.

3.4.3 Carrier transport properties

In order to study the behavior of photo generated electrons and holes after photon absorp-
tion we calculate their effective masses and exciton binding energies. The effective masses
were calculated at the Brillouin points Z and G for both energetically stable () phases
using refined energy band structure (0.001 Al separation between consecutive k-points
on the reciprocal space path) within the parabolic approximation.

Table 3.3 presents the calculated electron, hole and reduced effective masses and exci-
ton binding energies E;* for both  and y CsPbl; perovskites.

We find that the reduced effective masse of y-CsPbl; calculated within SOC+GGA
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= band spectrum without SOC
* band spectrum with spc—Pgrabola Fit
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Figure 3.7: Refined band edge plot and SOC effect for hole effective mass calculation for
0-CsPblj; perovskite using parabolic fitting.

Table 3.3: Calculated effective masses and exciton binding energy for 8 and y CsPblj
perovskites within GGA without (with SOC). Masses are given in units of the free electron
mass my.

m, e m g EX (V)
B-CsPbls  0.29(0.11) 0.32(0.14) 0.15(0.06) 5.46 0.068
Y-CsPbl;  0.28(0.17) 0.23¢  0.34(0.20),0.24% 0.15(0.09),0.1 14%,0.12¢ 5.40 0.070
aGW [9]
b exp [37]

are in good agreement with experimental data with slight underestimations. Furthermore,
the SOC also has an important effect on the effective masses. When SOC is included
in the calculations, the effective masses are underestimated and become 0.11(0.14) and
0.17(0.20)for m;; (m; ) of B-CsPbls and y-CsPbl; respectively. By comparison, the electron
and hole effective masses within GW [9] are in excellent agreement with slight overesti-
mation compared to experimental values. The exciton binding energies were calculated

within the weak Mott-Wannier model, using the following relation[38]:

ex __ u
E = 13.56? (3.9)

A\
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Where u is the reduced effective mass ( =14 L) and &; is the static dielectric con-

1
U m; ' omy
stant.
All studied CsPbls perovskites show low exciton binding energy light charge carriers,

which makes them efficient absorbing materials.

3.4.4 Conclusion

In summary, using DFT and PP-PW method, we have systematically investigated the struc-
tural, electronic and optical properties of the cesium lead iodide perovskites polymorphs.
Our results demonstrate that the orthorhombic Pnam phase is the most stable one. In addi-
tion, from the density of states we identified the important contribution of Lead atom to the
electronic and optical properties, which have direct influence on light absorption of these
materials. Our results show that these compounds have low effective masses and low exci-

ton binding energies leading to high absorption coefficient values (o = 10* — 10°cm™1).
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Mixed Halide Perovskite y—CsPbl;_,Br,

Recently, it has been suggested that partial or total substitution of lodine atoms by bromine
atoms could stabilize the preferred perovskite black phase at low temperature [ 1-3]. Hence,
it is necessary to investigate the electronic and optical characteristics of these materials. In
this chapter, the structural, electronic, some carrier transport and optical properties of the
all-inorganic cesium lead mixed halide perovskites CsPblz_,Br, with a low symmetry or-
thorhombic structure are systemically investigated. This chapter is a reproduced version
of our paper [4] entitled “Insights on the opto-electronic structure of the inorganic mixed
halide perovskites y- CsPbl;_,Br, with low symmetry black phase” published in the Jour-

nal of Alloys and Compounds.
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4.1 Introduction

In the previous chapter in order to improve material stability, we have replaced the or-
ganic molecule FA and MA by smaller inorganic cation such Cs that stabilize their per-
ovskite structure. The PCE of such compounds increases from 2.9% to 17.1% with bet-
ter thermal stability [1-3, 5-13] . Indeed, most of the researchers paid less attention to
the all-inorganic perovskites compared to the organic perovskites, due to the difficulty in
their synthesis methods, however, recently all-inorganic perovskites were fabricated and
exhibited good thermal stability. This fully inorganic compound has 1.72eV energy gap
which is suitable for perovskite-Si tandem solar cells. In order to obtain the perovskite
phase, thin films should be heated above 320° C, this high temperature damage the flex-
ible substrates. Recently, it has been suggested that partial or total substitution of iodide
by bromide CsPbl;_,Br, could stabilize the preferred perovskite black phase at lower for-
mation temperature [1-3]. Hence, it is necessary to investigate the electronic and optical
characteristics of these compounds. In this chapter, the structural, electronic and optical
properties including lattice parameter, cohesive energy, formation enthalpy, band struc-
tures, optical absorption spectra, effective masses, carrier mobility and band offset of the
all-inorganic cesium lead mixed halide perovskite y CsPbls_,Br, are systemically investi-
gated by density functional theory. Indeed, we discuss the modelling and calculations of
the inorganic mixed halide perovskites y-CsPbl;_,Br, for various Bromine concentrations.
We have examined the structural and energy stability in the low symmetry black phase of

Y-CsPbl3_,Br,. Our obtained results are compared and discussed with the available data.

4.2 Computational details

The calculations were carried out using the pseudo potential plane-wave (PP-PW) method
as implemented in CASTEP [14, 15] code with the same parameter of previous chapter.
Furthermore, to obtain the different concentration, in the first step we break the symmetry
and substitute I by Br with an interval of 2Br atoms per conventional cell. We choose in our

calculations the most energetically preferable position. In general, the best configuration
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for fast convergence is the high symmetry ones.

4.3 Structure and materials stability

The unit cell of perovskite CsPbls possess twelve I atoms Figure 4.1.We first determined
the optimized lattice constants of both CsPbls and CsPbBr; compounds and their solid

solution CsPbl;_,Br, by increasing the x from O to 1 with an interval of 0.167(2Br atoms).

Figure 4.1: Crystal cell of CsPbX3 perovskite used for different concentrations.

The detailed information about the calculated ground state parameters, such as, cell
volume, cohesive energies, and formation energies of CsPb(I;_,Br,)3 perovskites are given
in Table 4.1 along with the available experimental and previously calculated values. In
order to compute the formation energy we use Cs, Pb bulk Eg;‘lk = —548.41,E£glk =
—1657.94 and Brp, I, molecules E}”"l = —311.86 , and isolated Cs, Pb, I and Br atoms
E’CSS" = —547.4464,E}f,;’ = —1653.8379,E,E5° = —362.7713,E° = —310.4721 for the
cohesive energy.

The magnitude of cohesive energy increase, while the equilibrium volume decrease. In
Figure 4.2, we show cell volume vs Bromine concentration x. It is clear, the V vs x relation
follows Veggar’s law with a linear function V = 948.8 — 155.4x.

From (Table.4.1 and Figure 4.2), it is observed that, lattice volume values decreases

with increasing x , this behavior is explained by the larger ionic radius of iodine compared
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Table 4.1: Summary of equilibrium volume calculated using PBE and PBEsol beside co-
hesive and formation energies calculated through PBEsol method for CsPbls;_,Br, per-
ovskites compared to available experimental data.

Bromine contents x 0 0.17 0.33 0.5 0.67 0.83 1
Equilibrium volume PBEsol 948.88 921.97 89590 873.27 846.52 818.46 792.97
exp 947 [9] 796.7 [16]
PBE 983.5 979.0 9484 931.6 898.2 870.8 839.2
Cohesive energy -15.1 -15.37 -15.66 -1590 -16.2 -16.52 -16.83
Formation energy -5.94 -6.09 -626 -639 -6.57 -677 -697
9604 g ® (Calculated lattice volume PBEsol |
1 Linear Fit
830 - . 7
Experimental volume
2 900+ |
£
E 870 -
& i
-
840 -
810 - |
780 T : ‘ . : T
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Figure 4.2: Lattice volume as a linear function of Br content x

to bromine. Our results are in good agreement with experimental values reported in [9] for
CsPbl3(CsPbBr3) compounds with disagreement of the order of 0.19%(0.47%). Moreover,
the calculated negative cohesive and formation energies indicate the structural stability of
these compounds.

We have already discussed the material stability using the cohesive, and formation
energies through isolated and pure atom and molecules, but cannot give a direct estimation
of material stability. Therefore, we calculate the formation enthalpies using the following
chemical reaction: CsX + PbX, = CsPbX3

The formation enthalpy can be calculated as follows:

AHf ~ AEf = E [CsPbX3] — E[CsX]| — E [PbX,)] (4.1)
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Our calculated formation enthalpies are presented in Figure 4.3. As we can see, all
compounds have negative formation enthalpies and show an increase of their magnitudes
as a function of Br content. This is a proof of thermodynamic stability of the present

perovskites by the Br content increase.
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-0.25 1
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Figure 4.3: Calculated formation enthalpy of CsPbl;_,Br, using PBEsol functional.

4.4 Electronic properties

In this section, we present the electronic band structures and deduce their effective masses
at I' point. The results of our calculations are presented in Figure 4.4. In general, the band
structure of the seven configurations are quite similar, with gradual increase of band gaps.
Moreover, all the studied compounds exhibit a direct band gap, where the conduction band
minimum (CBM) and valence band maximum (VBM) are located at the I" point. These
semiconductors, by absorption of the photons, can generate an electron-hole pair (exciton)
without any energy loss by interacting with phonons. In (Figure 4.5), we present the cal-
culated band gaps while increasing the Br content x. The energy gap observed in CsPblj3 is
1.75eV. It observed that when Br replaces two iodine atoms, the energy gap value increased
to 1.81eV. When other iodine atoms are replaced, the band gap increases further. When all
the 12 iodine atoms are replaced by of bromine atoms the energy gap reaches 2.16 eV. This

is due to the higher electronegativity of bromine compared to iodine. Indeed, the change
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of band gaps increases quadratically as Eg=0.2x2+0.22x+1.75 (Eg=0.11x2+0.38x+0.68)
from 1.75 to 2.16(0.68 to 0.95) without (with) SOC respectively.

S e e e e e

x=0.50

Energy (eV)

: :z :/'E'é

XTI' YX 1 ' YXTYXT YX T YX T TyXT Ty

Figure 4.4: Calculated electronic band structures of mixed halide perovskites CsPblz_,Bry
as a function of Br content x around the I" point

The band edges have almost the same shape for all concentrations which indicate that
all compounds have the same effective masse. The calculated band gaps without includ-
ing SOC are found to be in good agreement with the experimental data such 1.73eV [13],
2.32eV [17] for CsPbls and CsPbBrj respectively. This is due to the fortuitous error can-
cellation between overestimation from ignoring the SOC effect and the well-known DFT

underestimation error as discussed in the previous chapter.
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Figure 4.5: Band gaps as a function of Br content x.
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4.5 Effective mass

In order to attain a deeper understanding of the charge carrier properties, we calculated the
effective masses of electron and hole around the CBM and VBM at the I' point using the
parabolic approximation (see Eq 2.4) with refined energy band structure (0.001A~") sep-
aration between consecutive k-points. As discussed previously, lead-bromine substitution
does not have high effect on the effective mass. Therefore, we present the calculated results
of pure CsPbl3(CsPbBr3) perovskites which exhibit very low effective masses 0.20(0.22)
and 0.17(0.21) for hole and electron respectively. These values are comparable with other

related compounds such MAPbI3;(MAPbBr3) my, 0.19(0.23) m, 0.18(0.21) [18]

4.6 Carrier mobility

The carrier mobility was calculated for pure compounds because of the similarity in the
band dispersion. Deformation potential theory is used as explained in chapter 2 Using the
previously mentioned relation (Eq 2.6) After the computation of effective mass, a small
deformation (-3,3) along C axe was made. First, for the elastic parameter, Cii is directly
used for both CsPbls and CsPbBr3 compounds. Using the distorted structures and from the
energy band edge, the deformation potential constant was computed. In Table 4.2 Elastic
constants, effective masses, deformation potentials and carrier mobilities of electrons and

hole for both CsPbl; and CsPbBr3; phase pure compounds were collected.

Table 4.2: Calculated effective masses, elastic constants, deformation potential con-
stants,and carrier mobilities for CsPbl; and CsPbBr3 perovskites. Masses are given in
units of the free electron mass my.

Compounds Carrier Effective mass Cii (GPa) E (eV) u (cm2/Vs)

CsPbl; E 0.17 26.9 18 409.15
H 0.20 16 361.61
CsPbBr3 E 0.21 39.18 23 225.70
H 0.22 21 236.49

It is clear that all calculated mobility for both carrier are high, this is consistent with
other previously reported results [19]. High electron and hole mobility are due to the very

small effective masses.
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4.7 Optical properties

In order to estimate the optical properties such as the photo-absorption coefficient, we
first determined the frequency-dependent dielectric functions € = €; 4+ i&. The computed

dielectric function are plotted in the range of 0-20 eV (Figure 4.6).
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Figure 4.6: Calculated frequency dependent dielectric function for CsPb(I;_,Bry)3 per-
ovskites.

In the imaginary part, several main peaks are observed which originate from the elec-
tronic transitions from I-p/Br-p, Pb-s in the valence band to the Pb-p state in the conduction
band. The static dielectric constants give information about the material electronic polar-
izability which decrease linearly with a function of Br content x as &(x) = 5.70 — 1.15x
(see Figure 4.7).

The photo-absorption coefficient is a crucial factor for determining the light-harvesting
ability of material as solar energy absorber . We have calculated this physical parameter
using the dielectric functions through the relation (Eq 3.8). The calculated absorption

coefficients of CsPb(I;_,Bry)3 as function of photon energy are presented in Figure 4.8.
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Figure 4.7: Static dielectric constants of mixed halide perovskites CsPb(I;_Bry)3 when

increasing.

-

1.2E+05
. 206404
P'E 1.0E+05 - 1.8E404
(&)
= 1.6E404
.g 8.0E+04 | 1.4E404
é 1.2E404
@ 2.2
S 6.0E+04 |
c [ ().0
;c%l  f—0.17
5 4.0E+04 | 033
2 0.50
< 0.67
2.0E+04 0.83
| —10
0.0E+00

23 24 25 26

1 1 1 1 1 1

Figure 4.8: Calculated photo absorption coefficients for CsPb(I}_,Bry)3 perovskites.
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Obviously going from Iodine to bromine substitution decrease the absorption coeffi-

cient of mixed halide perovskite. In general, all these compounds are characterized by high

absorption coefficient compared to other conventional materials such as CdTe as shown in
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Figure 3.6.

4.8 Band alignment

The above result show that studied compounds have great potential to be powerful absorber
materials. However, we should first compute their band position in order to choose the best
suitable partner layers, which is very important for the solar device optimization. First,
ionisation potential (IP) was computed using vacuum slab as we explained in chapter 2. For
this purpose, 17 alternative layers were constructed. We choose 30 A as empty space. The
electrostatic potential as well as electronic density in the vacuum region were checked. It is
clear there are no interaction between alternative layers. Energy difference was computed
between vacuum level and one Cesium core state far away from surface and align VBM
from bulk calculation using relation Eq 2.10. In the next figure, we compare IP to other
partner to choose possible potential contact layers. Ionization potentials and band gaps of

ETM and HTM have been taken from the literature [20].
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Figure 4.9: Band alignment of CsPbBr3 and CsPbls. Ionization potentials and band gaps
of other materials have been taken from the literature.

It is clear from Figure 4.9, that band alignments between both CsPbl; and CsPbBr3; and

the commonly used ETM show that all Cgy SnO, ZnO and TiO, have lower CBM. There-
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fore, these ETM are suitable for both CsPblz and CsPbBr3; based photovoltaic devices. The
same note, for HTM all three compounds have higher VBM demonstrating that these HTM

are also match well with both studied materials.

4.9 Conclusion

In summary, based on density functional pseudo-potential plane wave calculations, we
have studied the material stability of seven y — CsPb(I;_.Bry)3 alloys perovskites. The
electronic properties and light absorption characteristics of these compounds have been
presented. The results show that, the iodine partial substitution significantly enhances ma-
terial stability. Furthermore, the increase of Br content leads to a linear decrease of lattice
volume. On the other hand, static dielectric constants decrease quadratically while the band
gap increase quadratically with Br concentration x. After band alignments between both
CsPbl; and CsPbBr; and the commonly used ETM and HTM it is clear that all studied

material are suitable for both CsPbl; and CsPbBr3; based photovoltaic devices.
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Defect Chemistry of CsPbl; and CsPbBr;

Perovskite

Full inorganic perovskite are one of the most promising photovoltaic material due to their
exceptional optoelectronic properties, which are extensively discussed in the previous chap-
ters. The high PCE is directly related to their low recombination rate even in the presence
of defect. In this chapter, we try to give in depth understanding of defect chemistry of

CsPblz and CsPbBr3 perovskite through DFT method.

80
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5.1 Introduction

Hybrid organic inorganic halide perovskite are promising materials for high efficient and
low cost solar cells. This is due to their optimal optoelectronic properties such as suitable
and tunable band gap, high optical absorption coefficient, high electron and hole mobil-
ity, low exciton binding energy, large diffusion length and high life time. Beside their
surprising defect tolerance, which is one of most required characteristic for an efficient
photovoltaic device i.e. the intrinsic defect will not destroy the performance of solar cells
by trapping the generated carriers. However, the semiconductor should be elaborated in
special condition in order to reduce the Shockley-Read-Hall recombination rate, as conse-
quent the generated carriers lives enough time to be extracted and thus a high Voc.

Many recent works show that hybrid halide perovskite which are prepared by a cheap
solution processing at low temperature have a low density of traps of 10! cm 2 and 106
cm ™3 for single crystal [1, 2] and polycrystalline [1, 3, 4] material respectively. Other re-
port, using hybrid DFT calculation shown that iodine interstitial could induce a deep levels
in MAPbI3 gap. Moreover, Daniele Meggiolaro and co-worker [5], by combining first-
principles calculations with photoluminescence and transient absorption measurements,
showed that iodine chemistry could determines the defect tolerance in MAPbI3 perovskite
and explain the enhancement of the optoelectronic properties by doping. they also de-
mostrated that chlorine and bromine doping could deactivate iodine hole traps by shifting
the transition levels from deep to shallow. However, compared to HOIP that was studied
extensively, a light study on full inorganic perovskite was carried out. Indeed, among the
purely inorganic halide perovskite, defect properties of CsPbBrs has been studied by Ref
[6] using DFT calculation. Like their cousin (MAPDI3) this compound show a high defect
tolerance, with most of defects introducing shallow traps in the energy gap and few defects
create deep transition levels with high formation energy.

The aims of this chapter is to give an in-depth understanding of the formation mecha-
nisms of intrinsic point defect in full inorganic perovskite and discuss their effect on PSCs

efficiency through DFT method.
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5.2 Computational details

First-principles pseudo potential plane wave calculations was carried out using Quantum
espresso code [7]. Norm conserving pseudopotential[8—10] was used. Plane-wave cut-off
energy of 50 Ry and 4 x 3 x 4 k-point with an energy convergence threshold of 10~
eV per unit cell. Calculations were carried out using PBEsol-GGA exchange correlation
potential. [11]. In order to simulate point defect, 80 atoms supercells were used 221(212)
for CsPbls (CsPbBr3). The defect formation energy was calculated including potential
alignment and electrostatic corrections using the relation Eq 2.13. In this work, we use

FNV [12] correction scheme and [13] to include dielectric constant anisotropy.

5.3 Pristine structure

We first perform our study on the pristine structure of CsPblz and CsPbBr3 perovskites in

their orthorhombic phase (see Figure 5.1 ) which is the most stable perovskite structure.

Figure 5.1: Crystal structure of CsPblz and CsPbBrs perovskite. The green, gray, purple
and brown balls represent Cs, Pb, I and Br atoms respectively.

In Table 5.1, we summarize the calculated lattice parameters, formation energies and
heat of formation for the two compounds compared with other previously published exper-
imental data.

It is clear that our calculated lattice parameters show a good agreement with the exper-
imental values. Indeed, it is common knowledge that PBEsol-GGA gives more accurately

values compared to PBE-GGA and LDA. Moreover, CsPbBrz show much better stability
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Table 5.1: Calculated ground state properties: lattice parameter, Heat formation (from
Csl CsBr PbBr; and Pbl; precursor), and formation energy (from Cs Pb bulk and Br; I,
molecules) for CsPbls and CsPbBr3; perovskite using PBEsol.

Lattice parameter (A) Heat of formation(eV) Formation energy(eV)
CsPbBr3 8.37,11.63,7.99 -0.29 -8.01
8.37,11.49,7.61 [14]
8.25,11.75, 8.20 [15]
CsPbl3 8.91, 8.34, 12.32 -0.08 -6.89
8.86, 8.58, 12.47 [16]

than CsPbls, which already discussed in the previous chapters.

5.4 Defective CsPbBr;

5.4.1 Chemical potential

In order to simulate point defect for different growth conditions of CsPbBrs we compute
chemical potential limits using CsBr, PbBr;, Cs, Pb bulks and Br, molecule. CsPbBrj is

formed when the following chemical potential condition is satisfied:

Lics + Up, +3pp, = AH (—8.01 for CsPbBrs) (5.1)

To avoid the formation of CsBr and PbBr; secondary phases we must have the following
limits:

,LLCS +uBr < AHCSBV — _3.816‘/
Mpp +2p, < AHpppr, = —3.91eV

Now we can plot the thermodynamic stability regions Figure 5.2.
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Figure 5.2: Stability diagram of y-CsPbBr3, CsBr and PbBr, compounds obtained by
PBEsol calculations. A, B, and C points represent Pb-poor/Br rich (A), Pb/Br-medium
(B), and Pb-rich/Br-poor (C) growth conditions.

It is clear that CsPbBr3 compounds have low dissociation energy, therefore, the growth
condition should carefully be controlled in order to form the exact stoichiometry. The ob-
served long shape gives the opportunity to form n-type or p-type absorber during different

growth condition.

5.4.2 Defect formation energy

The Defect formation energies (DFE) of charged defects are calculated using the Eq 2.13
for a supercell containing 80 atoms which is sufficient for this type of study. First, we
perform structure relaxation until forces for each atom are below 0.003 Ry/au. All possible
intrinsic point defects for CsPbBr; were studied, including three vacancies (V¢g, Vpp, and
Vgr), six antisites (Cspp, Csgr, Pbcy, Pbgy, Brcg and Brpy, ) and three interstitials (icy, ipp,
ipr). We chose three representative points, which are marked by red points (Figure 5.2)
Pb-poor/Br rich (A), Pb/Br-medium (B), and Pb-rich/Br-poor (C) growth conditions. In
Table 5.2, we present the calculated DFE for neutral state of CsPbBr; compound.

As presented in Table 5.2 Cesium vacancy is the dominant defect under Bromine rich
condition, since it has the lowest formation energy of 0.049 eV. V¢, also is dominant under
Pb moderate condition with formation energy of 0.815 eV. In addition, under Br poor

condition all defects have formation energies higher than that of Pbc, antisites of 1.197eV.
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Table 5.2: Calculated defect formation energy of neutral defects for CsPbBrs3.

Ves Veb Ve Csp,  Csp,  Pbcg  Pbp, Brcg  Brpy, gy ipp iBr
A 0.049 0.199 3.081 0.530 6.869 2.937 7.398 0.801 0.615 3.393 5413 0.321
B 0.815 1.839 2279 1404 5.301 2.063 4.956 2369 3.057 2.627 3.773 1.123
C 1785 3.659 1.349 2254 3401 1.213 2.206 4.269 5.807 1.657 1953 2.053

Vp, also shows low formation energy compared to other defects under this condition. All
these results show good agreement with previously reported results [6].

In order to investigate ionization energy we compute defect formation energies of dif-
ferent charge states including electrostatic correction as well as potential alignment (for
more detail see chapter 2). Charged DFE for CsPbBr; compound in different growth con-

dition are collected in the Figure 5.3.
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Figure 5.3: The calculated formation energies of intrinsic point defects in CsPbBr3 at A,
B, and C growth conditions. We ignored defects with much high formation energies.

It is clear that only some defects have low formation energy (-1.5 1.5) and all de-
fects don’t create any deep level which explain the high performance of these compounds,
namely large carrier life time and diffusion length as well as high V,.. However, other
works by mean of HSE06+SOC show that Bri and Vp, crate deep levels. We should note
that HSE06+SOC is very expensive method, therefor, they only perform HSE06+SOC en-
ergy calculation without relaxation (relaxation using PBE) that could not much affect the

band gap value but we assume that it has significant effect on the calculated formation en-
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ergies. Very small residual forces can have significant change on the computed energy and

therefore may change the results and influence our understanding.

5.5 Defective CsPbl;

5.5.1 Chemical potential

The same method is used for CsPbls, we first compute chemical potential limits using
Csl, Pbl,, Cs, Pb bulks and I, molecule in order to compute point defect formation energy
for different growth conditions. CsPblz should be formed when the following chemical

potential condition is satisfied:

Ucs + Upp + 3 = AHcsppr, (—6.89) (5.2)

To avoid the formation of CsI and Pbl, secondary phases. We must apply the following
limits:

Ucs + W < AHeg = —3.43eV
Upp +2Ur < AI‘IM,[2 = —3.38¢eV

Now we can plot the thermodynamic stability regions

As we can see in Figure 5.4, it is clear that CsPblz compound have lower dissociation
energy compared to CsPbBr3, which agree well with the previously presented results . Of
course, the growth conditions should carefully be controlled in order to form the exact
stoichiometry. However, like CsPbBrj this long shape leads to a flexible conductivity from

n-type, intrinsic to p-type absorber using different growth conditions.

5.5.2 Defect formation energy

The formation energies of charged defects are calculated using the same 80 atoms supercell
size and conditions . All possible intrinsic point defects in CsPbl; were studied, includ-

ing three vacancies (V¢s, Vpp, and Vp), six antisites (Cspp, Cs;, Pbcg, Pby, Ics, Ipp) and
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Figure 5.4: Stability diagram of y-CsPblz, CslI and Pbl, compounds obtained by PBEsol
calculations. A, B, and C points represent Pb-poor/I rich (A), Pb/I-medium (B), and Pb-
rich/I-poor (C) growth conditions.

three interstitials (icy, ipp, ir). We choose three representative points, which are marked by
points (Figure 5.4) : Pb-poot/I rich (A), Pb/I-medium (B), and Pb-rich/I-poor (C) growth

conditions. DFE for CsPblz compound for neutrals state collected in the Table 5.3.

Table 5.3: Calculated defect formation energy of neutral defects for CsPbls.

Ves Veb Vi Cspp Cs;  Pbcs Pbp g Ipy, ics ipp i
A 0371 0354 2110 0.554 5.113 2.283 5.698 0.224 0.106 2471 4395 0.702
B 1.057 1732 1422 1246 3.739 1.591 3.632 1.597 2.171 1.786 3.018 1.390
C 1.867 3.356 0.610 2.060 2.117 0.777 1.196 3.220 4.608 0.975 1.393 2202

It is clear that many defects have a low formation energy under I rich condition, contrary
to I medium and I poor conditions. Therefore to avoid this defect it is possible to change
growth conditions to medium especially for Vp, and i; defects which could create colour
centres according to other studies [5, 6].

In order to investigate the defect chemistry we compute the defect formation energy of
different charge states. Charged DFE for CsPblz compound in different growth condition
are collected in the Figure 5.5.

It is clear that DFE have almost a similar behavior to CsPbBr3, only several defects
have low formation energies (-1.5 1.5). There are no deep levels only few ionization level

were pinned inside CB, which explains the high performance of these compounds.
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Figure 5.5: The calculated formation energies of intrinsic point defects in CsPbl; at A, B,
and C growth condition. We ignore defects with much high formation energies.

5.6 Conclusion

We have performed DFT calculations to study the defect properties of CsPbl; CsPbBr3

perovskite. Several defects can be easily formed under halide (Br,I) rich conditions es-

pecially for CsPbl; perovskite. Thus avoiding these growth conditions should be used to

reduce the defect concentration. We did not find any deep levels unlike previously reported

in [5, 6]. This result discrepancy may be explained by the used calculation method and

parameters. However, we all agree that intrinsic defects that may create deep levels have

high formation energies especially under specific growth conditions. We should note here

that we have studied only pure orthorhombic phases which represents the most stable per-

ovskite structure however other phases may be formed and create deep energy levels or low

energy defect. Other trap states may be formed in the interface between perovskite layers

and hole or electron transport material.
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Conclusion

In this thesis, first-principles method has been used to study the emergent perovskite ma-
terials for optoelectronic applications, with a main focus on photovoltaic applications.
Background information regarding photovoltaic as well as perovskite materials, which
are considered in this thesis were provided in Chapter 1. The next chapter outlined the
first-principles methods with focus on the theoretical methods used in this thesis to extract
physical parametrers. We intend to exhibit how density functional theory was used for
compute specific properties such as carrier mobility and defect properties.

In Chapter 3, Ab initio techniques were used to investigate the electronic structure of
full inorganic Cesium Lead Iodide CsPblz polymorphs. Total replacement of the organic
molecule in hybrid organic-inorganic perovskite with Cs™ cation was used to increase the
chemical stability. The obtained results demonstrate that the lower symmetry orthorhom-
bic Pnam phase is more energetically favourable compared to tetragonal phase and the high
symmetric cubic phase. From density of state, it is clear that lead atom play significant role
in the electronic and optical properties, which has much influence on light absorption of
material. All studied polymorphs have low effective masses and high absorption coeffi-
cient.

In chapter 4, to increase material stability and tune band gap as well as other opto-
electronic properties we use solid solution approach to study the low symmetry black
CsPb(I3_,Br,) perovskites. The electronic properties and light absorption characteristics of
black phase has been presented, too. The iodine — bromine partial substitution significantly
enhances material stability. Furthermore, static dielectric constants decrease quadratically
while the band gap increase quadratically with a function of Br content this result can be
used in order to obtain ideal concentration to tune band gap. Band alignment approach was
used to find suitable electron and hole materials.

The main focus of the last chapter was to understand the high power conversion ef-
ficiency of perovskite materials which elaborated using simple solid solution process. In
this chapter, by mean of super cell approach and using FNV-KO scheme we investigate the

defect chemistry of CsPblz and CsPbBr3 perovskites. Indeed, all possible intrinsic point
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defects in both CsPbBr3 and CsPblz were studied including formation energies and charge
transition levels. It is clear that the most defect create shallow level without any deep level.
The intrinsic defect that may create a deep level have high formation energies especially
under specific growth condition (Br/I poor condition). We should mention, during this
thesis only most stable and pure orthorhombic phase was studied. However, other phase
may formed under specific conditions and create a deep level in lower energy, other trap
state may formed in the interface between perovskite layers and hole or electron transport
material.

Our future aim is to use more sophisticated techniques to obtain best possible results,
study this kind of materials in large-scale level, and apply machine learning to get in-depth
understanding on structure-property relationship and develop ML model to predict defect

chemistry of PSCs.
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