A ) Agla) Ragal) Ay i ) Ay ggand)
République Algérienne Démocratique et Populaire
(Alad) as Lail) 5 ) g —atad) &ual) g

Ministére de I’Enseignement Supérieur et de la Recherche Scientifique

Université MUSTAPHA Stambouli (Hoabaul Lhas daala

Mascara (? gL ¥

Faculté des sciences exactes

Département de physique

THESE de DOCTORAT

Spécialité : Matériaux et énergie photovoltaique

Intitulée

L’effet de la balance de charges sur les performances des
Matériaux photovoltaiques

Présentée par : M°"¢ LARBI Rekia
Le 29/01/2025

Devant le jury :
Président Riane Houaria Professeur U. de Mascara

. . USTO-MB
Examinateur Baadj Salim MCA

Dahou Fatima Zohra

Examinateur Professeur U. de Mascara
Directeur de these Sahnoun Omar MCA U. de Mascara
Co-directeur de thése Sahnoun Mohammed Professeur U. de Mascara

Année Universitaire : 2024-2025



Adl) Akl Ragal) 4 i ad) 4 sganl)
People's Democratic Republic of Algeria
) o Lail) 351 59 madat) Giayl)

Ministry of Higher Education and Scientific Research

University MUSTAPHA Stambouli A gmabal Lihaa daaly

Mascara (? gL ¥

Faculty of Exact Sciences

Department of Physics

DOCTORAL THESIS

Specialty: Materials and photovoltaic energy

Title

The effect of charge balance on the performance of photovoltaig
materials

Presented by : Miss. LARBI Rekia
Defended on : 29/01/2025

In front of the jury :

President Riane Houaria Professor U. of Mascara
Examiner Baadj Salim MCA USTO-MB

Examiner Dahou Fatima Zohra Professor U. of Mascara
Supervisor Sahnoun Omar MCA U. of Mascara
Co-supervisor Sahnoun Mohammed Professor U. of Mascara

Academic Year : 2024-2025



Table of contents
NIl INTFOTUCTION ... ettt ettt e et e e eetaes e easeetessattees setaessesstesesetstesenenteessennnesanaes 01

Chapter I: Ferroelectricity in Perovskites for Photovoltaics
g R 1o Yo {1 o o PSR 09

[-2. OVErvIieW Of PErOVSKITES....covi ettt e e s e 10
I-2.1. Classification of Perovskites...........ccceceeververvennnneness e cveeneeneiniinnnnnnn 10
[-2.1.1. Presentation of simple perovskite .........cccceeveeveecceecveencee e 10
[-2.1.2 Hybrid organic_inorganic perovskite........ccoooeevveiveevveesevecee e 12
[-2.1.3 Double Perovskites........cccevumimineinininiieee e e ee e 14
I-2.1.4 Halide Double Perovskite Material..........cccocvevieeeiininnnen e 15
[-2.1.4.1 Indium In(l) and Bismuth Bi(lll) halide double perovskite....18
[-2.1.5 Hybrid Halide Double Perovskite.........cccceveevvvevcesecceeceeciee e 19
I-2.2. Working principle of perovskite solar cells........ccccoveveeivveiincvieenn. 20
I-2.3 Recent Advances in Perovskites Ferroelectric Materials for Photovoltaic
Yo o] 1=} 4 o -3 USRI 23
I-2.4 Evolution of Perovskite Solar Cells..........ccccoevevmnininininincccnenenn . 24
I-3 Energy: the case for Renewables and Photovoltaics .........cccceeeeecvevvee e 27

[-3.1 The PhotoVOItaiC ffECt ..o ettt e e a0 28

[-3.2 The Schockley-Queisser [iMit.......ccccecvvveiiiiiieenee e e 30
I-3.3. General Photovoltaic properties: Voc, Jsc, FF and efficiency................ 31
[=4, SLIMIE. ...t it ettt ettt ettt et st st st st e s s et sa et eae sae et st e e en s enseneeans 35
I-5. Ferroelectric PhotoVOItAIC.......cici i e 37
I-5.1. Ferroelectric Material......coovviie e e 37
[-5.2 The perovskite ferroeleCtriC. ... e e 39
I-5.3 Photovoltaic effect in the perovskite ferroelectric oxides.................... 40

I-6 Classical PV effect in p-njunction.......ccccccveveiecceiciciese e 40
[-7 Bulk photovoltaic effect (BPVE)......ccccveveveeeiiececceieectecrveecre e senneennn 41



I-8 Factors affecting PV properties in FE.........oucieve et e

(8. POlariZatiON e e ettt eee e eeeeeeeeeeseee ee e aenaanseeeesessaes snennnnnnann

L8, 2 DO TS e eee et et eeeeee e eee e eeeeeeeeeeeeeaeere e s seaseneeesesseennennenneaansanens

[-8.3 BANdEap €NGINEEIING.....ccieiiriiiiie ettt et s s
[-9 the ferroelectric SWitching Darrier........co e e

I-10 Formal Description of the Berry-Phase Theory.......cccccvveeveieeese e
[-11 Wannier representation and Berry Phase.......cccoueeeeiviiecceeiviieccee e
[-12 CONCIUSION oottt ettt et st e st e st st e e e e st e es s s

271 oY Lo} = =T o] 1 128 T

Chapter Il: Calculation methods and Formalisms

1.2 INErOQUCTION. .. ittt et st st st st e eaeeae s ess e ae s
[1.1.1 The Schrodinger EQUation........ccccoueeeeiceiecee e e

[1.1.2 the different approximations of the Schrodinger equation...........
[1.1.2.1 The Born-Oppenheimer approximation.........cc.cccceevveereeennnns

[1.1.2.2 The Hartree approXimation.......c.cccceeveeerveeseeerveeseectreccee e e

[1.1.2.3 The Hartree-Fock ApproxXimation........ccceeeeeveeeeeveeeeneeveeecee e

[1.2 Density FUNCLIONAl ThEOIY....coi ettt e
[1.2.1. the Electron densSity.....ccccveveeiiecieieiee e e e e

[1.2.2. The Thomas-Fermi approximation........ccc.cceveeevecieeeeenriee e,

[1.2.3. The Hohenberg-Kohn Theorems.........ccueeeveevveeceerveecee e



[1.2.4. The Kohn-Sham EQUAtioNs.......ccccceceeveiecee e 76
[1.2.5. The Exchange-Correlation Functionals.........ccccooeeveiveecnccennnnn . 77
[1.2.6 Solving The Kohn-Sham EqQuations........ccccceueevvveiceineveciennesveineennn. 78
[1.3. Approximations used in DFT.......ccccovvviiviinieiiinne e ceeseeesies e sve e senvenens 79
[1.3.1. The local density approximation LDA.........ccccceeerevvecceecciecceeceeeeen 79
[1.3.2. Generalized Gradient Approximation GGA.........ccccceveevvvrecrecceenenn. 81
[1.3.3. Modified Becke-Johnson potential (mBJ)......cccevvvecenecreneeeen.. 82
[1.4 SPIiN-0rbit COUPIING...cc i e e s e 83
[1.4.1. Intrinsic Spin-orbit COUPliNg.......cccccevieeveecieece e 002 83

[1.4.2. Dresselhaus-type Spin-orbit Coupling: Bulk Inversion Asymmetry

[1.4.2. The APW Method........cocoiiiiiiiiii e e e e 90
[1.4.3. La MELhode FP-LAPW.......oovierie ettt ettt e e s 92
[1.6. WIENZ2K COU...cutiiiteieeteiee ettt ettt st et steste st see e ns s s aes s asesneasesas sueseenensenns 93
1.6.2. INITIAlIZAION wveeii e s s s 93
11.6.2. Self-Consistent Field (SCF).....cccocveiveivieieicece e svveevies e e eeee 93

[1.6.3. Calculations and determination of properties.........cccoceevevrveeeneennnn..93



[1.7 CONCIUSION ettt eeeee e eeeeeeeeeeseesnensesesansenseesessesseeseessennnssnsenseseneeeeees D

2T oY Lo} =T o 1 /7% USRS - V|

Chapter lll: Switchable photovoltaic properties in ferroelectric Lead-Free

Bismuth Halide Double Perovskites
F T R gk d o Yo [ VTt Ao Y o IO 102

[1I-2 Lead-Free Halide Double Perovskite Materials Toward Green and Stable

Optoelectronic APPlCAtioNS.....cceicveciie e et e e e e 106
[11-3 Computational Methods........ccuee e e e e 107
[11-4 Main calculated reSUILS.......ooeeeeeeeee e e e 108

[11-4.1 Structural properties and stability structural parameters............... 108

[11-3.2 Band structure and density of states .......c.cceceevvecveevecceecveceiiennn. 110
[11.3.3 Effective mMass tENSON ...ttt 116
[11-3.4 Electron localization function ELF and Chemical bonding............... 117
[11-3.5 Binding energies of the excitons ........ccccceeevveeveevevecvecceeeccee e 120
[11-3.6 The SPin teXTUIe ....cveeeee ettt eeeeneeeeeesneesneennns L 20
[11-3.7 Optical ProPerties.....ccciccerieeecieieecte ettt et eaeeer e ere s nesre e 125
[11-3.8 Photovoltaic (PV) Characteristics ......ccceevveevrveeceeevrvecceeceveeceeceeeeeneenn 132

[11-3.9. Spontaneous polarization .........cccevevveecceeeieese e eseiee e 137

[11-3.10. Linear bulk photovoltaic effect......cccccceeveeiiciviicereceeeen.. 138



[11-4. CONCLUSION AND OUTLOOK.......cccerueriiirrinriecnriensiecniies e ennvesseecnnnenn. 140

2T oY Lo} = =T o1 1 2% TP U ¥

Chapter IV: Assessing the performance of SFPbi3 from DFT

and SLME calculations for photovoltaic applications

V-1 INtrodUCTION..c..iiii ittt et e e e e s 147
IV-2 The bulk Rashba effect..........cc e 149
RV Y =Y aTo Yo Fo] [o =AY TSR 150
V-4 ReSUItS aNd DiSCUSSION....cuiirierierie ettt ettt ettt es e e e sttt s s s 152
IV-4.1 Stability and Structural Properties........cccoeeevveevieevceseevieeseeviieennnnn 152
IV-4.2. EIeCtronic StrUCtUre......cco oo ve vttt eseses s s 1D 3

[V-4.3 Optical Properties ... ecveiie et et eae e 160
IV-4.4 FerroelectriCc Properties.......co e e ecevee e ecteecree et s se e e 164
IV-4.5. Photovoltaic Properties.......occueeeieevieeceeerieereeceiesseeeeeeesvesveesseeennenn 165
IV-5 Implications for Photovoltaic and Spintronic Applications...........cc........... 169

[V-5.1. EleCtroNiC ProPerti€sS....cccviiieeceteesieeeeeeeesreeceeereaeeee e e eesreaeseesaeens 170
[V-5.2. Optical ProPerti€s ......ccvecveeeereiieecriecee et et e sareeaaee s 173
IV-5.3. Solar cell parameters....... et et v eraeas 175
[V=5 CONCIUSION ..ottt ettt st st st s st sneseeeeesseessessesssessessessnssessenses L1 T

BibIOGIaPNY . et sreserae s saeseraeseneeennen s L T T


https://arxiv.org/abs/2401.05296
https://arxiv.org/abs/2401.05296

Chapter V : Photoconversion efficiency of polar double lodide perovskite

(CsRb)(GeSn)l6

V-1, INErOdUCION..c.cceii e e e e s
V-2. Computational Method.......ccccooeveeiieeee e
V-3. Results and DiSCUSSION.......c.ueueieirierierie e e
V-3.1. Structural properties........ccoevueerceeviecce e e
V-3.2. Electronic Structure and Optical Properties.......ccccovvveeverveeveennnns
V-3.3. Photovoltaic Performance...........ouueeenenieniennenene e e e
V-3.4. Ferroelectric Properti€s......cccvveivecceieiee e steeee et e e eesae e e
V-4, CONCIUSION ..ttt e ettt ettt e e e st sttt e e e aaeeneene
211 oY Lo} == o] 1 Y28 OO USRI

GENEIAl CONCIUSION .ottt ettt e e teeeeeeeeseeeeesessaneassen s nseneereneeseesaenassesas

198

200

201

206



Figurel.1:

Figurel.2:

Figurel.3:
Figurel.4:

Figurel.5:

Figurel.6:

Figurel.7:

Figurel.8:

Figurel.9:

Figurel.10:

Figurel.11:

List of figures

Evolution of photovoltaic solar cells

Diagram illustrating the unit cell of a generic perovskite crystal
structure on the left, along with a view of the BX3 octahedra, to the
right. Diagram of The idealised cubic perovskite crystal structure.

General crystal structure of CH3NHsPbXs perovskite.

The diagram illustrates two different device architectures:
meso-structured and planar. In the meso-structured device, an
Al203 scaffold is used to minimize pinholes in the MAPbI3 layer,
whereas the planar device relies on the deposition process to create
a seamless MAPbI3 film. In this example, the Spiro-OMeTAD layer
extracts holes, while compact TiO, removes electrons from the
perovskite layer.

The double perovskite structure. Two divalent cations at the B-site
of the AB(lI)X3 perovskite structure (left) are replaced with a
monovalent and a trivalent cation to form the double perovskite
A2B(1)B_(llI)X6 structure (right).The two types of octahedra in the
double perovskite remain corner-sharing. When the B(l) and B_(lll)
cations are ordered in a rock-salt.

Charge transport channels in perovskite solar cells (a) using
mesoporous medium (b) planar perovskite structure

A Energy band levels diagram and charge transport processes of
electrons and holes in perovskite solar cells. The arrows (1-7)
indicate the direction of the charge transfer. The blue circle
represents the electrons with a white minus sign, and the holes are
the purple circles with a white plus sign. (FTO-Fluorine —doped Tin
Oxide coated glass).

Graph showing the rise in power conversion efficiency (PCE) of
Perovskite Solar cells.

Numbers of publications with the topic on perovskite solar cells
(PSCs) from 2015 to 2024. The publication data is adapted from ISI
web of science database.

Chart depicting the record cell efficiencies for multiple materials
families, published as of the end of 2024. This plot is courtesy of
National Renewable Energy Laboratory (NREL), Golden, CO Available
from: https://www.nrel.gov/pv.

Representation of photoexcitation of an electron (green circle) in
direct and indirect semiconductors. The electronic transition in each
case is represented by the black arrow, while the incident photon is
represented by the purple and a phonon, providing the change in

10

11

13
14

18

21

22

24

26

26

29


https://www.nrel.gov/pv

Figurel.12:

Figurel.13:

Figurel.14:
Figurel.15:

Figurel.16:

Figurel.17:

Figurel.18:

Figurel.19:

Figurel.20:

Figurell.1:

Figurell.2:

Figurell.3:
Figurelll.1:

Figurelll.2:

Figurelll.3:
Figurelll.4:

Figurelll.5:

momentum for an indirect transition, by the brown arrow
respectively.

The Shockley Queisser limit for a single junction solar cell, given as a
function of cell efficiency against band gap of the absorber layer.

J(V) curve for a hypothetical solar cell, marked by a red line, with

the positions of Jsc and Voc marked. The fill factor, FF, is
represented by the ratio of the areas of the blue rectangle (defined
by Jsc and Voc) and the pink rectangle (defined by the point of
maximal power output, at (JMP,VMP)).

Flow chart of 32 crystal classes.

Ferroelectric ABO3 perovskite structure in a) cubic phase above Tc,
b) tetragonal phase below Tc for up and down polarization states.
Typical P-E hysteresis loop of a ferroelectric material below its Curie
temperature (Tc). Above Tc, the crystal has no spontaneous
polarization.

Photovoltaic effect schematics in a) a semiconductor p-n junction
and b) ferroelectric based capacitor device.

Schematic illustrating the photoexcitation processes in (a)
centrosymmetr ic crystal and (b) non-centrosymmetr ic crystal.
Various perovskite oxides with their bandgap.

One-dimensional chain of alternating cations (pink postively charged
ion cores) and anions (green positively charged ion cores with their
associated negatively charged valence electron cloud).

Illustration of the self-consistent field (SCF) procedure for solving the
Kohn-sham equations where cc represents a suitably selected
convergence criterion.

A schematic overview of the effective term of the Rashba-type spin-
orbit coupling originating from an electric field. The z-component of
the real spin is indicated by an arrow at each orbital.

Muffin-tin potential.

Schematic illustration of the transformation from APbX3 to A2M(
M(I1)X6 or A2M( IV)X6, where two toxic Pb2+ ions are substituted
by combining M+ and M3+ ions (or M4+ ion). “0” denotes M-site
vacancy. BB Elements of M-location cations with M+ and M3+ in the
periodic table for halide double perovskites. When any M-site
elements are localized at IA or IlIA groups of the periodic table, the
materials have direct bandgaps.

Crystal structure of Rhombehedral of double perovskites (a)
Cs2InBiBr6 and (b) Cs2InBiCl6.

Total energy versus volume.

The calculated band structures of Cs2InBiCl6, and Cs2InBiBr6 using
GGA-PBE.

The calculated band structures of Cs2InBiCl6, and Cs2InBiBr6 using
TB-mBJ with and without SOC.

31

34

38
38

38

41

42

46

52

79

89

91
107

109

109
111

114



Figurelll.6:

Figurelll.7:

Figurelll.8:

Figurelll.9:

Figurelll.10:
Figurelll.11:

Figurelll.12:
Figurelll.13:

Figurelll.14:

Figurelll.15:

Figurelll.16:
Figurelll.17:

Figurelll.18:

Figurelll.19:

Figurelll.20:

Figurelll.21:
Figurelll.22:

Figurelll.23:
Figurelll.24:

FigurelV.1:
FigurelV.2:

FigurelV.3:

Calculated total densities of states TDOS for R3m Cs2InBiX6. And
parsial densities of statesPDOS within Th-mBj with and without spin
orbit coupling SOC.

Rashba spin splitting (with SOC) on the energy bands in Cs2InBiCl6
and

Cs2InBiBr6.

Electron localization function ELF for
Cs2InBiBr6.

2D plot of the spin texture of Cs2InBiBr6
2D plot of the spin texture of Cs2InBiCl6.
The dependence of the The average real part e1(w) of dielectric
fonction of double perovskites on energy of incident photons.

The dependence of the average imaginary part €2(w) of dielectric
fonction of double perovskites on energy of incident photons.

The dependence of the average refractive index n(w) of double
perovskites on energy of incident photons.

The dependence of the average extinction coefficient k(w) of
double

perovskites on energy of incident photons.

The dependence of the Energy loss function L (w) of double
perovskites

on energy of incident photons.

The dependence of the reflectivity R(w) of double perovskites on
energy of incident photons.

The dependence of the absorption a (w) of (a) Cs2InBiCl6 and (b)
Cs2InBiBr6 on energy of incident photons.

The dependence of the optical conductivity o(w) of double
perovskites

on energy of incident photons.

Photocurrent density as a function of the forward bias voltage for (a)
Cs2InBiCl6 and (b) Cs2InBiBr6.

The Open circuit voltage Voc as function of thickness forCs 2InBiCl6
and

Cs2InBiBr6.

The Fill factor FF as function of thickness for Cs2InBiCl6 and
Cs2InBiBr6.

The short circuit photo-current density as function of thickness for
Cs2InBiCl6 and Cs2InBiBr6.

Calculated efficiency through SLME versus thickness .

Shift current response ozzZ vs incident photon energy for

Cs2InBiCl6 and Cs2InBiBr6 structures with the three methods.

The energy bands and spin orientations in a semiconductor material
affected by Spin-Orbit Coupling (SOC) and Rashba SOC.

Ball-and-stick model illustrating the rhombohedral crystal structure
of SF3Pbls.

The total-energy versus volume optimization for the SF3Pbl3

(a)Cs2InBiCl6 and (b)

115

116

119
121
123
126
127

128

129

130

130

131

132

134

135

135

136

137
140

150

151

152



FigurelV.4:
FigurelV.5:
FigurelV.6:

FigurelV.7:
FigurelV.8:

FigurelV.9:

FigurelV.10:

FigurelV.11:

FigurelV.12:
FigurelV.13:

FigurelV.14:

FigurelV.15:

FigurelV.16:

FigurelV.17:

FigurelV.18:

FigurelV.19:

FigurelV.20:

FigureV.1:

compound.

Electronic band structures of SF3Pbl; in high symmetry directions.
Electronic band structure of SF3Pbls showing Rashba spin splitting.
Partial Density of States (PDOS) and Total Density of States (TDOS)
for SFsPbl; calculated using the modified Becke-Johnson (mBJ)
potential with spin-orbit coupling (SOC).

Charge density distribution map of SF3Pbl3.

The real dielectric functions €1(w) of SF3Pbls as a function of energy,
displaying anisotropic optical properties with distinct absorption
coefficients (axx and azz) in the xx and zz directions.

The real dielectric functions €2(w) of SF3Pbls as a function of energy,
displaying anisotropic optical properties with distinct absorption
coefficients (axx and azz) in the xx and zz directions.

Absorption spectra of SFsPbl; as a function of energy, displaying
anisotropic optical properties with distinct absorption coefficients
(axx and azz) in the xx and zz directions.

Refractive index n(w) of SF3Pbls as a function of energy, displaying
anisotropic optical properties with distinct absorption coefficients
(axx and azz) in the xx and zz directions.

The effect of off-center displacements of Pb, |, and S atoms on the
total energy and spontaneous polarization in SFsPbls.

Current density-voltage (J-V) characteristics of SFsPbls solar cells

for various thicknesses (10 um to 100 um).

Variation of short circuit current density (JSC) and open circuit
voltage

(VOC) with the thickness of SF3Pbls-based photovoltaic devices.
Variation of Fill Factor (FF) and Spectroscopic Limited Maximum
Efficiency (SLME) with thickness of SFsPbls-based photovoltaic
devices

The calculated band structures using mBJ without and with SOC

for studies compounds

Electronic band structure of studies compounds showing Rashba
spin splitting

Absorption spectra of studies compounds as a function of energy,
displaying anisotropic optical properties with distinct absorption
coefficients (axx and azz) in the xx and zz directions.

open circuit voltage (VOC) and short circuit current density (Jsc)
with

thickness of studies compounds.

Variation of Fill Factor (FF) and Spectroscopic Limited Maximum
Efficiency (SLME) with thickness of studies compounds .

(a) Atomic arrangement of the double perovskite (CsRb)(SnGe)ls.
(b) Energy-volume relationship demonstrating the stability

of (CsRb)(SnGe)ls in its optimized configuration.

153
155
158

159
160

161

162

163

165

166

167

168

172

173

174

177

177

188


https://www.sciencedirect.com/topics/chemistry/electronic-band-structure

FigureV.2:

FigureV.3:

FigureV.4:

Band structure of (CsRb)(SnGe)ls along high-symmetry directions in
the Brillouin zone. (b) Partial densities of states (PDOS) illustrating
electronic transitions near the Fermi level.

Absorption coefficient (a) for (CsRb)(SnGe)ls, demonstrating its
efficient light absorption capability across a broad spectrum.
Simulated J-V characteristics for (CsRb)(SnGe)lg as a function of
absorber layer thickness (L = 50 um), highlighting the optimal
thickness for maximizing short-circuit current density (Jsc).

189

193

197



Table.l.1:
Table.l.2:
Table.lll.1:
Table.lll.2:
Table.lll.3:
Table.lll.4:
Table.lll.5:
Table.lll.6.
Table.lll.7:
Table.lll.8:
Table.lll.9:
Table.lll.10:
Table.lV.1:

List of tables

Photovoltaic parameters of the PSCs .

Summary of bandgap of different perovskite oxides

Lattice constants, volume and atomic fractional coordinates
of the Cs;InBiXe (space group R3m)

Calculated electronic band gaps (eV).

Rashba parameters for band-splitting at ' point for Cs2InBiCl6and
Cs2InBiBr6 compounds.

Calculated hole (m*;) and electron (m*.) effective masses (in
units of electron mass rest, mo) qf the compound at I points
of the Brillouin zone. | m*p(ii) ﬁ and m* .(ii) are the average
values of the diagonal components of hole and electron
effective mass tensor, i.e., m*ii = (m*« + m*,, + m*;,)/3.

The bond length (A) and bond angles (degree) of doubles
perovskites .

The Bader charge distribution of the Cs2InBiXs compounds.

The average of zero-frequency values of the real part of dielectric
function, refractive index, and first onset of the imaginary part of
dielectric function.

Calculated optical constants for Cs2InBiCl6 and Cs2InBiBr6:
absorption coefficient a(w);extinction coefficient k(w); optical
conductivity o(w).

A comparative table listing on Solar cell parameters of Cs2InBiCl6
and Cs2InBiBr6 at T =293.15 K. Here J-V and P-V parameters of
perovskites are calculated at L = 50 um thickness. by different
exchange correlation potentials.

shift current o,.z( uA/V ?) of Cs2InBiCl6 and Cs2InBiBr6.

Calculated lattice parameters a(A) and c(A) , volume of the unit
cell V (A3), Bulk modulus B (GPa) and its first pressure derivative
B‘, and the formation energy E{eV) of SF3Pbl; system. The
hexagonal lattice parameters a and c were derived from the
rhombohedral lattice parameter ar and angle a.

25

47

108

110

112

117

118

119

125

131

133

140

153



Table.lV.2:

Table.IV.3:

Table.lV.4:

Table.IV.5:

Table.IV.6:

Table.V.1:

Table.V.2:

Calculated band gaps compared with other theoretical values (eV)
for SF3PbI3.

Rashba parameters a (eVA) for band-splitting at R and M point in
R3m phase of SF3Pbls.

Effective masses of electrons and holes along high-symmetry
directions (longitudinal and transverse) for SF3Pbls, under the GGA
+ mBJ and mBJ + SOC computational methods.

Solar cell parameters of SFsPbls at T = 300 K. Here P-V
characteristics of perovskite are calculated at L = 70 um thickness
in case of SLME approach.

Effects of Off-Center Displacements of Pb, |, and S Atoms in
SFsPblz on Spontaneous Polarization, Rashba Parameters, and
SLME. The results correspond to changes in the polarization state.

The calculated effective mass, volume deformation potentials, and
carrier mobilities for (CsRb)(SnGe)ls compared with some other
materials.

Photovoltaic parameters for (CsRb)(SnGe)ls at L = 50 um
compared with other materials from literature references.

154

155

157

169

169

192

198



ACKNOWLEDGEMENTS

[ would like to express my sincere and deepest gratitude to my principal
supervisor Dr. Omar SAHNOUN for giving me the opportunity to conduct this research as
well as his continuous support, excellent motivation and constructive guideline
throughout my PhD. He always provided quick feedback and it helped me a lot to

progress smoothly in this research journey to reach my goal.

[ would also like to convey my gratitude to my associate supervisor Professor
Mohammed SAHNOUN for his support and feedback during my PhD candidature. The
critical and constructive feedback from his is appreciated and it helped me to improve

my level.

[ am very grateful to RIANE Houaria, Professor at the University of Mascara, who

gave me the honor of chairing the jury for this thesis.

[ express my gratitude to Dr.BAAD] Salim at the University of USTO-MB, and to DAHOU
Fatima Zohra, Professor at the University of Mascara who have agreed to devote their
time to the expertise of this thesis. I would like also to express my gratitude to them for
their participation in the jury.

[ am very grateful to all former and present members of our research group,
forproviding me with help, support and friendship. Especially, I would like to thank Pr G.
KAVAK BALCI, Dr .Candan, Dr A. AISSA, N.Chalil , and N.H. Mokhefi, for their great help

and supportive suggestions.

Finally, I would like to express my deepest gratitude to my parents for

theirunconditional love, constant support and encouragement.



Abstract

Renewable energy sources offer the only sustainable means to meet the growing global
energy demand while minimizing contributions to anthropogenic climate change and
environmental harm. Photovoltaics provide a way to capture the vast solar radiation that
reaches the Earth daily and convert it directly into electricity. However, their widespread
adoption has historically been limited by high production and deployment costs. Perovskite
materials have attracted significant interest over the past decade for their potential in high-
efficiency photovoltaic devices. Their chemical and structural flexibility allows materials
scientists and engineers to tailor their properties to meet the specific requirements of
various applications.

In this thesis we use ab initio methods to explore the fundamental distortions in various
structures and their corresponding optoelectronic properties. The research focuses on a
selection of perovskites compound that are either central to current international
photovoltaic studies or have the potential to emerge as significant materials in the field. The
study addresses some of the key challenges facing current photovoltaic technologies and
examines how newly developed materials, such as halide perovskites, have driven the search
for alternatives that combine high efficiency with affordability, scalability, and flexibility for
solar cell production. Specifically, this work investigates the Cs,InBi(Br,Cl)s, SF3Pbls, and
(CsRb)(SnGe)ls perovskite compounds. Through the calculation of their electronic and optical
properties, are able to assess their viability and potential as absorbers within photovoltaic
devices.

Keywords: Simple Perovskites Halides, Double Perovskites, electronic ,Optical and

photovoltaic Properties, ferroelectric Properties, DFT.

Résumé:
Les énergies renouvelables sont la seule solution durable qui puisse répondre a la

demande mondiale croissante en énergie sans accroitre considérablement le changement
climatique anthropique et la destruction de notre environnement. Le photovoltaique peut
exploiter la grande quantité de rayonnement solaire qui atteint la Terre chaque jour en
convertissant directement en électricité, mais les colits de production et de déploiement a

grande échelle ont été historiquement élevés. Les matériaux de perovskite ont recu



I'attention qu’ils méritent au cours de la derniére décennie en raison de leurs applications
potentielles dans les dispositifs photovoltaiques a haute efficacité. Leur flexibilité chimique
et spatiale offre aux scientifiques et aux ingénieurs de matériaux la possibilité d’adapter les
propriétés de ce matériau aux applications souhaitées. Dans ce travail de recherche, en
utilisant la méthode des ondes planes augmentées linéarisées avec un potentiel total (FP-LAPW)
dans le cadre de la théorie de la fonctionnelle de la densité (DFT) implémentée dans le code
Wien2k. pour décrire les propriétés structurales, électroniques et les propriétés optiques
associées qui se produisent dans une série de structures. Les travaux de Cette thése ont
examiné un certain composés de structure pérovskite qui sont soit a la pointe de la
recherche photovoltaique internationale actuelle, soit qui devraient devenir I'un de ces
matériaux émergents. Dans Cette étude, nous examinons certains des défis actuels auxquels
sont confrontées les technologies photovoltaiques et comment les matériaux récemment
développés, tels que les halides perovskites, ont inspire la recherche de matériaux qui
pourraient étre utilisés pour fournir des cellules solaires efficaces, peu colteuses, produites
a grande échelle et flexibles. Plus précisément, ce travail étudie les composés perovskites
Cs2InBi(Br,Cl)s, SF3Pbls et (CsRb)(SnGe)ls. Grace au calcul de leurs propriétés électroniques et
optiques, nous sommes en mesure d'évaluer leur viabilité et leur potentiel en tant

gu'absorbeurs dans les dispositifs photovoltaiques.

Mots Clés: Halides perovskites simple, perovskites doubles, Propriétés électroniques,

optiques et photovoltaiques, Propriétés ferroelectrique , DFT.
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The production of usable energy has historically driven technological and societal
progress, starting with early innovations like fire and water mills for food processing and
evolving to the massive global electricity usage that powers today's industries and devices.
As the world's population and development increase, the demand for energy continues to
rise. By 2050, with the global population anticipated to exceed 9 billion, energy consumption
is expected to at least double, growing from 13.5 TW in 2001 to 27.6 TW, according to
projections by the US and EU[1,2]. From the latter half of the 20th century into the 21st, it
has become clear that while rising energy demands could be satisfied by depleting natural
gas, oil, and coal reserves, doing so would worsen the impacts of human-induced global
warming and ocean acidification. These effects threaten ecosystems, food production, and
various natural and human systems [3]. To prevent such consequences and align with
governmental and international emissions goals, transitioning from fossil fuels to renewable
energy sources is crucial. Among these, wind and solar energy stand out as low-carbon
options, offering significant advantages without the high initial costs or hazardous waste
associated with nuclear fission reactors, making them some of the most promising and

rapidly growing alternatives [2].

Solar energy holds immense potential to fulfill humanity's long-term energy needs, with
the sun emitting around 3.86 x 10%® watts of power. Remarkably, the energy the sun
provides in just 80 minutes is equivalent to the total annual energy consumption of the
entire planet, highlighting its vast potential for harnessing power. However, significant
hurdles remain, including economic, geopolitical, and technological challenges, particularly
in efficiently capturing and utilizing sunlight for energy production. The concept of
photovoltaics emerged from Alexandre-Edmond Becquerel's discovery of the photovoltaic
effect in the late 1800s [4]. Although he could not explain the phenomenon, major
advancements followed in the early 1900s, including Albert Einstein's quantum explanation
of the photoelectric effect in 1905. This breakthrough laid the foundation for a century of
research in photovoltaics, ultimately leading to the creation of the first modern silicon solar

cell by Chapin and colleagues in the mid-20th century [5].



Photovoltaic (PV) technology, which converts light into electricity, is an evolving field
with devices known as solar cells operating under this principle. The development of solar
cells is categorized into three generations: wafer-based silicon solar cells, thin-film solar
cells, and organic solar cells [6,7]. Organic solar cells include dye-sensitized solar cells
(DSSCs) [8], organic PVs [9], inorganic cells [10], and quantum dot solar cells [11]. Third-
generation PV technologies offer high photoconversion efficiency at lower manufacturing
costs, presenting a promising alternative to traditional silicon-based solar cells [12]. First-
generation technologies initially had low photoconversion efficiencies of around 9.2-13%.
Decades of research have since improved efficiency, approaching the Shockley-Queisser limit
[13]. In light of the global energy crisis, advanced solar technologies with higher efficiencies
are being explored as alternatives to conventional cells [14]. Perovskite solar cells (PSCs),
discovered by Lev Perovski in 2009, are part of the third generation and evolved from DSSCs.
Initially, PSCs achieved a photoconversion efficiency of 3.8% [15], which has since surged to
22% within a short span [16]. This rapid improvement has garnered significant research
interest. PSCs are notable for their flexibility, lightweight nature, and semi-transparency,
enabling a wide range of applications. These characteristics offer opportunities for
researchers and engineers to fine-tune their properties for maximum utility [17].

PSCs are considered strong candidates to replace silicon solar cells due to their rapid
efficiency growth. However, challenges remain, including degradation caused by moisture,
temperature, and UV light, and the use of toxic lead (Pb) in methylammonium lead halides
[15,18]. Efforts are underway to develop lead-free alternatives and enhance the stability of
the perovskite layer [19]. Despite these hurdles, PSCs are regarded as a future-forward
technology. Researchers are working to improve their photoconversion efficiency, stability,
and lifespan while exploring synergies with other technologies [20, 21]. PSCs can also
operate across various wavelength spectra, enhancing their versatility. With a theoretical
efficiency of approximately 31% for MA lead iodide [22], perovskites are efficient, cost-
effective, and easy to synthesize. Their unique structure allows researchers to optimize their
physical, optical, and electrical properties. Recently, halide double perovskites have been
proposed as stable and environmentally friendly alternatives to lead-based perovskites.
These materials replace toxic lead ions with combinations of monovalent and trivalent ions

or tetravalent ions and vacancies, maintaining the charge balance of traditional perovskites.



This innovation further highlights the potential of perovskite technology to drive the future
of renewable energy.

Furthermore, Ferroelectric perovskites hold significant promise for photovoltaic (PV)
applications [23] due to their high open-circuit voltage and switchable photovoltaic effect.
The switchability of the bulk photovoltaic effect (BPVE) in ferroelectrics extends their use
beyond energy generation. In these materials, the direction of ferroelectric polarization can
control the sign of the photocurrent, theoretically enabling complete (100%) switchability of
the photocurrent with polarization. This feature opens the door to innovative applications
like photo-ferroelectric memory devices. Previous studies have shown that photocurrent
behavior mirrors a ferroelectric hysteresis loop, highlighting a direct correlation between the
photocurrent and electrically poled polarization in various ferroelectric materials [24].
Ferroelectric halide perovskites are attracting interest due to their distinctive characteristics
and possible uses. Research has demonstrated adjustable electronic structures, low-
threshold lasing, potential in light-emitting diodes, ferroelectric properties, p-n junction
formation, anion diffusion mechanisms, pressure-induced phase transitions, large polarons,
and topological polarons in these materials [25]. These discoveries are significant for the
progress of research and technology in the realm of halide perovskites [26].

In recent years, the bulk photovoltaic effect (BPE) in ferroelectric perovskite materials
has attracted significant attention for its potential applications in photovoltaics and solar
energy conversion. Wang et al. [27] proposed a band engineering approach by substituting
Zn?* for Nb>* in KNbOs to design semiconductor perovskite ferroelectrics for photovoltaic
purposes. Panda et al. [28] highlighted the potential of Bi5+-doped ferroelectric perovskite
materials like PbBaBiNbOg for the BPE, attributing the reduced activation energy to the low-
lying empty states of the Bi atom. Shafir et al. [29] investigated the cosubstitution of Mo and
Ti for Nb in KNbOs, resulting in a promising absorber material for photovoltaic applications
utilizing the BPE. Additionally, recent studies have explored the BPE in various ferroelectric
materials beyond traditional perovskite oxides. Li et al. [30] reported an enhanced BPE in
two-dimensional ferroelectric CulnP,Ss, showing a significant increase in photocurrent
density compared to conventional bulk perovskite oxides. Zhao et al. [31] observed the
emergence of the BPE in anion-ordered perovskite MASbSI, with spontaneous out-of-plane
ferroelectricity, expanding the understanding of BPE mechanisms in different material

systems. Furthermore, the potential of ferroelectric materials for circularly polarized light
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(CPL) detection has been explored by [32], emphasizing the robust spin-dependent
anisotropy of CPL detection in layered hybrid perovskite ferroelectrics with a significant BPE.
Chalil et al. [33] presented theoretical calculations of the photovoltaic properties of CsGels,
an inorganic germanium halide perovskite, demonstrating the relationship between
ferroelectric and photovoltaic properties for solar energy conversion. In conclusion, the
literature review showcases the diverse strategies and materials being studied to harness
the bulk photovoltaic effect in ferroelectric perovskite materials, indicating potential

advancements in photovoltaics and solar energy conversion applications.

In this work, we use ab initio methods to describe the ferroelectric and Rashba effect
effect that appear in a series of polar compounds and their associated optoelectronic
properties. These materials are either at the forefront of current international research in
photovoltaics or promise to become suitable candidates for it. Much of this research is
pushing our understanding of the intrinsic properties that materials need to perform well as
solar absorbers; indeed with the increased resources and developed theories available to
computational chemists of today, accurate theoretical prediction of such properties, and
even other properties difficult to examine through experiment, of complex compounds and
structures is becoming possible. As such research has the potential to develop cheaper, non-
toxic materials with less stringent manufacturing requirements and efficiencies that match
or exceed those of current records, new directions in photovoltaic technologies are opening
up, including exible cells based on plastic substrates or roll-to-roll printable solar cells, as
well as ferroelectric bulk photovoltaic effect.

After this general introduction which attempts to situate our research work in its global
context, the remainder of this thesis manuscript is organized as follows:

The first chapter presents a set of definitions and basic concepts necessary for
understanding the rest of this thesis. It describes the latest technology concerning perovskite
structure materials. Then, in the form of a literature review, it focuses on the photovoltaic
characteristics of these materials.

The second chapter introduces the theoretical framework of our research. It explains
the bases of the different calculation methods used during this work. It details the methods
based on DFT, the different approximations used for the exchange-correlation energy, as

well as the FP-LAPW method. It describes, in a second part, the Wien2k calculation code



which allowed us to simulate the different structural, electronic and optical properties of the
perovskite materials studied.

In the first results chapter we complete a rigorous exploration of the geometric
structures, electronic structures and optical parameters and SLME relevant to photovoltaic
applications as well as the origin of the ferroelectricity is discussed of noncentrosymmetrical
Cesium halide double-perovskites Cs2InBiCl6 and Cs,InBiBrs. We also explored the effects of
Spin-Orbit coupling and the type of exchange-correlation functional that was used on the
accuracy of our results.

In the second results chapter we present a comprehensive first-principles study on
SFsPbls, a promising member of the stable polar halide perovskite family. Using density
functional theory calculations, we investigate its electronic band structure, optical and
ferroelectric properties, and photovoltaic characteristics. We find that, SFsPbls exhibits
strong spin-orbit coupling, attributed to the heavy elements within its structure, potentially
leading to Rashba splitting near the electron band extrema. Furthermore, we explore the
fascinating phenomenon of distortion-induced polarization switching within SFsPbls.

In the third results chapter We investigates the electronic and optical properties of the
polar (CsRb)(GeSn)ls material using first-principles density functional theory (DFT). Our
results demonstrate that (CsRb)(GeSn)ls exhibits a direct bandgap and high absorption
coefficient, making it an excellent candidate for optoelectronic applications. Furthermore,
we assess its photovoltaic performance using the Spectroscopic Limited Maximum Efficiency
(SLME) model.

Finally, we provide a general conclusion and insights into perspectives.
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I-1. Introduction

Gustav Rose first discovered the perovskite structure in the Ural Mountains of Russia in
1839. The structure is named after the scientist Lev Perovski[l]. The earliest material
identified with this structure was CaTiOs, and since then, thousands of similar structures
have been found. Perovskite compounds are generally represented by the chemical formula
ABXs, where A and B are cations and X is an anion. The B-site cations are smaller and more
electronegative, while the A-site cations are typically larger, electropositive metals, often
including alkaline earth or rare earth ions such as Pb?*, Bi**, Sr**, Ca?*, and La®*. B-site ions
can be transition metals from the 3d, 4d, and 5d series, such as Cr®*, Ru*, and Os®*,
respectively. X-site anions include 0%, F~, CI-, Br, N*7, and S?". The coordination numbers of
A and B-sites are 12 and 6, respectively. Ideal perovskites exhibit cubic symmetry and belong
to the space group Pm-3m. Deviations from this ideal structure can result in various
structural variations. Perovskite oxides are essential in fundamental research and have
numerous applications, including use as lithium ion and proton conductors. They are also
employed in devices such as lasers and light-emitting diodes (LEDs). Perovskites possess
valuable properties like superconductivity, magnetoresistance, and ionic conductivity,

making them highly significant in microelectronics and telecommunications [2].

Due to their combination of optical, electronic, and magnetic properties, as well as their
tunability and processability, perovskites have long attracted the attention of researchers in
both science and technology. Recently, perovskites have emerged as a revolutionary class of
materials with exceptional properties for a wide range of optoelectronic applications,
including lighting, lasing, and photon detection, with a particular emphasis on photovoltaics.
Researchers are particularly interested in perovskite solar cells (PSCs) because of their high
theoretical photoelectric conversion efficiency, tunable band gap, low production cost, and

easy fabrication process.
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Figure I-1 : Evolution of photovoltaic solar cells[3]

I-2. Overview of Perovskites

Charge balancing in the formal stoichiometry of perovskites (ABXs3) can be achieved in
several ways. Perovskites are mainly classified into two types based on their constituents:
metal oxide perovskites and metal halide perovskites. In metal oxide perovskites, the
combined valence of the two metal cations must equal six. These perovskites can have
compositions such as I-V-Os, II-1V-0O3, and llI-11l-03, containing elements from groups |, II, IlI,
and IV (e.g., KTaOs, CaCrOs;, and GdFeQs). The anions in perovskites can be substituted to

create a variety of materials, including oxyhalides, oxynitrides, sulfides, and selenides[4].

Metal halide perovskites have a composition of I-1I-Vll;, where the two cations must have a
combined valence of three [5]. It is noted that halide perovskites generally have lower

ionization potentials compared to metal oxide perovskites[6].

I-2.1. Classification of Perovskites

I-2.1.1. Presentation of simple perovskite :

The term 'perovskite' is used to describe any material that has the crystal structure of
CaTiO3 and belongs to a large family of structures. Generally, the perovskite structure is
represented by the formula ABX3, as depicted in Figure I-1. Any compound with an ABX3
stoichiometry and the same crystal structure, or a structure that results from a distortion of
the ideal cubic perovskite structure, is considered perovskite-like. Often, even if used

incorrectly, it is simply referred to as perovskite. In the ideal scenario, the A cations are
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located at the corners of the cubic or nearly cubic unit cell, while the B cations are at the
center of the unit cell, coordinated with the X anions in an octahedral manner (typically
oxygen or halogens) at the face-centered positions. Due to the various options for A, B, and
X ions, there are numerous potential perovskite materials, although the structure will only
be stable for specific combinations of ionic radii[7]. One notable feature of perovskites is
their flexibility in composition and structure, allowing for the adjustment of their properties
through the substitution of elements at the A, B, or X sites for different applications. Various
perovskite materials, including metal oxide-based and halide perovskites, have been

extensively researched for a range of device applications.

Figure I-2: Diagram illustrating the unit cell of a generic perovskite crystal structure on the
left, along with a view of the BX3 octahedra, to the right. Diagram of The idealised cubic

perovskite crystal structure[7].
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I-2.1.2 Hybrid organic-inorganic perovskites

Hybrid organic-inorganic perovskites (HOIPs) have a stoichiometry of AMX3, where A
represents the organic cation, M represents the metal ion, and X represents the halide (refer
to Figure 1-2) [9]. The most commonly studied HOIP is methylammonium lead iodide,
(CH3NH3)PbI3. Other HOIPs have been explored, including those containing formamidinium
(FA1) cations instead of methylammonium (MA1), Br2 or CI2 instead of 12, and Sn21 instead
of Pb21, as well as mixtures of these components [10]. HOIPs display a diverse range of
structures. For example, MAPbI3 is orthorhombic (space group Pnma) below 165K when
MA1 dipoles are aligned, transitions to a tetragonal phase (14/mcm) at 165K when MA1 gains
rotational freedom, and further transitions to a cubic phase (Pm3m) at 327K when MA1
dipoles are disordered [11]. The Pbl6 octahedra can distort significantly even in the cubic
phase, providing bulk flexibility in these materials [12]. In 1893, all-inorganic alkali-metal
lead and tin halide perovskites were first synthesized, and their crystallographic structures
were determined in 1958 by Christian Mgller, who observed their photoconductivity [13].
The first HOIP, methylammonium lead iodide (MAPbI3), was created by Dieter Weber in
1978, and the optoelectronic properties of these materials were studied in the early 1990s

by Mitzi et al [14].

Initially, HOIPs were introduced in the photovoltaic field as a light-absorbing dye in dye-
sensitized solar cells (DSSCs) rather than as a primary active material. The first liquid hybrid
perovskite DSSC was created in 2009, achieving a power conversion efficiency (PCE) of 3.8%
[15]. In 2012, Lee et al. and Kim et al. developed solid-state HOIP active material
photovoltaics using MAPbI3 and MAPbIxCI12x, respectively, with PCEs ranging from 8% to
10%. These advancements surpassed the performance of the best known solid-state DSSCs
and many organic photovoltaic materials at that time [16]. Since then, the efficiency of HOIP
photovoltaics has steadily improved, with the current device efficiency record standing at
22.1%. This places HOIP photovoltaics in competition with other highly efficient photovoltaic

technologies such as CIGS, CdTe, and crystalline silicon [17-19].
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Figure I-3: General crystal structure of CH3NH3PbX3 perovskite [20].

The potential of HOIP materials for photovoltaic applications is undeniably significant.
According to the Shockley-Queisser limit, single-junction HOIPs have a theoretical potential
power conversion efficiency (PCE) of nearly 30% [21]. HOIP-based devices have the capability
to surpass this limit through the use of tandem cell architectures. Recent studies by
Catchpole et al. have shown PCE values of 26.4% in a tandem cell incorporating HOIP and
silicon as active layers. The high efficiency of HOIPs is attributed to their unusually low
electron-hole recombination rates, even in low temperature solution-processed devices with
high bulk defect densities. The band gap of MAPbI3 is well-suited for photovoltaic
applications at 1.55 eV and can be adjusted through doping or substitution with different
organic cations or halides [22]. Excitons in HOIPs have low binding energies, such as 0.03 eV
for MAPbI3, allowing them to dissociate into free carriers at room temperature. HOIPs also
exhibit ambipolar charge transport properties with high electron and hole mobilities, on the
order of 10! cm?/V/s for MAPbI3, and long carrier diffusion lengths ranging from 100 to 1000

nm—significantly longer than the film thickness required for full optical absorption[23].
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Meso-Structured Cell Planar Heterojunction Cell
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Figure I-4: The diagram illustrates two different device architectures: meso-structured and
planar. In the meso-structured device, an Al203 scaffold is used to minimize pinholes in the
MAPbDI3 layer, whereas the planar device relies on the deposition process to create a
seamless MAPbI3 film. In this example, the Spiro-OMeTAD layer extracts holes, while

compact TiO2 removes electrons from the perovskite layer[24].
I-2.1.3 Double Perovskites

It is known that there are numerous compounds with the perovskite structure due to the
ability of any of its three sites to undergo chemical replacement. Both cations and anions can
be substituted in various ways. In perovskite, multiple cations can be used in either the A-
site or B-site, and they can be arranged randomly or systematically. The different sizes and
charges of the two cations often determine the ordering. Both A and B-site cations are
known to exhibit ordering, although the methods they use can vary greatly. The most
common type of ordering involves a rock-salt structure with a 1:1 ratio of B-site cations,
resulting in a perovskite composition of A2BB’X6. Another type of perovskite, AA’BB’O6,
features ordered A and A’ cations stacked on top of each other, and ordered B and B’ cations
arranged according to rock salt[25,26]. The tolerance factor (t) provides a relationship

between different cations and anions in double perovskites DPs[26], and is expressed as:

— ra+7ro
AR .

where ra, rg, rgo represent different radii of ions and ro represents radius of oxygen. The DPs
having structure A;BBoO6 are found by doping one of the ion at B sites with another BO ion.
These types of compound are well studied experimentally and theoretically because of their

unusual and alluring characteristics.
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DPs with the structure A;BB0Og have significant applications in the field of spintronics due to
their unique properties[27]. Spintronic devices utilize both the charge and spin of electrons,
resulting in more efficient memory devices in modern technology [28]. Experimental
research has been conducted on the magnetic characteristics, crystal structure, and crystal
development of 5d DPs oxides. Discoveries such as room-temperature CMR and half
metallicity in Sr,FeMoOsand SraFeReOg[29,30], multi ferroicity in BiaNiMnOs[31], and
magneto dielectricity in La2NiMn06[32] have led to intensive research in DPs. Recent
studies are focused on understanding the different behavior of 3d-4d (5d) containing DPs
with significant spin polarisability[33]. AA’BB’O6 perovskites may become unstable if there is
a significant size imbalance in the A site cations. The rock-salt arrangement sequence in
A;BB’O¢ perovskite allows for significant size mismatches among the cations, as discovered
by Ward et al. in 1961. The A and A’ layers must have identical lateral dimensions. The DPs
structure has double the unit cell of the perovskite structure, with 12-coordinate A-sites and
6-coordinate B-sites. The unique properties of these DPs result from the combination of

electronically more localized 3d ions with more delocalized 4d or 5d ions.

I-2.1.4 Halide Double Perovskite Materials

Inorganic Halide Double Perovskites like Cs2AgBiX6 have garnered attention for their
potential as substitutes for lead halide perovskites in solar energy applications. The inorganic
halide double perovskite Cs2NaAmCl6 was first synthesized in 1968 by evaporating a
solution of HCl containing cations until dry[34]. Subsequently, a few more all-inorganic
halide double perovskites (Cs2NaM(III)Cl6) were created using the same method[35]. At that
time, the ferroelectric phase transition in all-inorganic halide double perovskites[36] was of
particular interest, as seen in the cooling of Cs;NaBiCl[36].

In the past two years, there has been a growing interest in halide double perovskites as an
alternative to lead halide perovskites. In 2016, three separate research groups
simultaneously introduced Cs;AgBiXs (X=Cl or Br) as a promising option for light absorption
in the visible spectrum[37-39]. Woodward et al. found bandgaps of 2.19 eV and 2.77 eV for
Cs2AgBiBr6 and CsAgBiCls, respectively, through diffuse reflectance measurements[37].
While both compounds are stable in air, Cs2AgBiBr6 degrades over time when exposed to
ambient air and light. Karunadasa et al[39] successfully synthesized a highly stable

Cs2AgBiBr6 single crystal with an indirect bandgap of 1.95 eV and a photoluminescence

15



_ Ferroelectricity in Perovskites for Photovoltaics

lifetime of approximately 660 ns, showing promise for photovoltaic applications. Giustino et
al [56]designed and created Cs;AgBiCls with bandgaps ranging from 1.95 to 3.04 eV.
Karunadasa et al [39] also experimented with incorporating Tl as a dilute impurity into
Cs2AgBiBr6 single crystals, resulting in Cs2(Agi-aBii-b)TIkBre with low indirect and direct
bandgaps of 1.40 and 1.57 eV respectively.Significantly, time-resolved photoconductivity
measurements show that the alloyed material contains long-lived carriers with microsecond
lifetimes, indicating potential for efficient carrier extraction in a solar cell [40]. This alloyed
perovskite is the first halide double perovskite to exhibit comparable bandgap and carrier
lifetime to CHsNHsPbls, but unfortunately, the presence of Tl remains toxic . In 2017, Yan et
al [41] utilized Cs2AgBiBr6 as a host to adjust the bandgap by alloying In3+ and Sb3+. The
Cs,Ag(Bi 1.xMx)Brs (M=In, Sb) system can accommodate up to 75% In3+ to increase the
bandgap, and up to 37.5% Sb3+ to decrease the bandgap, allowing for a bandgap
modulation of approximately 0.41 eV through the introduction of these two metals, with the
smallest bandgap value of 1.86 eV for Cs2Ag(Bi 0.6255b 0.375)Brs. Band structure calculations
reveal that the different atomic configurations of Sb and In lead to opposite directions of
bandgap shifts upon substitution. Similarly, McQueen et al [42] employed an alloy strategy
to design indirect and direct bandgap transitions. The synthesized Cs;AgSbCls and Cs;AgInCle
single crystals exhibit indirect and direct bandgaps, respectively. By increasing the Sb
composition x in Cs2AgSbin 1xCl6, the compounds transition gradually from direct to
indirect bandgap. Subsequently, Giustino et al determined that CsiInAgCls has a direct
bandgap of 3.3 eV and is photosensitive, changing reversibly from white to orange under UV
light. However, Cs;InAgCls has a wide bandgap that limits its application in the visible region.
In 2018, Nag et al demonstrated the enhancement of visible-light emission in direct bandgap
Cs2AgInCl6 by introducing Mn2+ ions . The Cs2AgInCl6 host absorbs UV light and transfers
the excitation energy to Mn d electrons. The Bohr radii for X-site in perovskites increase
gradually from F to | elements, leading to tighter binding and larger bandgaps .Typically, the
X elements in halide double perovskites are Cl or Br, resulting in relatively large bandgaps.
Gamelin et al synthesized Cs2AgBiX6 (X=Cl, Br) colloidal nanocrystals using a hot injection
method, which were then converted to new materials such as Cs2AgBil6 with a narrow
bandgap of approximately 1.75 eV through anion exchange [43]. Ma et al [44] recently

reported the synthesis of Cs2NaBil6, a novel halide double perovskite material, and
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characterized its crystal structure using XRD and XPS tests, as well as its optical properties
through UV-Vis absorption spectra. Cs2NaBil6 possesses a low direct bandgap of 1.66 eV and
demonstrates high stability against moisture and oxygen in ambient air. Zhang et al [45,46]
have theoretically designed a series of all-inorganic halide double perovskites through first-
principles calculations over the past two years. A total of sixty-four candidate materials were
screened for photovoltaic functionality, resulting in the identification of 11 Sb- and Bi-based
optimal materials with intrinsic thermodynamic stability, suitable bandgaps, small carrier
effective masses, and low exciton binding energies as promising photovoltaic materials.
Materials containing monovalent ions Tl+ or In+ exhibit direct bandgaps, with Cs2InSbCI6
and Cs2InBiCl6 having a bandgap of approximately 1.0 eV, showing theoretical maximum
performance comparable to CH3NH3PbI3.However ,Tl remains toxic and In+ is prone to
spontaneous oxidation into In3*[47].

They conducted a study where they designed trivalent In3+ ions with monovalent Ag+ or Cu+
ions to explore halide double perovskites [46]. Notable examples include Rb2CulnCI6,
Rb2AgInBr6, and Cs2AgInBr6, which have direct bandgaps of 1.36, 1.46, and 1.50 eV,
respectively, and theoretical spectroscopic limited maximal efficiency comparable to
CHsNHsPbls. Another type of halide double perovskite, known as vacancy-ordered A;M(IV)Xe
(M(IV)=Sn, Ti, Pd, Te, etc.), has also been identified, offering direct bandgaps, intrinsic
stability, and low toxicity [48]. In 2014, Kanatzidis et al. [49] prepared Cs,Snls microcrystal by
a hot-injection method. In recent years, researchers have successfully prepared Cs;Snls [50]
and Cs,PdBrs[53] nanocrystals with controlled shapes and sizes, demonstrating high stability
and intriguing optical properties. The bandgap of the Cs;Snls was found to be varied in the
range of 1.36-1.67 eV. Quantum confinement effect has been observed for the
nanoparticles of dimension below 8 nm. In 2018, Tang et al. [51] fabricated Bi-doped
Cs2SnClg single crystals, where the photoluminescence was observed from Bi3+ ions. In 2017,
Snaith et al. [52] reported Cs2PdBr6 single crystal, which exhibits long-lived
photoluminescence, direct bandgap of 1.6 eV and long-term stability. Additionally, Ti-based
vacancy-ordered halide double perovskites have been synthesized, with the bandgap
tunable from 1.02 to 1.78 eV, showcasing ultrastability and excellent optical absorption

properties [53].
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AB(II)X; perovskite A,B(I)B’(II1)Xs double perovskite

Figure I-5: The double perovskite structure. Two divalent cations at the B-site of the AB(I1)X3

perovskite structure (left) are replaced with a monovalent and a trivalent cation to form the

double perovskite A2B(1)B-(111)X6 structure (right). The two types of octahedra in the double
perovskite remain corner-sharing. When the B(l) and B(lll) cations are ordered in a rock-

salt[54]

1-2.1.4.1 Indium In(l) and Bismuth Bi(lll) halide double perovskites.

The newly discussed double perovskites in previous sections show either indirect band gaps
or non-dispersive bands at the band edges. In an effort to develop high-quality lead-free
semiconducting halide perovskites, Volonakis et al. [55] revisited the split-cation design
principles using +1 and +3 cations. They proposed that an ideal double perovskite should
have cations with the same valence configuration as Pb2+, which means the cations should
have (i) filled s-orbitals, (ii) vacant p-orbitals, and (iii) a filled d-shell far from the band edge.
For the monovalent cation, the choices are limited to alkali metals, noble metals, and Group
lIl elements (boron group). However, only Group Il elements have both filled s-orbitals and
vacant p-orbitals in their +1 oxidation state, and among them, only In and Tl are stable as +1
cations. Since Tl is toxic, In+ becomes the sole candidate for the monovalent B-site cation.
For the trivalent B-site cation, options include pnictogens, some transition metals like Sc, Y,
Cu, and Au (known to form elpasolites [56]), as well as Group lll elements in their +3
oxidation state, lanthanides, and actinides. Among these, only the pnictogens meet the
criteria (i)—(iii). However, N and P are too small to coordinate six halogens in an octahedral

structure, and As is toxic, leaving Sb3+ and Bi3+ as the only viable options. Based on this
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reasoning, Volonakis et al. [55] concluded that the most promising replacements for lead are
double perovskites using In(1)/Sb(lll) and In(l)/Bi(lll). Building on this idea, the authors
assessed the stability of hypothetical compounds A2InPnX6 (where A = K, Rb, Cs; Pn = Sb, Bi;
and X = F, Cl, Br, 1) using Goldschmidt tolerance factor analysis and decomposition energy
calculations from DFT and the Materials Project Database [57]. Their findings revealed that
most compounds are unstable with respect to decomposition, consistent with previous
research by Xiao et al. [58]. However, Cs2InBiBré was found to be only marginally unstable,
with a decomposition energy of 1 meV per formula unit, falling within the uncertainty range
of the computational method. This result suggests that Cs2InBiBr6, or a similar compound,
could potentially be synthesized.

Volonakis et al. [55] also observed that the stability of double perovskites correlates with the
size of the A-site cation, with larger A-site cations making the compounds less prone to
decomposition. As a result, they proposed that In(l)/Bi(lll) halide double perovskites could be

synthesized using large organic cations like CH3NH3*and CH(NH2)?*.

1-2.1.5 Hybrid Halide Double Perovskite

To our knowledge, nine hybrid halide double perovskites have been synthesized, including
(MA)2KBICl6 , (MA),TIBiBrs, (MA),AgBiBrs , (MA),AgSbls , (MA)AgBils , (MA)KGdCls |,
(MA)2KYCls , (MA)2AgInBrs , and (MA)2Snls . In 2016, the first hybrid halide double perovskite,
(MA)2KBIiCl6, was synthesized by evaporating an HCl solution to dryness . Density functional
theory screening of (MA)2MBiX6 (where M=K, Cu, Ag, Tl; X=Cl, Br, I) suggested that some
systems could have bandgaps similar to those of CH3NH3PbX3 lead compounds, particularly
for M=Cu, Ag, and TI. Based on these predictions, (MA)2TIBiBr6, which is isoelectronic with
CH3NH3PbBr3, was synthesized and found to have a direct bandgap of 2.16 eV . However,
due to the high toxicity of TI, (MA)2TIBiBr6 is not a viable alternative to lead-based
perovskites despite its promising electronic properties. They later synthesized
(MA)2AgBiBr6, a hybrid halide double perovskite with a low indirect bandgap of 2.02 eV,
which is relatively stable and nontoxic . The material is stable in both air and moisture and
has a higher decomposition temperature compared to MAPbBr3. In 2017, the same research
group successfully synthesized (MA)2AgSbl6 and (MA)2AgBil6 , both having an indirect
bandgap of around 2 eV and exhibiting high stability in air. Although Sb and Bi belong to the

same group, there are notable differences between them. Sb has a smaller atomic mass and
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ion radius than Bi, and the smaller radius of Sb causes structural distortion in (MA),AgSble,
whereas (MA),AgBils forms an orthogonal structure. Additionally, due to strong relativistic
effects in the heavier Bi atom, the influence of spin—orbit coupling on the bandgap of
(MA),AgBils is more significant. Around the same time, (MA),KGdCl¢ and (MA),KYCls were
synthesized via a solution evaporation method, adopting a rhombohedral structure with
R3m symmetry. Both phases undergo a rhombohedral-to-cubic phase transition at around
435 K. Density functional calculations suggest that these materials have large direct
bandgaps of approximately 5 eV and mechanical stability. In 2018, (MA)2AgInBr6 single
crystals were synthesized by using Pb2+ from CH3NH3PbBrs; to control the formation of
soluble intermediates. In the same year, (MA)2Snl6 powder was synthesized by mixing Snl4
with CH3NH3I at room temperature . The powder was evaporated in a tungsten boat at 120
°C in a vacuum chamber to create (MA),Snle films, which exhibited a direct bandgap of 1.81
eV and a strong absorption coefficient of around 7 x 1024 cm™. The films were found to be
n-type with a carrier concentration of ~2 x 10'> cm™ and an electron mobility of ~3 cm?/V/s.
Additionally, the conductivity increased by a factor of 4 under simulated solar illumination
(100 mW cm-2), suggesting that (MA)2Snl6 is a lead-free optical semiconductor suitable for
solar cells. These synthesized hybrid halide double perovskites demonstrate much better
stability than CH3NH3Pbl3. However, there have been no reports on their practical

applications to date [59].

I-2.2. Working principle of perovskite solar cells

The complex nature of the medium in perovskite solar cells (PSCs)makes it challenging to
fully understand the processes from charge generation to collection. Although the principles
of p-n junctions used to describe silicon-based solar cells are still applicable to characterize
PSCs, there remains ambiguity in applying existing knowledge to the operational
mechanisms of PSCs because of the multiple material layers involved in their fabrication.
Some researchers treat PSCs as p-n, p-i-n, or n-i-p junction solar cells, but translating their
function remains challenging. Several studies on charge transport dynamics suggest that
electron-hole pairs are generated almost immediately after photoexcitation in the
perovskite medium and are then dissociated into free charge carriers within less than 2 ps

[60], driven by the built-in electric field resulting from the work function difference between
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the anode and cathode. The effectiveness of perovskite as a solar absorber is largely due to
its long charge diffusion lengths and high carrier mobilities. Electron and hole diffusion
lengths in the perovskite medium can reach up to 1 um, allowing the photo-generated
charges to reach the interfacial layers and electrodes without significant geminate or non-
geminate recombination, depending on the morphology of the perovskite [61]. Carrier
mobilities as high as 25 cm?/(V-s) [62] have been reported, which is three orders of
magnitude greater than the mobilities in bulk heterojunction organic solar cells. Two main
device architectures are commonly used in PSC fabrication: mesoporous-PSC and planar-PSC
structures. As a result, charge transport in PSCs is often discussed in relation to these
structures. In the mesoporous structure, the perovskite layers are deposited on a porous
metal-oxide semiconductor (typically TiO2), creating an interpenetrating network between
the two phases. In this configuration, photogenerated electrons are transported through the
titanium oxide phase to the cathode, while holes travel through the perovskite phase to the

anode (see Figure I-5).

HTM

Au

@ electron O hole
Figure I-6: Charge transport channels in perovskite solar cells (a) using mesoporous medium

(b) planar perovskite structure [63].

In planar structure, devices interfacial buffer layers of hole and electron transport material
(ETM and HTM) are used to fabricate the devices. These layers help drive the photo-
generated charges from the photoactive medium to the electrodes, either through built-in
potential or an external applied field. The power conversion efficiency of these devices
heavily relies on the quality of the perovskite film morphology. Poor morphology can lead to

charge accumulation in the medium, increasing charge recombination and reducing device
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performance. Establishing Ohmic contact between the active and ETM/HTM layers is crucial
for successful charge collection in these devices. Effective solar energy conversion depends
on the optical absorption of the photoactive medium, ideally overlapping with the visible
and near-infrared regions of the solar spectrum due to the high intensity of radiation in
these areas. If the band gap of a solar absorber is too small (<1 eV), the device can collect
extra current from infrared emission but may have a low open-circuit voltage. Conversely, if
the band gap is too wide (>2 eV), only a small fraction of solar radiation can be harvested. A
semiconductor with a band gap of approximately 1.2-1.6 eV is considered ideal for single-
junction solar cell fabrication. Hybrid perovskite films are direct band gap semiconductors
with low bulk trap densities, exhibiting significant luminous properties. The band gap of
hybrid perovskites can be adjusted through molecular engineering, allowing for tuning of the

compound composition.
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Figure I-7 : A Energy band levels diagram and charge transport processes of electrons and
holes in perovskite solar cells. The arrows (1-7) indicate the direction of the charge transfer.
The blue circle represents the electrons with a white minus sign, and the holes are the

purple circles with a white plus sign. (FTO-Fluorine —doped Tin Oxide coated glass) [64].
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I-2.3 Recent Advances in Perovskites Ferroelectric Materials for Photovoltaic

Applications

Ferroelectric perovskites have attracted significant interest in photovoltaics due to their
distinctive properties and potential to enhance solar cell performance. Perovskite solar cells,
like CH3NH3PbI3-xClx mixed-halide perovskite cells, have demonstrated high efficiency and
cost-effectiveness in production [65]. The incorporation of ferroelectric polymers, such as
polyvinylidene difluoride (PVDF), as additives has been found to improve electron transport,
further boosting the efficiency of these solar cells. Recent progress in molecular
ferroelectrics with perovskite structures has also advanced the development of high-
performance photovoltaic devices. These molecular materials offer benefits like low acoustic
impedance, flexible structural design, and ease in achieving functional properties, making
them promising for ferroelectric perovskite applications [66]. Additionally, research on the
ferroelectric and photovoltaic characteristics of (Ba, Ca)(Ti, Sn, Zr)O3 perovskite ceramics has
revealed their potential in solar energy conversion [67]. Efforts to enhance photovoltaic
effects, such as reconstructing perovskite structures to achieve quasi-2D ferroelectrics, have
shown potential in improving the bulk photovoltaic effect and enabling passive X-ray
detection in electronic devices [68].

Moreover, the advancement of fatigue-resistant layered hybrid perovskite ferroelectrics
such as BCPB has proven to possess stable spontaneous polarization and a high Curie
temperature, indicating their potential for use in photovoltaic non-volatile memories and
next-generation electronic devices [69]. Theoretical research has also been conducted to
examine the photoelectric characteristics of ferroelectric perovskites like CsGeBrs,
emphasizing the significance of strain manipulation in adjusting ferroelectric polarization
and enhancing photovoltaic efficiency [70]. Furthermore, the remarkable ferroelectric
photovoltaic effect observed in dissimilar double-perovskite thin films further highlights the
promise of ferroelectric perovskites in advancing solar cell technology [71]. In summary, the
review of literature on ferroelectric perovskites in photovoltaics demonstrates substantial
progress in comprehending and utilizing these materials to enhance solar energy conversion.
Researchers are continuously exploring innovative methods to enhance the effectiveness

and functionality of photovoltaic devices through the use of ferroelectric perovskite
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materials,ranging from molecular ferroelectrics to fatigue-resistant layered hybrid
perovskites.

I-2.4 Evolution of Perovskite Solar Cells

Despite the remarkable success and high efficiency of Metal Halide Perovskite (MHP) solar
cells, their development history is surprisingly short, spanning less than a decade. Although
various MHP structures were synthesized and tin-based MHP transistors were developed
during the 20th century, it wasn't until 2009 that perovskites were first integrated into a
solar cell [72]. Over the past few decades, inorganic perovskite oxides (e.g., CaTiO3, BaTiO3,
LaMnO3) and halides (e.g., CsSnl3, CsPbl3) have been extensively researched for their wide
range of applications in optics , magnetics, electronics , and superconductors [73]. Recently,
organic-inorganic halide perovskite (OIHP) materials have emerged as a groundbreaking
class in thin-film photovoltaics. In the 1990s, Mitzi et al. [74] pioneered research on the
structural properties of OIHP materials and adapted them for various thin-film devices,
including solar cells and transistors [75]. The first application of OIHP in photovoltaics came
in 2009, with the use of MAPbBr3 as light absorbers in dye-sensitized solar cells (DSSCs),
achieving a solar energy conversion efficiency of 3.8% [72]. These perovskite-sensitized cells
used a thin perovskite layer for light absorption, while charge carriers were transported via a
mesoporous TiO2 scaffold and a solid or liquid hole transport layer [76]. This architecture led
to rapid improvements in the power conversion efficiency (PCE) of perovskite-sensitized

DSSCs, reaching a record value of 9.7% [77].
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Figure 1-8: Graph showing the rise in power conversion efficiency (PCE) of Perovskite Solar
cells.

24



_ Ferroelectricity in Perovskites for Photovoltaics

The liquid electrolyte caused degradation of the perovskite material in solar cells, leading to
instability. As a result, perovskite solar cells (PSCs) received little attention due to reported
degradation and low power conversion efficiency. In 2011, a group achieved a power
conversion efficiency (PCE) of 6.5% using CH3sNHsPbls-based iodide liquid electrolyte, but the
perovskite nanocrystals decomposed quickly, lasting only about 10 minutes [78]. However,
in 2012, organic-inorganic hybrid perovskite solar cells reappeared with an improved
efficiency of 10.9% [79]. To address degradation and efficiency issues, the liquid electrolyte
was replaced with a stable solid-state version [80]. Solar cells were fabricated with a similar
architecture to DSSCs, using TiO2 as the n-type electron transporting material and Spiro-
OMEeTAD as the p-type hole transporting material, with CH3NH3PbI3 as the active layer [79].
Since the introduction of all-solid-state halide perovskite-based solar cells, the PCE has
increased significantly from 3.8% [72] to 25.5% [81]for single-junction architectures in 2020.
This breakthrough has propelled the PV field forward, generating widespread excitement for
this novel material class. Over the past decade, PSCs have gained a reputation for being
highly efficient and cost-effective technology. The bandgap of organic-inorganic halide
perovskites can be adjusted between 1.55-2.3 eV by altering cation or anion elements,
allowing access to different parts of the solar spectrum [82]. Various research groups have

reported on methods of device preparation and PSC performance enhancements through

material optimizations, architectural designs, interfacial engineering, and improved
fabrication conditions, as detailed in Tables 1.
Active Deposition Jsc Voc FF PCE
material Method ETM HTM mAcm=2 | (V) % % Year | Ref
CH3NH3PbBr3 Spin coating TiO2 - 5.57 0.96] | 0.59 3.13 2009 | [83]
CHsNH3Pbls Spin coating TiO2 - 11 0.61 | 0.61 3.81 2009 | 83]
. . . Spiro-
CHsNH3sPbls Spin coating m-TiO2 OMeTAD 17.6 0.888 | 0.62 9.7 2012 | [84]
CH3NH3Pb|3- . . . Spiro
cl, Spin coating c-Ti02 OMeTAD 21.5 1.07 | 0.67 | 15.4 | 2013 | [85]
CHsNH3sPbls . . m- Spiro
Clx Spin coating Ti02/AI203 | OMeTAD 21.5 1.02 | 0.71 | 15.9 | 2014 | [86]
CH3NH3PbI Spin coatin m Spiro 23.83 | 1.086 | 76.2 | 19.71 | 2015 | [87]
3NHaFDl P & | Ti02/A1203 | OMeTAD ' ' ' '
direct intra
molecular m-TiO2 PTAA 24.7 1.06 | 77.5 20.2 2015 | [88]
FAPbI;
exchange
. . . Spiro
CH3NH3Pbls Spin coating m-TiO2 OMeTAD 23.69 1.113 | 77.3 20.4 | 2016 | [89]
simple solution 18.1-
CH3NH3Pbls based PbCl2 23.7 1.05 19 2017 | [90]

Table I-1 : Photovoltaic parameters of the PSCs .
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Figure 1-9: numbers of publications with the topic on perovskite solar cells (PSCs) from 2015

to 2024. The publication data is adapted from ISI web of science database.
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I-3 Energy: the case for Renewables and Photovoltaics

The generation of usable energy has been a driving force behind technological and societal
advancement throughout history, from the early use of fire and water mills for food
processing to the vast international electricity consumption required to power modern
devices and industries. As the global population and development continue to grow, our
ability to meet the increasing demand for energy must also expand. With the global
population expected to surpass 9 billion by 2050, energy consumption is projected by the US
and EU to at least double, rising from 13.5 TW in 2001 to 27.6 TW by that time [91].

In the latter half of the 20th century and into the 21st, it has become evident that while the
growing energy demand could be met by consuming existing reserves of natural gas, oil, and
coal, this approach would exacerbate the harmful effects of human-driven global warming
and ocean acidification, impacting ecosystems, food production, and numerous natural and
human systems [92]. To avoid these consequences and meet governmental and
international emissions targets, a shift away from fossil fuels towards renewable energy
sources is essential. Wind and solar energy offer low-carbon solutions without the significant
upfront costs and hazardous waste associated with nuclear fission reactors, making them
some of the most promising and rapidly expanding alternatives [91].

Solar energy, in particular, holds the greatest potential, as the power the Sun delivers to
Earth far exceeds our energy needs. Harnessing just 0.001% of this energy would be enough
to power the entire planet. Despite this, renewable energy sources currently account for less
than 20% of global energy production, dropping to around 5% when biomass is excluded.
Photovoltaic (PV) cells, which convert sunlight directly into electricity, provide a highly
practical means of capturing solar energy. With few mechanical parts and long lifespans, PV
modules can be installed on individual buildings to supply power where needed.

Historically, the higher cost of PV energy compared to fossil fuels limited its widespread
adoption. However, recent improvements in efficiency and reductions in cost have driven
significant growth in the PV market. From 2000 to 2015, while global renewable energy
capacity increased tenfold, PV capacity grew by a factor of 60, now comprising nearly one-
third of the total [93]. As photovoltaics continue to play a crucial role in a decentralized
energy generation system, they are increasingly viewed as a direct competitor to traditional

energy sources. Achieving electricity costs of $0.03/kWh would enable parity with fossil
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fuels, paving the way for future expansion. This goal requires both high thermodynamic
efficiency and a reduction in module costs—from around $4/W in 2010 to approximately
$0.30/W [94]. Therefore, improving current solar cell designs and developing new, non-toxic,
abundant, and highly efficient photovoltaic materials are vital areas of scientific research to

meet or even surpass these targets.

I-3.1 The Photovoltaic effect

In 1839, Edmond Becquerel discovered the effects of chemical radiation from sunlight on
electric currents. He observed the response of a galvanometer between two platinum
electrodes submerged in a solution of chloride salt when exposed to light. This was the first
known description of light-generated electric current [95]. In 1877, Adams and Day
conducted experiments on bars of selenium which confirmed that the response was solely
due to light and not heat. They named this electronic response from light the "photoelectric"

effect, now known as the photovoltaic effect [96].

In modern times, we have discovered that the photovoltaic effect occurs when light hits a
material, causing photons to excite electrons to a higher energy state and leaving behind a
positively charged hole. This process occurs in solid semiconductors like selenium, where the
electron moves to the conduction band and leaves a hole in the valence band. If the electron
and hole are separated, they can act as free charge carriers, increasing conductivity and
creating a photocurrent. This separation also creates a potential difference, resulting in a
photovoltage. Like other electronic devices, the combination of current and voltage
generates electrical power, allowing the conversion of solar power into electrical power

without using chemical resources, supporting the goal of renewable energy technologies.
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Figure I-11 : Representation of photoexcitation of an electron (green circle) in direct
and indirect semiconductors. The electronic transition in each case is represented
by the black arrow, while the incident photon is represented by the purple and a
phonon, providing the change in momentum for an indirect transition, by the brown
arrow respectively [97].
For photo absorption, the first stage of the photovoltaic effect, in semiconductors, there are
two arrangements of valence and conduction band that need to be considered: when the
minimum of the conduction band (CBM) and maximum of the valence band (VBM) occur in
k-space at the same point, forming a direct fundamental band gap; or when they occur at
different points in k- space, where the band gap is termed indirect. The excitation of an
electron at these two conditions are depicted in Figure 1-10: for a direct gap, the energy of
the incident photon of the correct energy is absorbed, exciting the electron to the
conduction band; in an indirect gap material, the absorption of a photon must be
accompanied by an additional particle, such as a phonon (lattice vibration), to facilitate the
change in k, as the momentum of the photon is negligible and the overall momentum must
be conserved during the transition. The necessity for a three-particle interaction, as opposed
to a two-particle interaction in a direct transition, severely reduces the probability of such an
excitation occurring. The second stage of the photovoltaic effect charge separation can be
performed in multiple ways, but in general requires some gradient, whether

electrical/charge-based or thermodynamic, to drive the process.
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I-3.2 The Schockley-Queisser limit

Throughout this section, we have contemplated the behaviour of a hitherto qualitative
‘ideal' solar cell, representing perfect diode behaviour and minimal avoidable losses. In
1961, Shockley and Queisser applied the thermodynamic principle of detailed balance,
where all processes, such as absorption and recombination, are in equilibrium, to the
behaviour of a solar cell to find the thermodynamic theoretical limit to the efficiency, nof a
single junction solar cell.[98]

In this, they considered the incident power on a cell on the surface of the earth from the
Sun, as well as the dependencies of both Jsc and Voc to formulate an expression for n that
depends on only a few factors, in their labels: xg, the ratio between band gap and thermal
energy, X, the ratio between the temperature of the cell and that of the Sun, m, the
impedance matching (essentially the FF), ts, which corresponds to the EQE, and f, a factor
considering other deviations from ideality, including fr, the fraction of total recombination
that is radiative, as well as the angle of the sun to the cell.

This analysis also includes the assumption that only one electron-hole pair is generated from
the excitation of one photon (EQE is limited to 100%), and that the excited carriers with
energy in excess of the band gap relax (usually through the intercession of phonons) to the
band edges, with the remaining energy lost as heat. They then fix some of these parameters
to ideal values to obtain the detailed balance limit, now also known as the Shockley-Queisser
(SQ) limit: a 100% FF and EQE above the band gap energy, a cell and ambient temperature of
25 °C, entirely radiative recombination and the position of the (unconcentrated) Sun directly
normal to the cell surface lead to the dependence of n on solely the band gap, resulting in
the curve depicted in Figure 1.7. This curve reaches a maximum of ~33:7% for the AM 1.5G
spectrum at around 1:34 eV, limiting a single junction solar cell to this efficiency. No current
solar cell has reached this ideal efficiency, although for some materials, it is being
approached. Nevertheless, the SQ limit provides a target for developments in photovoltaic
systems, as well as a key first target for the proposal of any new solar absorbers, if the band
gap of the absorber layer falls outside a 0.9 eV to 1.6 eV range, then the absolute limit on
the efficiency of a cell utilising that material will be limited to <30%, and thus compare

unfavorably to other current absorbers which have band gaps within this range [99].
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Figure I-12 : The Shockley Queisser limit for a single junction solar cell, given as a function of

cell efficiency against band gap of the absorber layer[98].

We note here that some of the assumptions in the SQ limit are not absolute: for example,
concentrators to enable a higher intensity of light are commonplace, and methods of
multiple exciton generation (producing more than one carrier pair per photon) such as

singlet fission are an active topic of research interest for integration with photovoltaics [99].

I-3.3. General Photovoltaic properties: Voc, Jsc, FF and efficiency
The focus now shifts to analyzing the measured outputs and properties of the solar cell, as

well as comparing these metrics between different cells. The primary output of interest is
the power generated in the form of electricity, which depends on the input power (intensity
of incident photons) and the conversion efficiency. The efficiency of the solar cell in
converting input power to output power is a critical factor in determining its overall
performance. By understanding and optimizing this efficiency, we can enhance the power
output of the cell and improve its overall energy conversion. Comparing the performance of
different solar cells involves evaluating their power outputs and efficiencies. This comparison
allows researchers to identify the most effective cells and technologies for specific
applications. By conducting these comparisons, advancements in solar cell technology can
be made to increase efficiency and performance. Solar cells rely on light sources for their
operation. The standard method for comparing different solar cells in the laboratory involves

using the output of an ‘artificial sun' known as the AM1.5G spectrum. This spectrum

31



_ Ferroelectricity in Perovskites for Photovoltaics

represents the global average of spectral irradiance from the Sun onto the Earth under
specific conditions, accounting for atmospheric losses. By using the AM 1.5G spectrum as a
reference, researchers can evaluate the power conversion efficiency (PCE) of photovoltaic
(PV) devices. PCE, denoted by n, is a crucial factor in maximizing the performance of PV
devices. It is calculated as the ratio of maximum output power to incident power. The
efficiency of a solar cell is determined by its ability to convert light into electrical power. The
maximum output power (Pmax) of a solar cell is the product of the current and potential
difference, similar to other electronic devices. In the case of a photovoltaic cell, the

calculation also involves a specific current, voltage, and a variable known as the fill factor.

Pmax _ VocJscFF (2)

n Pin Pin

Where Vo represents the open-circuit voltage, Jsc denotes the short-circuit current (density),
and FF stands for the fill factor, all of these parameters are associated with the extrinsic
characteristics of a solar cell , They will be further explained in the subsequent discussion.To
ensure consistency across measurements for various devices, solar cell efficiency testing is
conducted under standard conditions: the AM1.5G spectrum, a temperature of 25°C, and an

incident power density Pi, defined as 1 kW/cm? [100].

The first parameter to discuss is the short-circuit current, which is the current that flows
through the cell when it is short-circuited (i.e., the contacts on both sides of the cell are
directly connected), resulting in zero output voltage. This represents the maximum current
that can be achieved within the cell. As mentioned earlier, photocurrent is generated by
charge carriers (electrons or holes) under illumination, making Jsc dependent on various
internal and external factors. Two of these factors—the cell area and the intensity spectrum
of incident light—are standardized for comparing different cells; the latter is standardized
for terrestrial cells using the AM 1.5G spectrum, while the former is typically accounted for
by expressing the short-circuit current lsc as a current density Jsc in units of mA/cm?. The
remaining factors are directly related to the cell's ability (through the absorber layer) to
generate charge carriers, which depend on its optical absorption and reaction. For ideal cell
behavior, every photon with energy above the absorber's band gap is absorbed, producing
two charge carriers for the external circuit. As a result, J is solely dependent on the band

gap, and the highest theoretical Jsc occurs when the band gap is minimal but still finite.
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The open circuit voltage is the maximum potential difference across a cell when there is no
net current flowing through it, and is the opposite property to the Jsc. The absolute
maximum of the Voc is determined by the band gap of the absorber layer, representing the
greatest potential difference between the negatively charged electron and positively
charged hole at their respective band edges. However, additional mechanisms such as band
alignment in transport or contact layers and electron-hole recombination within the cell can
further constrain the Voc. This reduction in Voc is influenced by the dark current, JO, which is
the current that flows through the cell naturally in the absence of light, as a result of
thermally-generated carriers. The Jsc, on the other hand, reflects the immediate current
generated by light-induced carriers. As a solar cell functions as a diode, the Voc can be

calculated using the diode equation for a charge g atJ = 0[101].

_ nkBT ]_L
Voc = " In (]0 +1) (3)

The ideality factor, n, is determined by the Boltzmann constant, ks, the temperature, T, and
the light-generated current, JL, which is approximately equal to the short-circuit current, Js,
for most absorbers JL =Jsc . The reverse saturation current, Jo, is heavily influenced by
recombination within the solar cell material, leading to a decrease in the open-circuit
voltage, Vo, from the band gap value. However, in an ideal absorber, Vo tends to increase
with the band gap until Jsc becomes very small. The ideality factor is also influenced by
recombination mechanisms. The fill factor, FF, can be observed through the J(V) curve, which
shows the current-voltage relationship of the cell under illumination and is used to calculate

efficiency. Figure 1-12 illustrates an example of a J-V curve and defines FF and Pmax[101].

FF = Pmax _ JMPVMmP (4)
IJscVoc JscVoc
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Figure 1-13 : J(V) curve for a hypothetical solar cell, marked by a red line, with the
positions of Jsc and Voc marked. The fill factor, FF, is represented by the ratio of the
areas of the blue rectangle (defined by Jscand Voc) and the pink rectangle (defined

by the point of maximal power output, at (Jmp,Vme)).[101]

The fill factor (FF) is essentially an indicator of how "square" the JV curve is. The maximum
power that can be extracted from the cell occurs at the point where the product of current
(J) and voltage (V) is greatest, typically located at the top-right corner of the curve. In an
ideal solar cell, there would be no losses, and the curve would perfectly match the area of
the blue rectangle in Figure 1-12, with maximum power occurring at Jsc and Voc. However, in
real solar cells, parasitic resistances cause deviations from ideal performance, resulting in a
curve that follows a path like the hypothetical red line in Figure I-12, which corresponds to a
smaller area (represented by the pink rectangle). The maximum power is then given by Jup-
Vwmp, and the fill factor measures the ratio of the actual area to the ideal area under the JV
curve. It quantitatively represents the power loss due to non-ideal behavior as a percentage.
With these terms defined, we now understand the key physical properties of a solar cell that
can be externally measured and contribute to overall efficiency. However, it’s also important
to consider how a solar cell deviates from ideality, causing losses in efficiency and
performance. Recognizing and understanding these loss mechanisms is essential for

identifying efficient absorber materials for photovoltaic (PV) cells.
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I-4. SLME

Spectroscopic Limited Maximum Efficiency (SLME) is a metric recently introduced by Yu and
Zunger for evaluating photovoltaic absorbers using first-principles calculations [102]. This
metric is valuable for comparing the intrinsic properties of the materials analyzed in this
thesis. The Shockley-Queisser (SQ) limit, discussed in Section [-9, defines the theoretical
thermodynamic efficiency limit of single-junction solar cells based on the absorber’s band
gap. While SLME largely follows the thermodynamic "detailed balance" approach of the SQ
limit, it diverges in two key aspects related to the optical behavior of the absorber.

The first difference lies in the treatment of recombination. In the original SQ method, factors
representing both light transmission and non-radiative recombination are combined into a
single factor. Although Shockley and Queisser considered various values for this factor, the
SQ limit is typically quoted in its highest efficiency form, assuming the factor is 1, meaning
the absorber behaves as a perfect blackbody with only radiative recombination. This
assumption is reasonable for direct band gap materials like GaAs. However, in materials with
an indirect band gap or where the direct gap is forbidden, radiative recombination is much
less significant, and other pathways such as Shockley-Read-Hall or Auger recombination
account for a greater proportion of losses. Due to higher non-radiative recombination, the
efficiency is lower than the SQ limit. SLME accounts for this non-radiative recombination by

treating the fraction of total electron-hole recombination that is radiative (fr) as:

f = e_A/kBT (5)
where kg is the Boltzmann constant, T, the temperature, and A is the difference between the
lowest direct allowed transition (Egda) and the fundamental band gap (Eg). For allowed
direct-gap materials, A =0 and f,.=1, restoring the radiative limit; for A>0, f,. is reduced, and
non-radiative recombination is increased. As the non-radiative recombination increases, the
SLME reduces, representing the increased total recombination (from both radiative and non
radiative sources) impacting the overall available charge carrier concentration, and thus the
reduction of the short-circuit current.

The second modification in SLME concerns photon absorptivity, a(E), which is similar to
external quantum efficiency. In the SQ limit, absorptivity is simplified as a step-wise function,

with 0 below the band gap and 1 above, assuming the absorber acts like a perfect blackbody.
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However, in SLME, absorptivity is modeled using Beer-Lambert behavior, where it depends
on both the calculated absorption coefficient, a(E), and the thickness of the material, L.

a(E) =1— e 2aB)L (6)

A higher absorption coefficient results in a lower overall exponential factor, bringing the
material's behavior closer to that of a blackbody above the band gap (with a(E)still being O
below the band gap, as there is no sub-gap absorption in the calculations). By incorporating
material-specific optical absorption, SLME provides better differentiation between absorbers
with the same band gap, highlighting those that may experience optical losses in practical
applications.

Overall, SLME is a valuable tool for the theoretical evaluation of potential thin-film solar
absorbers, as it incorporates intrinsic properties like band gap type and absorption
coefficient to assess their impact on cell efficiency. However, SLME is not a perfect
theoretical model of cell efficiency. Like the SQ limit, it does not account for defect
properties, which can significantly affect carrier mobilities and recombination in real
systems. It also overlooks the effects of interfaces between cell layers and the potential
series resistance that may arise. Additionally, recent work by Blank et al. has shown that the
omission of the refractive index in SLME oversimplifies the relationship between internal
properties like a and the external efficiencies that would be observed in actual devices [103].
Despite these limitations, SLME remains a useful screening metric. It is cost-effective (relying
solely on calculable static optical properties), does not depend on empirical models, and is
especially beneficial for assessing emerging materials, which may lack prior characterization
or study. SLME is particularly relevant to thin-film absorbers, where optical losses, such as

those from indirect band gap behavior, can be substantial.
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I-5. Ferroelectric photovoltaics

Perovskite materials are of interest for optoelectronic and photovoltaic applications due to
their unique semiconductor properties, such as high-absorption coefficient, ambipolar
charge transport, low exciton-binding energy, and ferroelectric properties. Materials like
BiFeO3, Bi2FeCrO6, and BiMnO3 have been extensively studied for their ferroelectric and
photovoltaic effects, as they exhibit spontaneous polarization and switchable polarization,
enabling efficient charge carrier separation in photovoltaic cells [104]. Despite the advantages of
these metal oxide based perovskite photovoltaic cells, they suffer from low power conversion

efficiency (PCE) due to their large bandgap and insulating properties, which are typical characteristics

of ferroelectric materials.
I-5.1. Ferroelectric material

Ferroelectrics are versatile materials with spontaneous polarization that occurs without an
applied electric field [105]. One of their key features is ferroelectricity, which allows for the
switching of polarization using an electric field. Since the discovery of ferroelectricity in
Rochelle salt in 1921[106], materials like BiFeO3 (BFQO), BaTiO3 (BTO), and PbZr1-xTixO3
(PZT) have been extensively studied. Ferroelectrics have reversible electric polarization that
can be controlled by electric fields, temperature, composition, or pressure [107], making
them ideal for applications like non-volatile memories [108]. The coupling of electric
polarization with strain or magnetization also makes ferroelectrics useful for sensors and
actuators [109]. Light-matter interactions in ferroelectrics have revealed novel phenomena
like the photovoltaic effect and photostrictive effect [110] , and the photostrictive effect
(nonthermal photo-induced deformation) [111]. More recently,. Photo-ferroelectric
materials, especially in thin films, are gaining attention for their potential applications [112]
and the ability to control material functionalities through electric polarization (tuning
photocurrent or photostriction [113]). This offers exciting possibilities for future applications

[114].
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Figure I-15. Ferroelectric ABO3 perovskite structure in a) cubic phase above Tc, b) tetragonal

phase below Tc for up and down polarization states[115].

P (uc/enm’)

E (kVifem)

Figure I-16. Typical P-E hysteresis loop of a ferroelectric material below its Curie

temperature (Tc). Above Tc, the crystal has no spontaneous polarization.[115]
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I-5.2 The perovskite ferroelectric:

Perovskite oxides with ferroelectric properties are well-suited for stable photovoltaic cells
that exhibit high open-circuit voltages. In these materials, the photoexcited carriers are
separated by an internal electric field created by polarization, rather than the electric field at
p-n junctions found in conventional solar cells. These devices can produce an open-circuit
voltage that exceeds the band gap of the perovskite material. Ferroelectric perovskite
materials like BaTiO3 [116], LiNbO3 [117] and BaFeO3 have been studied for their potential
in photovoltaic applications. However, solar cells based on ferroelectric perovskites typically
have low power conversion efficiencies (PCEs) due to their large band gaps, which limit
absorption to UV light—only 3.5% of the solar spectrum. Among these materials, BaFeO3
has the smallest band gap at 2.2 eV (absorbing 25% of the spectrum), but this is still higher

than the ideal band gap of 1.34 eV for optimal photovoltaic performance.

The light-harvesting efficiency of ferroelectric oxide perovskite materials can be improved by
reducing their band gap, thereby expanding their absorption range to include more visible
light. This band gap reduction can be achieved through careful selection of A- and B-site
elements, such as in the case of the Bi,FeCrOs double perovskite [118], or by combining
different perovskite materials, like in [KNbO3]1«[BaNi 1/2Nb 1/203.5]x(KBNNQO) [119], to form
perovskite solid solutions. Examples of such solid solutions include BisTiO12-LaCoO3 [120]
and BiMnOs-BiMn;0s, where a low-bandgap ferroelectric perovskite is combined with a non-

ferroelectric material, leading to better performance than single perovskite compounds.

Ferroelectric materials with a perovskite structure have low conductivity, which can impact
their dielectric properties by allowing charge carriers to leak. This poor conductivity hinders
the efficiency of photovoltaic charge transport in bulk perovskites. Increasing the electrical
conductivity is crucial for improving the efficiency of these materials, but it can also lead to
increased leakage current and affect the ferroelectric behavior of the perovskite. Balancing
conductivity and ferroelectric properties is essential for enhancing the efficiency of
ferroelectric photovoltaics. Oxide perovskites containing 3d transition metals have low
carrier mobilities and high carrier recombination. On the other hand, oxide double
perovskites with a A2MnMvO0s structure, which do not contain 3d transition metals, have

lower bandgaps and smaller carrier effective masses, making them excellent absorbers for
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photovoltaics[121].

I-5.3 Photovoltaic effect in the perovskite ferroelectric oxides

Approximately fifty years ago, researchers discovered the ferroelectric photovoltaic effect in
noncentrosymmetric ferroelectric materials , which is distinct from traditional p-n junctions.
In ferroelectric materials, the inherent ferroelectricity causes a separation of photoexcited
charges upon light absorption, leading to the generation of high photovoltage. Additionally,
other photovoltaic mechanisms, such as the PV effect resulting from the Schottky barrier at
the ferroelectric/electrode interface, may also be present in ferroelectric materials
sandwiched between electrodes. The first part of this discussion will explore the charge
separation mechanisms in conventional p-n photovoltaic cells with interface-induced
photovoltaic effects. Subsequently, various photovoltaic mechanisms that can occur in
ferroelectric materials will be examined in depth, along with the latest advancements in

different types of ferroelectrics.

I-6 Classical PV effect in p-n junction

Silicon-based solar cells utilize p-n junctions created by doping the semiconductor with
impurities to form hole-rich (p-type) and electron-rich (n-type) regions. These regions
combine at equilibrium through a narrow depletion junction. When photons with energies
higher than the bandgap are absorbed, free charges are generated as shown in Figure I-16a.
The photogenerated charges are separated by the internal electric field, Ebi, created by the
energy barrier at the depletion interface layer, resulting in short circuit current Isc and open-
circuit voltage Voc. The maximum Voc is limited by the difference in quasi-Fermi levels of
electrons and holes and cannot exceed the bandgap energy, Eg, of the material. The
efficiency of a single p-n junction is capped at 31% of incoming light when the energy gap is
Eg = 1.35 eV[122], known as the Shockley-Queisser limit. This efficiency is determined by the

interface properties of the p-n junction.

The primary limitation of the PV effect in p-n junctions is that the open-circuit voltage (Vo)

cannot exceed the bandgap value, while the short circuit current density (Jsc) can reach levels
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of mA/cm?. This principle also applies to metal-semiconductor junctions, and ferroelectrics
can be utilized as an alternative to enhance solar cell efficiency as illustrated in Figure I-16b.
The lack of center of symmetry in ferroelectrics aids in the separation of photogenerated
carriers, leading to higher Vo values exceeding the bandgap, up to kV. Unlike p-n junctions,
the PV effect in ferroelectrics is based on a single bulk material, known as the bulk

photovoltaic effect in non-centrosymmetric crystals (BPE).
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Figure I-17. Photovoltaic effect schematics in a) a semiconductor p-n junction and b)

ferroelectric based capacitor device [115].

I-7 Bulk photovoltaic effect (BPVE)
The BPVE is a continuous photocurrent produced within the bulk area of the FE material

due to the lack of lattice non-centrosymmetry.

Many Ferroelectrics, like silicon, are wide bandgap semiconductors. The first
photovoltaic effect in ferroelectrics was observed in BaTiO3 (BTO) in 1956[123]. Glass et
al. developed a theory for this effect in 1974, focusing on LiNbO3 (LNO)[124] crystals
without a center of symmetry. They suggested that the photocurrent is proportional to

the light intensity, and the steady state photoinduced current can be expressed as:
Jsc = kal; (7)

Where k is the Glass constant (A.cm/W) and a is the absorption coefficient (cm™). The
photo-induced currents measured in LNO single crystals are of the order of nano-

ampere.
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The photo-induced current is related to the film thickness, as shown by the relationship
[123]:

Isc~Aa® x exp(—a) (8)
Where, ¢ is the photon flux density per second, d the film thickness and A is a constant
depending on many parameters such as the internal field, quantum efficiency, the
lifetime of charge carriers, their mobility, and energy. Since, the current increases when

the thickness decreases, the use of thin-film is preferred to increase the PV efficiency of

the device.
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Figure I-18. Schematic illustrating the photoexcitation processes in (a) centrosymmetr ic

crystal and (b) non-centrosymmetr ic crystal.[125]

The current in the BPVE is influenced by the alignment of light in relation to the
ferroelectric polarization. This phenomenon demonstrates a second-order nonlinear
optical behavior and is represented by a third rank tensor when illuminated with linearly
polarized light . Therefore, the impact of BPVE on the photocurrent and its reliance on

the polarization vector of the light wave can be expressed as
Jsc = IBiijejeItI (9)

Where, Bijk L is BPVE third rank tensor for linearly polarized light, e denotes polarization
vector in direction j and k and | is the intensity of light [126]. The light-induced voltage of

up to kV is a unique feature of this photovoltaic effect [127]. The open circuit
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photovoltage Voc arising from photocurrent depends on the electrode spacing (d) and

the conductivity (o), [123]:

Voc = Jsc (g) (10)

Where, o is the combination of dark conductivity (o4) and photoconductivity (gps):

0 =04 + Oy, (11)
Internal energy gap levels or, as in other sensitive cases, oxygen deficiency [128] can

affect the values of photo-induced voltages.

I-8 Factors affecting PV properties in FE

The photovoltaic characteristics of ferroelectric materials have been demonstrated to
rely on various factors including polarization, thickness, domain walls, defects, the
bandgap of the ferroelectric material, and the interface between the ferroelectric and
electrode. The subsequent chapter will provide a detailed analysis of the factors that

influence the photovoltaic properties.

I1-8.1 Polarization

Ferroelectric materials have an inherent property known as polarization, which can be
altered by an electric field. The orientation of this polarization plays a role in determining
the photocurrent direction in thin ferroelectric films . The ability to switch photovoltaic
properties in ferroelectrics is important for applications such as photo-ferroelectric
memories, but achieving this can be challenging due to factors like the electrode-
ferroelectric interface (Schottky barrier), film thickness, and defects.

Choi et al. conducted a study to investigate how polarization affects the photovoltaic
properties. They used a BFO single crystal sample with gold electrodes and exposed it to
light at a wavelength of 532 nm with an intensity of20 mW/cm?. The researchers
observed a photocurrent density of 7.35 mA/cm?, indicating that the photovoltaic effect
was likely due to changes in the Schottky barrie height at interfaces [129]. Furthermore,
the applied electric field can completely alter the diode behavior in BFO ferroelectrics

[62]. In 2016, Yang and colleagues demonstrated that polarization can switch the J-V
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characteristics of Lay/3Sri3MnQOs/BFO/ITO under standard sunlight [130]. When

polarization is upwards, the curve is rectifying, and the photocurrent increases with light

intensity. Conversely, when polarization is downward, the curve becomes linear, and the

photocurrent flows in the opposite direction to the polarization. This behavior is

attributed to polarization-induced changes in Schottky barriers [130]. Another example

from Lee et al. showed a photocurrent density of 0.1 mA/cm? in a 400 nm BFO film

placed between a platinum top electrode and an SrRuO; bottom electrode under 10

mW/cm? illumination [131]. The photocurrent direction reversed with polarization, and it

reached zero when polarization domains of opposite directions were equal.These

findings align with the BPVE, as equal but opposite photocurrents occur for opposite

polarization states. Notably, the photocurrent exhibited a hysteresis loop that

overlapped with the ferroelectric loop, indicating a strong link between polarization and

photocurrent. Addltlona”y, Pb0.97|_ao.03(Zro.szTio.48)O3 dOped with WO3 (PLWZT) [132]

demonstrated that reversing the polarization can reverse the photovoltaic current

direction or at least adjust its magnitude.

Additionally, previous studies have shown that the photocurrent exhibits a loop pattern,

similar to a ferroelectric hysteresis loop, in relation to the poling voltage. This suggests a

clear connection between photocurrent and electrically poled polarization in different

ferroelectric materials like PbTiO3-based solid solutions [190].

To achieve a similar effect to the switchability of the ferroelectric diode, one could

consider changing the direction of polarization to alter the direction of the photocurrent.

This concept aligns with the third rank of the BPVE tensor, as reversing the polarization

also reverses the BPVE tensor and subsequently the photovoltaic current. Another

method of achieving switchability is by adjusting the Schottky barrier height at the

ferroelectric-metal interface due to polarization. The switchability feature of the BPVE in

ferroelectrics allows for applications beyond electricity generation. The polarization-

dependent photo response in PZT was studied for potential use in non-destructive

readout ferroelectric memories.
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I-8.2 Defects

The impact of defects on photovoltaic (PV) properties is challenging to predict. Like the

Schottky barrier effect, defects such as oxygen vacancies can create built-in fields that

influence the photovoltaic characteristics of ferroelectric (FE) materials and their ability

to switch polarization [134]. Oxygen vacancies are often seen as the cause of leakage in

FE materials, leading to a decline in PV effects . Therefore, stringent methods are

employed to minimize oxygen vacancies in FE materials to enhance PV device

performance. However, oxygen vacancies might also have a positive effect by altering

interfacial screening charges, forming trapping centers, and increasing sub-bandgap

absorption in PV devices. Moubah et al. demonstrated that PV effects in a single-domain

BFO are only noticeable after applying an electric field weaker than the coercive field

under illumination . This is explained by the fact that the electric field generates oxygen

vacancies, which migrate to the BFO/electrode interface, where they lower the energy

barrier, allowing for detectable photocurrent.

Another example shows that BTO/p-Si samples with a high concentration of oxygen

vacancies exhibit an enhanced photovoltaic response, which is linked to the formation of

p-n junctions at the interface between the oxygen vacancy space charge layer and the p-

doped silicon [135]. On the other hand, under certain conditions, oxygen vacancies can

significantly reduce leakage in ferroelectric (FE) materials. Shuai et al. [136] report that

leakage decreases when more Mn ions are added to BTO films, as this increases the

number of oxygen vacancies available for charge compensation, acting as trapping

centers within the BTO bandgap [136]. Furthermore, defect centers within the bandgap

may induce sub-bandgap levels, which not only expand solar spectrum absorption but

also create an asymmetry in k-space between charge generation and recombination,

fulfilling the BPVE condition .These findings suggest that controlling defects is crucial for

developing efficient ferroelectric-based PV devices.
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I-8.3 Bandgap engineering

In photovoltaic devices, it is important for the ferroelectric material to have a bandgap
near the maximum of the solar spectrum, which is 1.4 eV. Many ferroelectrics typically
have a bandgap in the ultraviolet range of the solar spectrum (refer to Figure 1-18.). This
wide bandgap is a result of the electronic structure of ferroelectric oxide perovskite,
which is determined by the valence band maximum from the oxygen 2p orbital and the

conduction band minimum from the transition metal d orbital .
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Figure I-19. Various perovskite oxides with their bandgap.

One approach involves adjusting the chemical ordering of materials by using a narrow
bandgap material to reduce the overall bandgap. Nechache et al. [137] successfully
created a multilayer structure of Bi,FeCrOs (BFCO) with three layers, each absorbing a
different part of the solar spectrum due to their varied chemical ordering. This design
achieved a record efficiency of 8.1% for traditional ferroelectrics, with typical
photovoltaic outputs of Jsc = 11.7 mA/cm? and Voc = 0.79 V under AM1.5 illumination.
Previous work on Bi,FeCrQOs thin films reported a 6.5% power conversion efficiency (PCE)
under red laser illumination, producing one of the highest-ever recorded photovoltaic
current densities of 0.99 mA/cm? [138]. Another method to reduce the bandgap is
through chemical modifications, such as solid solutions or doping. In 2013, Grinberg et al.
[139] demonstrated a bandgap of 1.46 eV in the compound (KNbOs)(1-x)(BaNio.sNbo.503)x
(KBNN), which combines ferroelectric (KNbQOs) with an oxygen-deficient perovskite
(BaNiy/2Nb+/,03). Overall, significant efforts have been made to lower the bandgap of
ferroelectric materials, which typically have large gaps and poor photovoltaic

performance, as outlined in Table I-2.
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Compounds Eg(eV)
BiMnO; 1.2
BizFECf‘Os 1.4-2.0
LiNbO3 3.78
KNbO; 3.3
(KNO)x(BNNO) 1 1.5-3
KBiFe,0s 1.6

Table I-2 Summary of bandgap of different perovskite oxides [140].

I-9 the ferroelectric switching barrier

The ferroelectric switching barrier refers to the energy required to switch the polarization
in ferroelectric materials. In hybrid improper ferroelectrics, this barrier can be reduced by
applying biaxial strain, which influences the ferroelectric ground states and adjusts the
switching barrier. This reduction is linked to strain-induced phase transitions to nonpolar
phases. By understanding and controlling the intrinsic factors affecting the coercive field
of hybrid improper ferroelectrics, materials with lower coercive fields and strong
polarizations can be engineered. In A3B,0; compounds, biaxial strain can adjust the
ferroelectric switching barrier by impacting the ferroelectric ground states. By mapping
the strain-tolerance factor phase diagram, the intrinsic switching barrier of hybrid
improper ferroelectric Ruddlesden-Popper oxides can be minimized. This is due to strain-
induced transitions to nonpolar phases. The research demonstrates that strain is an
effective method for reducing the coercive field and creating low-coercive-field

ferroelectrics with stable polarization [141].

The switching energies in perovskite ferroelectrics play a crucial role in field-induced
phase transformations. Factors such as the energy threshold for 90-degree domain
switching, the crystallographic orientation of the applied electric field, and the rotation
path between tetragonal variants all influence these transformations. The behavior of
these phase transitions is important for accurately assessing and validating Landau
coefficients, highlighting the need to understand polarization dynamics and domain
switching energies in perovskite ferroelectrics. Consequently, the ferroelectric switching
barrier refers to the critical electric field required for a phase transformation from the

tetragonal to the orthorhombic phase in ferroelectric materials [142].
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The study of ferroelectric switching in Al1—«ScxN involves calculating the switching barrier
height at both T=0 and finite temperatures using Ginzburg — Landau theory. It has been
found that the switching barrier decreases as the Sc concentration increases, indicating
the potential for ferroelectric switching. For AlpsSco2N, the estimated switching electric
field at room temperature is 26.5 MV/cm, although this value is higher than experimental
results due to the assumption of uniform coherent switching. The research also shows
that the enhancement of the piezoelectric constant €33 in Al1«ScxN alloys is primarily
driven by internal-strain contributions. The addition of Sc to AIN increases e33, with
internal-strain effects becoming more significant as scandium concentration rises, leading
to a structure closer to a layered hexagonal arrangement. The feasibility of ferroelectric
switching is further supported by the decreasing switching barrier with increasing Sc
concentration, as well as the temperature dependence of the barrier. Overall, the study
highlights the relationship between the switching barrier in Al1-xScxN compounds, the
enhancement of piezoelectric properties, and the potential for ferroelectric behavior

[143].

External methods can manipulate the effects of spin texture on ferroelectric materials, as
demonstrated in ferroelectric a-GeTe and multiferroic Ge1xMnyTe. The study shows that
operando electrostatic spin manipulation in Rashba semiconductors is possible due to
ferroelectric polarization reversal. Additionally, the research reveals the switching of the
perpendicular spin component in multiferroic Ge1xMnxTe as a result of electric-field-
induced magnetization reversal. This study provides evidence of magnetoelectric
coupling, allowing for intertwined spin-switching paths with Rashba-Zeeman splitting in a

multiferroic system, enabling mutual control of magnetism and ferroelectricity [144].

I-10 Formal Description of the Berry-Phase Theory

The fundamental property of dielectric materials known as macroscopic polarization can
give rise to permittivity, piezoelectric tensors, and various other physical variables. Solids
have the ability to polarize either spontaneously, as seen in ferroelectrics, or in response
to external factors such as an applied electric field or strain. It was only recently that a

comprehensive theory of bulk macroscopic polarization was developed .King-Smith and
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Vanderbilt discovered that a change in polarization, typically observed in experiments, is
connected to the net adiabatic charge transport [145]. They formulated a clear equation

for the change caused by adiabatically altering any Hamiltonian parameter A[146].

AP = —e[ld\ [ 2=

3
e 2Im YAV uyk | Ohug) (12)

where unk is the periodic part of the Bloch state @n«. The k integral is over the Brillouin
zone, and the sum is over occupied bands. The integrand contains a mixed (k, A) Berry
curvature By, = 2Im}; (VKunK|6AuK)[147] which also appears in Thouless charge
pumping [148] . The change in polarization in the direction of a lattice vector Ra can be
expressed as a Berry phase [146].

A=1
A=0

AP, = 396 [ dKydKy [ i(ung [Oyu) K| (13)

G )3

Where, AP; = %G?AP and the (ki, ka2) integral is taken over the parallelogram spanned

by the reciprocal lattice vectors Gi1 and Ga. The geometric phase of a Bloch state on a path
traversing the Brillouin zone was introduced by Zak and related to Wyckoff positions

[149].

Ortiz and Martin [150] extended the King-Smith-Vanderbilt formula to correlated many-
body systems by incorporating twisted boundary conditions. This concept has been
applied in the analysis of the insulating state of matter [151], the integer quantum Hall
effect [152], and topological charge pumping [153]. In the case of one-dimensional

systems, the Ortiz—Martin formula can be expressed as:

=1

AP = — = mf L<q>0|axq>0>d1<|}\ 0

21T NL

N_COTLSt
=

(14)

where N is the number of electrons in a supercell of length L. The many-body state Q0 =

®dO(x1, ..., xN) is the ground state of the “twisted” Hamiltonian.

~ hk
AKD) = 1 O+ Sy oy + Ve ) (1)
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where V ext(A) includes the electron—ion interaction and any other external potentials and

the parameter k generates an effective magnetic flux that takes on the role of the

twisted boundary conditions. The twisted boundary conditions on the ground state of

the original Hamiltonian A " are ®o ’(x1, ..., Xi + L, ..., xN)=e*®q '(x4, ..., Xi, ..., xn) for all i.

The ground state of the twisted Hamiltonian A= U+ A ‘Owith U= e*(X 1 + X 2 + - + K n) is

related to the original ground state by |®,) = U] @,').

The key outcome presented here is a geometric phase formula for macroscopic

polarization that retains the simplicity and practicality of the King-Smith-Vanderbilt

formula, while also incorporating the essential correlations found in the Ortiz—Martin

result. The simplified formula is

1 d3K .
APyoq = —e fo dxfBZWZIm Yin=1{VkVnk |02 Vnk)
Where v, (1) = \/fuxe"“Ku,,(r) is the periodic part of the natural Bloch state

Pok(®) = eX v, (1); v (1) is analogous to unk(r) in eq 1. The natural Bloch orbitals

@, (r) = e u,, () and occupation numbers f . are eigenfunctions and eigenvalues

of the one-body reduced density matrix (rdm) p1(ro, r'c’),31 and Tn« is a crucial additional

phase variable that determines the gauge of ynk(r). Given any gauge choice for the

natural Bloch orbitals @nk(r), the ground state {nk can be determined from the stationary

conditions 9E/dlnk = 0, where E = (®'|A ’|®’) and |®') = exp[i Xk (nkfnk] | @A) .

Here, f nk = bnk. bnk is the number operator for @nk(r) and

Ansatzy —
ICD ) - anKl,...,nNKN CTllKl CleKz) L ] CTlNKN |q)n1K1 q)TlNKN>

is an Ansatz for the wave function as a superposition of Slater determinants of natural Bloch

orbitals. It follows from this definition that if we make a gauge transformation @nk(r) > e

@nk(r), the Gk transform as Znk = Tk — Onk. Hence, the phases of Ynk(r) and vnk(r) are invariant

under such a transformation, and any geometric or topological quantity constructed from

them, including APreq in eq 16, is gauge invariant .

Equation 16 represents the change in polarization as a sum of single-particle band

contributions, similar to the King-Smith-Vanderbilt formula, but it utilizes natural orbitals

instead of Kohn-Sham orbitals. Natural orbitals are intrinsic to the many-body wave
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function, unlike the eigenstates of a mean-field Hamiltonian. Since the natural Bloch state
Ynk includes the factor fnk, where 0 < ok £ 1 due to quantum and thermal fluctuations, the
valence band contributions are reduced compared to the non-interacting case, and there are
non-zero contributions from the conduction bands. Here, "valence" refers to bands with
occupation numbers f. > 1/2, while "conduction" refers to those with fox < 1/2 (a more
precise definition will follow). Equation 16 is based on the assumption that the sum of the
natural orbital geometric phases closely approximates the geometric phase of the fully

correlated many-body state.

For band insulators, the Berry phase can be expressed using the Bloch function in
momentum space. In more complex situations, such as with interactions or disorder, the
many-body ground state as a function of the flux through the system can be used instead.
However, the definition of the Bloch function and the description of the flux are not unique,
leading to variations in the Berry phase's value depending on its precise definition. This
concept was formalized in the "modern theory of polarization" developed in the 1990s.
Following important foundational work by Resta [154], King-Smith and Vanderbilt [155]
made the principal contributions to the theory, which was later reviewed by Resta [154].
This theory is often referred to as the "Berry-phase theory of polarization" because
polarization is described in terms of a quantum phase known as the Berry phase [156]. To
address macroscopic systems, whether crystalline or disordered, it is standard in condensed-
matter theory to apply periodic (Born—von Karman) boundary conditions [157]. This treats
the system as if it were in a finite box that repeats periodically in all three Cartesian
directions, effectively creating a ring-like structure. Eventually, the system is considered in
the limit of an infinitely large box. For practical purposes, the thermodynamic limit is
reached when the box is much larger than atomic scales. This approach ensures the system
has no surface, and all properties are considered "bulk" properties. In the case of many-
electron systems, periodic boundary conditions mean the wavefunction and Hamiltonian

must also be periodic within the box.

I-11 Wannier representation and Berry Phase

The main result of the theory of bulk polarization (TBP) is an expression for the electronic

contribution to polarization, PPP, which is formulated as a Berry phase [158] of the valence-
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band Bloch wave functions transported across the Brillouin zone (BZ). Alternatively, this

expression can be reformulated in real space as the vector sum of the charge centers of the

valence-band Wannier functions. Practical methods for calculating both the Berry

phase[158] and the Wannier functions [159] have been developed and are now standard in

first-principles electronic structure calculations.

Remember that the Wannier function, wn(r), in unit cell R associated with band n is defined

as [160].

Q
(2m)3

fBZ d3Ke—iK.(r—R) Unk (T‘)

w,(r —R) = S, ABKe KR w4 (r)

_ Q
T (2n)3

(18)

where W, () = e *un(r) are the Bloch functions, written as usual in terms of the cell-

periodic part, un(r). Here Q is the unit cell volume, and the integral is over the Brillouin

zone.

In contrast to Bloch functions, which are spread out in space, Wannier functions are

localized. This makes them useful for visualizing chemical bonding and for serving as

basis sets in electronic structure calculations, where their minimal overlap leads to

favorable scaling with system size. Their relevance here lies in their localized nature,

providing an atomic-like description of charge density in a solid. While the actual charge

density in a solid is continuous, this localized approach allows dipole moments to be

calculated by summing charges multiplied by their positions [161].

......................................
.......................................

Figure I-20 One-dimensional chain of alternating cations (pink postively charged ion

cores) and anions (green positively charged ion cores with their associated negatively

charged valence electron cloud) [161].
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I-12 Conclusion

Ferroelectric perovskite materials are a class of compounds that exhibit spontaneous

electric polarization, which can be reversed by the application of an external electric

field. These materials possess unique properties, such as high dielectric constants, strong

piezoelectric effects, and the ability to exhibit polarization switching, which make them

promising candidates for various electronic and energy applications. In the context of

photovoltaics, ferroelectric perovskites have gained significant attention due to their

ability to enhance charge separation and improve energy conversion efficiency. The

intrinsic polarization in these materials can help to spatially separate photogenerated

charge carriers, reducing recombination losses and increasing the overall efficiency of

solar cells. Additionally, the ability to tailor their electronic and ferroelectric properties

through doping or structural modifications provides a versatile platform for optimizing

photovoltaic performance. As a result, ferroelectric perovskites are being actively

researched for their potential in next-generation solar cell technologies, where they

could offer a combination of high efficiency, low cost, and scalability for large-scale

energy harvesting.
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I1.1 Introduction :

Numerical simulations have acquired an important place in the physical sciences in recent
years. The rapid development of information technology has contributed significantly to the
prediction of new materials or alloys with important properties. In materials sciences, this
type of approximations has been developed to understand and explore the behavior of
matter at the atomic scale. First-principles methods known as “ab-initio” are among the
most accredited modeling and simulation methods for studying materials at the atomic
scale, which makes it possible to obtain a wide range of information on the microscopic
origin of materials properties. accurate ‘ab initio’ methods offer valuable insights and
predictions that can provide guidance for forthcoming experimental and theoretical
endeavors related to these systems. Today, quantum simulation allows the study of systems
consisting of hundreds of atoms. The experience acquired shows that quantities as diverse
as the atomic structure (distances and bond angles), the width of the forbidden band of
semiconductors or even the optical absorption spectra can be calculated with precisions of
the order by a few percent compared to the experimental results.a wide variety of
properties of materials are commonly calculated in laboratories through a variety of
different methods. In addition, these methods are constantly updated to adapt to the speed
and memory capacity of the calculator. They are all based on Density Functional Theory «
DFT ». The method of full-potential linearized augmented plane waves (FP-LAPW) is one of
the most efficient and very precise methods for calculating the electronic structure of
condensed matter in a state fundamental, transitional or in an excited state. These
calculation methods use approaches from the fundamental laws of quantum mechanics,
electromagnetism and statistical physics, to solve the Schrédinger equation, which makes it
possible to establish a formal link between structure at the atomic scale and macroscopic

properties.

In order to better comprehend the approaches employed in ab-initio procedures, we will
discuss the Schrodinger equation, various methods, approximations, and fundamental

concepts essential for understanding the work presented in this manuscript.
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1.1.1 The Schrédinger Equation :

The Schrodinger equation is the fundamental equation of quantum mechanics, just like
Newton's laws in classical physics. It serves as the basic theory for numerous areas of science
and technology including solid state physics, atomic physics, particle physics, nuclear physics,

chemistry, molecular biology and ....

The Schrodinger equation was proposed inductively by Schrédinger in 1926 and was first
developed with the aim of describing small objects (atoms) consisting of a single particle

(such as an electron in a hydrogen atom) located in a certain force field.

The central object of Schrodinger theory is a complex valued function psi called the wave

function [1], which satisfies:
ik Zpsi(7,0) = [=V2 +v(H)| W 0 (1)
ot ! 2m ’
Where 7 is the radius -vector identifying the particle in space.

V (7) is the potential energy of the particle .

92 9% 92

ﬁisa radient vector, whose three components are: (=—,=—,=)-
g ’ p (axz ) ayz ) azz)

i: denotes the fundamental pure imaginary number. m: is the mass of the particle.

In general, the total energy of a system consisting of interacting ions and electrons is

calculated by solving the Schrodinger equation [2].

HY({r;},{R}) = Eu({r;}, (R,}) (2)

With H is the Hamiltonian operator, which is the sum of a kinetic energy operator and the
potential energy of the system, L|J({T'j}, {R,}) a multi-particle wavefunction, which describes
the state of the system (r; represents all electron positions j; R;represents all nucleus

positions I) and E is the total energy
H = Te(r) + TiOTLS(R) + I/1:1'1.15 (r) + ]/iOTLS (R) + Vext (T, R) (3)

Where T, and T;,,sthe kinetic energy operators of electrons and ions; V;,; and V;,,sthe

interaction potentials between electrons and between ions; V,,; The external potential
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might be the Coulomb electrostatic potential due to the nuclei of the atoms. These

guantities can be written:

T,0) = — =%,V (4.2)
Tions(R) = — 751 Vi (@.b)
Vine(r) = %21’,]'% (4.c)
Vions(R) = Zl T ‘Z’| (4.d)

Vext (r, R) = X7 - - 7 (4.e)

— h . .
Where:h = 3 and h is the planck constant .e electron charge. m, Electrons mass. M; nuclei

mass.r; , rjdefine the positions of the electrons. R; , R, Define the positions of the nucleus I.

z; , Z;Atomic numbers of nucleus. V The gradient operator of the particle.

Therefore, the exact Hamiltonian of the crystal is written as follows:

o h2 2 n2 e?z; 1 e 1 eZZiZj
H = 2M; ZI VRl 2m, Zj V 21] |R r]| 8meg Zi,j |7{—ﬁ| + 8me, i,j |R7—R_])| (5)

Resolving the Schrodinger equation for a specific system holds significance in
comprehending the system's behavior, obtaining details about its density of states, and
understanding a particle's response to an external perturbation [3]. However, the
Schrodinger equation offers exact solutions for only a limited set of physical problems, such
as the particle in a box, the simple harmonic oscillator, and the hydrogen atom. When
dealing with many-body systems containing N electrons and, generally, multiple nuclei, exact
solutions for the Schrodinger equation become unattainable due to the electron-electron
and nuclear-electron interactions terms in the Hamiltonian (I1I.5). Consequently, the
Schrédinger equation is non-separable. Therefore, approximation methods play a crucial role

in solving the Schroédinger equation for many-body systems [4].
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11.1.2 the different approximations of the Schrédinger equation

1.1.2.1 The Born-Oppenheimer approximation

The Born-Oppenheimer approximation refers to the division of nuclear and electronic
motion into distinct mathematical frameworks. Max Born(1882-1970) and Robert
Oppenheimer (1904-1967) proposed that the nuclei move significantly slower than the
electrons, allowing us to treat them as effectively stationary[5]. This approximation permits
the exclusion of the kinetic energy of the nuclei from the Hamiltonian, with the electrostatic
repulsion between nuclei being viewed as a constant in the electronic problem [6].
According to the Born-Oppenheimer approximation, the total wave function for the multi-

body system can be expressed as follows:

q’total({rj}’ {Rl}) = l'I"elect:ron({r]'})q"nuclei ({Rl}) (6)
Here, The electronic Hamiltonian can now be written as
J—_y P y_y €z 1y e
H = 21 2me Vi Zl,l |T—J>_R—I>| + 2 2] |T{—r_j| (7)

The three components in this equation delineate, in order, the kinetic energy of all electrons,
the external potential experienced by the electrons, and lastly, the potential interaction
among distinct electrons. The current Schrodinger equation is too difficult to solve due to

the electron-electron interaction term.

1.1.2.2 The Hartree approximation

One of the first methods making it possible to solve the problem of the real and complex
atom on the basis of a single-electronic case was that of Hartree [7] proposed in 1928. It is
an approximation which consists of assuming that each electron moves in a manner
Independent in the mean field created by the other electrons and nuclei. So the problem
goes from a system of electron-electron pair repulsion to a problem of a particle immersed
in an average electrostatic field created by the charge distribution of all other electrons and
nuclei. This approximation reduces the problem with N interacting bodies to that of a
problem of independent electrons. The global wave function N electrons (rl,r2,...rN)

becomes like a product of single-electron wave functions i(ri).

W@y, 72 e e ) = W) P(ry) ... .. b(ry) (8)
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This is an self-consistently equation for a singular particle, which describes the electronic
structure of an atom approximately.
Each atom is considered to be moving in an effective potential. The Schrdédinger equation in

Hartree's approach for an electron [8]:

71.2 - — — =
— L 920,(P) + Vg, D7) = B, (7) (9)
The electron moves in an average Coulomb interaction potential V,; (#*)(the Hartree potential

or mean field potential) between a single electron and the rest of the electrons in the

system, which form a negative charge distribution p(?)

1

V(@ = —e [ dr p(r) (10)

—
N
r—r |

The eigenfunctions resulting from the solution make it possible to calculate a new electron
density:
p(r) =Ziw, @, (11)
The density-potential relationship is obtained by the Poisson equation:
AV () = — 22 (12)

The potential that the electron experiences in the field of all the nuclei is (the electron-nuclei

interaction) is:

1

Ver () = ~Ze? S (13)
Finally, actual potential is expressed as the sum of these two contributions:
Where:

Verr(F) = Vg (F) + Vore () (14)

This approach gave self-consistently solution to the physical system problem The equation is
now simple to solve, but does not give very good results. Due to the neglect of the Pauli
Exclusion Principle and the spin of electrons, this requires the call to another approximation

to better describe the term responsible for this contribution.
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11.1.2.3 The Hartree-Fock Approximation

The Hartree-Fock approximation serves as a fundamental foundation for quantum
mechanical computations involving many-body systems. This approach estimates the wave
function of such systems by expressing them as products of single-electron wave functions.
In this methodology, the total Hamiltonian, H, is represented as the sum of individual single-
electron Hamiltonian operators, Hi.

The wave function of many electron systems can be described as a single product of
individual electron wave functions.

These individual electron wave functions are referred to as spin orbitals. Each spin orbital
consists of a combination of a specific function and a spin state (either "up" or "down"). This
representation of W is commonly referred to as a Hartree product [9].

The Hartree product composed of spin orbitals possesses a significant limitation. It fails to
adhere to the antisymmetry principle, which is a fundamental requirement for wave
functions of many fermions. In quantum mechanics, electrons are classified as fermions, and
the antisymmetry principle dictates that if two electrons are exchanged, the wave function

must alter its sign accordingly.

W77 e Tyy) = =0 T3 e T (15.a)

Writing a many-electron system's wave function in terms of a Slater determinant of single-
electron wave functions is the most practical method [9].Incorporating a Slater determinant
representation of the many-electron system into the Hartree theory results in the
formulation of the Hartree-Fock theory.

For a system comprising N electrons and spin orbitals, the Slater determinant can be
expressed as:

1 Xl(ﬁ) Xl(TN)

G, 7y ry) = N o () e 1) (15.b)

1

VNI

The Slater determinant satisfies the Pauli exclusion principle. Swapping any two rows of the

where, is normalization factor

determinant alters the sign of W, thus upholding the antisymmetry principle. When any two

rows of the determinant are identical, it results in the determinant becoming zero.
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This reflects the impossibility of having two identical electrons occupying the same spin
orbitals simultaneously. The Hartree-Fock method provides a precise explanation of electron
exchange [9].

The Hartree-Fock approach can be deduced from the Rayleigh-Ritz variational principle.
According to this principle, for any non-zero eigenstate |W>, the Hamiltonian expectation

value obeys a certain inequality.

H

The energy eigenvalue EO represents the ground state energy, achieved by minimizing the
Hamiltonian's expectation value with respect to a tentative wave function.

For the processing of extended systems such as solids, Due to the rapid increase in the
number of configurations with the number of electrons involved, the correlation of short-
distance Coulomb interactions is ignored. This may have a significant impact on the
computational accuracy of periodic solids. Therefore, this method cannot find the exact
energy of real systems. A more powerful solid theory can bypass these limitations, namely

the Density Functional Theory (DFT).

1.2 Density Functional Theory

In Hartree-Fock theory, the N-electron wave function can be estimated by employing a single
Slater determinant, formed by the summation of individual electron wave function products.
The fundamental concept of density functional theory (DFT) is to utilize electron density as a
fundamental parameter, rather than relying on the many-electron wave function. The
origins of density functional theory can be attributed to the research conducted by Thomas
and Fermi in the 1920s [10, 11] ,which marked the initial endeavors to utilize the observable
electron density as a basis, moving away from the more complex, abstract wavefunction.
The whole discipline of density functional theory is based on the two fundamental
mathematical theorems established by Hohenberg and Kohn in 1964 [12], alongside the

development of the Kohn-Sham formulation of density functional theory in 1965 [13].

11.2.1. the Electron density
The electron cannot be located as an individual particle, however its probability of presence

in a volume element can be estimated and corresponds to the electron density (p). The
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electron density allows us to know the regions of space where the electrons reside most
often. The electrons are essentially located in the vicinity of the nuclei. The electron density
p(r). is a positive function depending only on the spatial coordinates (x,y,z) of space. This
guantity vanishes to infinity and is worth N when integrated over all space. It is sufficient for
the complete determination of the properties of an atomic system.

11.2.2. The Thomas-Fermi approximation

Thomas and Fermi independently demonstrated in the 1920s that one could use electron
density p(r) as the central variable to solve the Schrédinger equation [14, 15]. Thomas and
Fermi theory is a true density functional theory. In their research, Thomas and Fermi utilized
the homogeneous or uniform electron gas, commonly referred to as jellium, as the
foundational model system. This system consists of an infinite array of electrons enveloped
by an evenly distributed positive charge, symbolizing the nuclei. Notably distinct from the
orbital-centered approach of Hartree-Fock, the uniform electron gas model closely mirrors
the characteristics of solids, especially metals. In the Thomas-Fermi model, both the kinetic
and electrostatic energies of the uniform electron gas are expressed in terms of the electron
density. This density encompasses the repulsive electron-electron interaction (Ee-c) described
by the classical Hartree energy, along with the attractive Coulomb interaction between
electrons and nuclei (Vn-). Nevertheless, by adding only classical terms and rough
approximations in T, such an expression is inadequate for characterizing the features of

real systems. The energy of the Err ground state is obtained by minimizing:

Err(p) = %(3712)2/3 fp(r)s/?»dr — fz’)rﬂdr + %ff%drdr' (17)

TTE VN-e Eo—e

1.2.3. The Hohenberg-Kohn Theorems

The starting point of any discussion of DFT is the fundamental theorems proposed by
Hornberg and Cohen in 1964 [16], that allows it to solve for physical, electronic systems. The
first theorem asserts that in a system of interacting particles within an external potential,
the electron density, denoted as p(r), completely and uniquely defines the external
potential Vext(r). Put differently, there exists a direct and exclusive correspondence between

the electron density and the external potential. According to this theorem, the total energy
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functional E(p) of a system is also required to be a functional expression of the electron

density, as follows:

E(p) = [Vore (Mp(r)dr + Fuk[p(r)] (18)

here,Vex: (r) represents an external potential generated by the nuclei. Fyg[p(r)] is referred
to as a Hohenberg-Kohn universal functional since it remains independent of the external
potential. It encompasses both the kinetic energy of the electrons and the electron-electron

interactions. It is expressed as:

Faxlp()] = Tlp(M] + 2 X Vi [p()]p(r)dr (19)

The second Hohenberg-Kohn theorem shows that if p(r) is normalized to the number of
particles in the system, then the total energy of the system E(p) becomes a minimum if and

only if p(r) is the exact ground state density [17].

11.2.4. The Kohn-Sham Equations

The Hohenberg-Kohn theorems state that the ground state density uniquely determines all
ground state observables and it can be determined from the ground state energy functional
E(p). However, the theorem does not give us a hint about how to solve the full Schrédinger
equation. For example, there is no exact expression for the electron exchange-correlation
functional which includes all quantum mechanical effects.

Kohn and Sham tackled these challenges in 1965 [18]. In the Kohn-Sham approach, the
ground state electron density is represented through a series of equations that exclusively
pertain to a non-interacting electron system. This non-interacting system possesses the
identical electron density p(r) as the original system. The energy functional for this system

can be formulated as follows:

E(p) = Tslp(M] + [ Vegs (Mp(r)d®r (20)
The equations of Kohn-Sham for electrons navigating within an effective external potential

can be expressed as:

[_zﬁ_njevz + VKS(T)] @i(r) = g¢i(r) (21)
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The resolution of this Schrodinger equation produces the Kohn-Sham eigenvalues. The
kinetic energy of a system comprising non-interacting electrons with density p(r) is

provided by:
VZ
T,lp@)] = Z{oi]- 5

) (22)

Where, the density of the system under interaction is established by:

ps(r) = Xilp; (M2 (23)

The effective external potential is defined as
Vs (1) = Vout (r) + Vg () + Vye (1) (24)

In this context, V,,.(r) represents the Coulomb interaction between an electron and the
atomic nuclei, Vy(r)denotes the classical (Hartree) potential accounting for the Coulomb
interaction among the electrons, and Vy.(r) characterizes the exchange and correlation
potential, encompassing all guantum mechanical influences.

The exchange and correlation potential can be formally expressed as the functional

derivative of the exchange-correlation energy concerning the electron density.

SExclp(r)
Ve (r) = =520 (25)

1.2.5 The Exchange-Correlation Functionals

The primary challenge in solving the Kohn-Sham equations arises from the lack of knowledge
regarding the exact form of the exchange-correlation functional. To address this, two
primary approximation techniques have been developed. The first method, known as the
local density approximation (LDA), is employed to approximate the exchange-correlation
functional in DFT computations. In this approach, the local exchange-correlation potential at
each position r is determined by the exchange-correlation potential for a uniform electron

gas corresponding to the electron density observed at that position [9].

VXL(?A (1") — VXeéectron gas [p(?‘)] (26)
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The LDA approximation is precise for a uniform electron gas, yet actual electron densities
tend not to be uniformly distributed throughout the entire system. Another widely
recognized category of approximations to the Kohn-Sham exchange-correlation functional is
the generalized gradient approximation (GGA). Within the GGA framework, the exchange
and correlation energies incorporate both the local electron density and the local gradient in

the electron density[9].

V;?CGA(T') — K(eéectron gas [,D(T')] (27)

11.2.6 Solving The Kohn-Sham Equations

After approximating the exchange-correlation energy, we can proceed to solve the Kohn-
Sham equations. These equations necessitate an iterative solution and must be solved self-
consistently. In order to tackle the Kohn-Sham equations for a many-body system, it is
necessary to define both the Hartree potential and the exchange-correlation potential.
However, to define these potentials, we require knowledge of the electron density, denoted
as n (r). Yet, to determine the electron density accurately, we must first know the single
electron wave functions. These wave functions, however, are unknown until we solve the
Kohn-Sham equations. A common approach to solving these equations is to initiate the
process with an initial trial electron density, as depicted in Figure Il.1. Subsequently, the
equations are solved using this trial electron density. After solving the Kohn-Sham equations,
a series of single electron wave functions is obtained. With these wave functions, the new
electron density can be computed. This updated electron density serves as input for the
subsequent iteration. Finally, the discrepancy between the computed electron densities for
consecutive iterations is assessed. If the difference falls below a predetermined convergence
threshold, the solution of the Kohn-Sham equations is deemed self-consistent. At this point,
the calculated electron density is regarded as the ground state electron density, enabling the

computation of the system's total energy [9].
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Figure.ll.1: lllustration of the self-consistent field (SCF) procedure for solving the Kohn-sham

equations where cc represents a suitably selected convergence criterion.

I1.3. Approximations used in DFT

11.3.1. The local density approximation LDA
The Local Density Approximation (LDA) is the simplest approximation of the potential,
proposed in 1965 by Kohn-Sham [13]. It consists of assuming an inhomogeneous (real) gas
similar to a homogeneous gas of the same density p(r)], for the calculation of the
exchange—correlation energy. This approximation is based on the following two
assumptions:

e The exchange-correlation effects are dominated by the density located at pointr.

e The electron density p(r)] is a function changing slowly with relative tor.
Therefore the contribution of the exchange-correlation energy E,.[p(r)] to the total energy
of the system can be added cumulatively from each portion of the non-uniform gas as if it

were locally uniform, the total exchange and correlation energy E . can then be given by[19]

76



@ E[EIdIN Calculation methods and formalisms

Ex24[p(M)] = [ er2? [p(M)]p(r)dr (28)
£LDA[p(r)]:is the exchange-correlation energy per electron in a homogeneous gas. Starting
from £iPA[p(r)], the exchange-correlation potential VE24[p(r)]: can be obtained in a
variational way according to:

LDA S(p(M) 24 [p())
Vi A lp(r)] = o) (29)

The exchange-correlation energy for a uniform electron gas is given by the Dirac formula

[20]
exc [p(M] = &g’ [p(M)] + ec[p(r)] (30.a)

The relative term exchange €:P4[p(1)] is:

eLPA[p(r)] = _%(%)1/3 fp4/3 (r)d# (30.b)

While the term correlation £kP4[p(7)] cannot be expressed exactly.
In the case of magnetic materials, the electronic spin provides an additional degree of
freedom and the LDA must then be extended to the local spin density approximation (LSDA:

local spin density approximation)[21,22].

LSPA[p(7)] = _21/3Cx[pl1/3(7?) + pTl/S(F)] (30.c)
EXSPA[p(r)] = 273, [[p3(F) + pr 3 (D] a7 (30.d)

1
Where C, =%(%) /3 The treatment of exchange-correlation energy from LDA works

relatively well in the case of metals[23, 24], for which the density is highly uniform but also
for unexpected cases such as materials characterized by ionic-covalent bonds or containing
transition metals. However, LDA tends to underestimate the exchange energy by around
10% and overestimate the binding energy [25] (relative errors are typically of the order of
20-30% and can reach 50% ) and predicts equilibrium bond lengths shorter than those

determined experimentally.
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11.3.2. Generalized Gradient Approximation GGA
For systems characterized by pronounced electronic delocalization, where local electronic
densities are typically non-uniform, it becomes preferable to incorporate a correction into
this functional that considers the rate of change of p(r). A natural approach to enhance the
LDA involves accounting for the electron density's inhomogeneity by integrating exchange
energy and correlation terms that depend on the density gradient. The Generalized Gradient
Approximation (GGA)[26] represents a methodological advancement in this direction. GGA
entails modifying the exchange and correlation terms, expanding them beyond a sole
reliance on density to include its local variation. This approach facilitates a blend of local and
gradient-dependent terms within the functionals, outlined by the following equation:

ESEA = [ £56A [p(1), V, (r)]d3r (31.a)
In the case where spin polarization is taken into account, the exchange and correlation

energy is described as follows:

EZE4 o (r), pu(0)] = [ p(r) 58411, p1, Vi (), Vpu ()]dr - (31.b)
There exist numerous iterations of function f£%%4 . Such an approximation is inherently
more effective for systems characterized by substantial variations in electron density. GGA
represents advancement over LDA in addressing exchange-correlation energy by
incorporating its dependence not solely on electron density but also on its gradient. Several
variants of GGA exist, with the most commonly utilized ones being those pioneered by
Perdew and Wang (GGA-PW91)[27], Perdew, Burke, and Ernzerhof (GGA-PBE)[29], Engel and
Vosko (EV-GGA)[30], among others.
In many cases, the GGA approximation provides better results than LDA for total energies,
cohesive energies, and equilibrium volume and bulk modulus [30].
However, the bandgap of insulators and semiconductors remain far too small. Systems with
strong correlations are poorly described. Also due to its local character, GGA does not
manage to correctly treat systems characterized by Van-Der-Waals interactions, linked to

long-range correlations.
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11.3.3. Modified Becke-Johnson potential (mBJ)

For semiconductors and insulators, in order to improve the results obtained concerning the
gap energy, where they are underestimated by the previous methods (LDA and GGA). in
2006 Becke and Johnson[31] proposed a version of the exchange potential (BJ), then it was
corrected and published by Tran-Blaha in 2009[32]. Known as the modified potential of

Becke and Johnson (Modified Becke Johnson potential), it is expressed by:

I/,Zf_mB](r) = cVER(r) + (B¢ — 2)% (32.a)
Where p,(r) = Zévz"l|c|)i’a(r)|2 represents the electron density.
ty(r) = %Z?}:"l Vi ,(r)Vd; ,(r) indicates the density of kinetic energy.
The parameter cis given by the following relation:
c=a+p(—/ 7o) d3r) /2 (32.b)

Veen “cell p(r"

With: V.. is the volume of the elementary cell, a and B are two independent parameters
whose values are obtained by a dependent adjustment to the experimental results:
a=-0.012 et B =1.023 Bohr/2

V,ff(r) represents the Becke-Roussel (BR) potential [33], which was proposed to model the

Coulomb potential created by the exchange hole.

VER(r) = = —— (1 — e %™ — 1y, (r)e~*o) (32.)

bg(r)
Where: xis determined fromp, (1),Vp,(1),V2p, (1) and t, (7).

b, (r)is calculated by the following equation :

1
3 -xg (1) /3
M] (32.d)

be(r) = [ 87pg (1)

By changing the c for a given material, it was found [32] that for several solids, the gap
energy increases monotonically with respect to c. Specifically, for solids with small gaps. Tran
and Blaha used the principle of hybrid potential to adjust the coefficient c in order to have

the “exact” value of the exchange potential.
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11.4 Spin-orbit coupling
Spin-orbit coupling (SOC) is a relativistic interaction that connects an electron's inherent spin
property to its motional degree of freedom [34]. This coupling occurs because the spin of an
electron generates a magnetic dipole moment, which interacts with surrounding magnetic
fields. The fundamental spin-orbit coupling at the atomic level originates from the electric
field produced by a positively charged nucleus. However, additional forms of spin-orbit
coupling can emerge from diverse electric fields, such as those encountered when a sample
is positioned on a substrate. In such cases, the resulting irregularity in the periodic crystal
potential within the sample induces spin-orbit coupling effects, which can be elucidated by
considering the corresponding point group symmetries of these external influences [35].
Two prevalent forms of spin-orbit coupling exist: one arises due to the asymmetry of the
confining potential, known as Rashba-type spin-orbit coupling, which results in a distinctive
"sombrero" shaped potential in momentum space when the system lacks broken mirror
symmetry along a high-symmetry axis [36]. The other type, Dresselhaus-type spin-orbit
coupling, originates from the absence of inversion symmetry within the bulk[37].

Therefore SOC in materials can be generally described by:

h
2

Hyo = ——6.(F x E()) (33)

2
4mgc

Where ¢ and p are the electron’s spin and linear momentum,respectively,and E(F) is the

electric field generated by the electric potential from the nucleus.here E(F), is Lorentz
transformed to a magnetic field in the rest fram of a moving electron,so it acts on the

spin[38].

11.4.1. Intrinsic Spin-orbit Coupling

The process of deriving the intrinsic spin-orbit coupling interaction in matrix form closely
resembles that described in references [39]. By solving the angular component of the
Schrédinger equation for the hydrogen atom, one can obtain the spherical harmonics, which
are utilized here. These harmonics are expressed according to the Condon-Shortley phase

convention [40] as follows:

2l+1)(l-m)! i
V6, 0) =[S (cos g)etmt (34.2)
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The Laguerre polynomials linked to this context are defined as follows:

dl+m

P = 25 (1 - a2z

(x2 —1)! (34.b)

dxl+tm

The Y™ (8, ®)are eigenfunctions to the L and [,operators with eigenvalues L,Y™ = hmy™

and fZY,m = HZI(I + 1)Y". In this basis, the spin is included via direct product .for an angular
momentum operator j,the matrix elements in the basis |j, m) are derived [41]via:

Ti+]=
2

(', m'|elj,m) = <j’,m’ |j, m> = g{aﬁ,am,,m +1[G-m)G+m+ 1] 72 +

8;j10mim — G +m)(G—m+ 1)]1/2} (34.c)

And with

g N I ey h . . 1
G m'|j,m) = (1 ,m %p,m) = 248,08t + 1[G = m)G +m + D]z +
. . 1
6" 0m'm — LG +m)( —m + 1)] /2} (34.d)
Using Egs.final 34.c and 34.d and the elements of the Hilbert spacelj, m)on the space of the |

=1 quantum number, the different parts of the operator L are derived as

{0 V2 0 . 0 00 A 100
I*=|o o0 v2 I-=|v2 0 0 L,=(0 0 o0 (35.a)
000 0 V2 0 00 -1

and for the spin S, they are the Pauli matrices $; , §;, and S, . Using Egs. 34.c and 34.d, the
Hamiltonian for the spin-orbit coupling can be written in terms of the ladder operators
trs7+078"t

SR A (35.b)

—y
v

In atoms, the cartesian atomic orbitals pyx, py and p, may be expressed via the complex
spherical harmonics [42].
They are no eigenfunctions of the angular momentum operator L,. If the linear combinations

in terms of the spherical harmonics are respected, the representation of the spin-orbit

coupling operator in the basis {Ipx, ™ 1P L), |'py, ™, |'py, Wp, ™, p,, l)} [38].
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0 —is, IS,
Hépe = &p| 18, 0 —i8, (35.¢)
—iS, iS¢ O

and in the same compact notation, in the basis of directed d-orbitals with both spin
components and ordered as{dx, di®~? , dx, dyz, d:%g}, the intrinsic spin-orbit coupling

operator becomes

0 2§, —iSy 18y 0
—2i5, 0 i8Sy s, 0
H§’06=€d| S —iS 0 i3, i3s3, I (35.d)
ISy —iS, 1Sz 0 —i\/§§X
\ 0 0 —iV38, V35, 0 /

Here the parameters for the spin-orbit coupling strengths are denoted §, and &g,
respectively. Due to the term 6]-]-/ in Egs. 34.c and 34.d, there is no spin-orbit coupling matrix
element between | = 1 and | = 2 states.

In order to discuss the splitting of the m-bands at the Dirac cones, the intrinsic spin-orbit
coupling Eq. 11-35.d, is reduced to a low-energy form, on the basis {|4, 1), |4,1),|B, 1), |B, 1)}

of the p;-orbitals. In analogy to the Rashba Hamiltonian, it leads to the form [43]
Hsoc = dez’S\z/G\z (35.e)

This reduced form of the intrinsic spin-orbit coupling Hamiltonian may be used to compute

72
V:i"fd = 26pueV is obtained for a
d

the gap at the Dirac points and a gap of 24, =9

parameter of &d = 0.8meV [39].

11.4.2. Dresselhaus-type Spin-orbit Coupling: Bulk Inversion Asymmetry

Dresselhaus [44] used k .p-theory to determine band splittings of semiconductors with
diamond structure due to spin-orbit coupling. First they derived secular equations in the
basis of degenerate unperturbed functions that would transform according to various
irreducible representations of the double point group T4 of zinc blende [45, 46]. In a

following step, the degenerate functions are then subject to spin-orbit coupling, which
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incorporates the symmetry of the lattice by symmetries of its matrix elements. Spin
splittings occur when along high-symmetry lines the previously degenerate functions reorder
according to the irreducible representation of the point groups across the Brillouin zone. The
main difference of the zinc blende structure to the diamond structure is the lack of inversion
symmetry, as a consequence of the two different types of elements in the crystal.

Dresselhaus found that the lower conduction band I'6 of zinc blende is spin-split by [47].

E = Cok? + C;[k?(k2k2 + k2k2 + k2k2) — 9k2k2k2]'/2 (36.a)
with two material constants Co and Ci. This splitting is the central feature of the linear and
cubic Dresselhaus-type spin-orbit coupling effect and a result of the absence of inversion
symmetry. Using the theory of invariants, one can derive the Hamiltonian for the conduction
electrons [47] and one can construct the following invariant Hamiltonian in the{|T), |!)}
space.

Ageoc =y, ([ke (k2 — k2)]5; + c.p) (36.b)
Here, c.p. stands for cyclic permutation. This Hamiltonian results in the same splitting as in
Eqg. I-36.a For two dimensions, Eq.36.b is modified by k, — (k,) = 0 and kZ2 - (kzz) #0

and by using the notation k, = k, * ik, it becomes

_ 0 Tl — (k3 — k2) — ke, (ke2)
Hbs.=b| , ., , (36.c)
Jlo+ (2 — k%) — k_(k2) 0

where b is a material constant. In a two-dimensional system it can be rewritten into the

linear Dresselhaus term [48-50]

HE™ = —(k2)(8xky — 8yky) (36.d)
And the cubic Dresselhaus term
HE™ = keky(Ky 8y — kySy) (36.e)

These two effective forms of the Dresselhaus spin-orbit coupling are encountered in models
with explicitly broken inversion symmetry in general. In fact, operators invariant under the
D2d point group as in Egs. II-36.d and 1I-36.e are referred to as Dresselhaus-type, because of

their identical transformation behavior.
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11.4.3 Rashba-type Spin-orbit Coupling: Structure Inversion Asymmetry

Rashba and Sheka have computed the energy bands of the wurtzite structure and proceeded
in similar fashion to Dresselhaus and employed k .p-theory to the wurtzite structure point
group Cév [51]. Only terms ~ k2 in the momentum are retained in the Lowdin perturbative
treatment and the spin-splitting of the I'®; valence band becomes [52]

E,, = ak} + bk} + ¢ + ak, (38.a)

using constants a, b, € and a, with the in-plane momentum k; and out-of-plane momentum

ki. Then, an extremum of the energy splitting for both solutions is located on a circle with
radius k;~ |i|

2a
This feature of Eq. 38.a occurs in situations, when a crystal exhibits a single high-symmetry
axis of at least threefold rotational symmetry [53]. Let such an axis be parallel to the

cartesian z-coordinate. In a two-dimensional system perpendicular to said axis, an effective

Hamiltonian [54].

Hp = a($ x k), = a(3k, — $,ky) (38.b)
can be formulated, which has the same qualitative feature of the spin-splitting discussed
above [54]. Causes for the Rashba-type spin-orbit coupling can be electric fields [56], which
reduce the symmetry of the system, leading to lifted degeneracies [57] as a consequence of
the Stark effect [39]. In graphene, spin-flip terms due to Rashba-type spinorbit coupling
connect t-bonds, made up of pz-orbitals, which are symmetric along the z-axis, to the s-, px-
and py-orbitals from the o-bonds. DFT calculations have shown, that the spinorbit coupling
from the px- and py-orbitals is much weaker than that of the d-orbitals [58]. Other DFT
calculations have shown that in-plane deformations may enhance the Rashbatype spin-orbit
coupling strongly [59].

Rashba-type spin-orbit coupling originates from breaking the mirror symmetry along an axis
perpendicular to the graphene plane, which has at least three-fold symmetry [54]. Such a
structure-inversion asymmetry leads to a form of spin-momentum-locking [60], resulting
ultimately in a spin-orbit coupling term of the form Eq. 11-38.b. This spinorbit coupling causes
a so-called trigonal warping, an effect that splits each Dirac cone at the K and K’ point into 4

distinct cones. Before this particular effect of the Rashba-type spin-orbit coupling is
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discussed in the following sections, an effective term in the low-energy representation is
stated. In the basis of directed orbitals in spherical coordinates the Stark effect, due to an
electric field perpendicular to the flat graphene plane, introduces matrix elements among

states located at identical lattice sites, such that integrals of the type.

(pil2|o;) = [ @;()rcosbg;(r)dr (38.c)

have to be solved, where e.g. i = p; and j = s denote the different quantum numbers of the
hydrogen orbitals ¢iand ¢; . The interaction couples either on-site s- and p.-orbitals, py- and
dy;-orbitals, px- and dx-orbitals or d,» - and p.-orbitals, due to the symmetry of the atomic
wave functions. In this case the dominant contribution to the mt-bands is due to the on-site
coupling of s- and pz-orbitals [61], while the influence of the d-orbital coupling via the Stark
effect is small in comparison and can be neglected [54]. The finite overlap of the pz-orbitals
with the sp2-orbitals at each lattice site can lead to a transition from the n-bands to the sp?-
hybridized bands, followed by a hopping to the sp2-orbitals at a neighboring site. There, the
intrinsic spin-orbit coupling in the p-orbitals allows an electron to return to the nt-bands with
a spin flip [62]. This is depicted in Figure.ll.2 Such an interaction may be cast into an effective
term, describing hopping among pz orbitals, together with a spin-flip. It can be derived via
Léwdin partitioning, where the influence of the hopping in the sp?-orbitals and the intrinsic
spin-orbit coupling may be expressed effectively via a a term in the subspace of sublattice
and real spin states of only the pz-orbitals. The resulting real-space representation of the

effective Rashba-type spin-orbit coupling among the pz-orbitals is given as [43]

Hp = idg Yijy 6 (8 % dyj)z¢; (38.d)
In this notation the operators represent either B, or B, depending on the sublattice at
the sites i or j. The vector dj is the vector pointing from site i to site j and [ is the vector
containing the Pauli spin matrices. Ag is the parameter denoting Rashba-type spin-orbit
coupling strength. A full expression is discussed by Rakyta et al. [63]. It may first be Fourier
decomposed and then expanded around the Dirac points. This leads to an interaction matrix

in the basis {pA T,y¥B T,yYA l,y¥B l}at the K-point, where the p,-orbitals
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Figure 11.2: A schematic overview of the effective term of the Rashba-type spin-orbit

coupling originating from an electric field. The z-component of the real spin is indicated by

an arrow at each orbital.

located at sublattices A or B with their respective spin indicated, are of the form

/ 0 0 0 (e 4ik,)
- 0 0 3ilg
Ak = 0 ; 0 (38.d)
\ 3Ara . _3l/1R 0 0 /
— (kx + ik,) 0 0 0

Only taking the zeroth-order of Eq. II-38.d into account leads to the effective term in Eq. 38.b
[ 64].
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I.5. The linearized augmented plane wave method (FP-LAPW)
11.5.1.Introduction
Different calculation methods based on the DFT formalism have been developed to simplify
the resolution of the Kohn-Sham equations.
These methods are mainly based on two points:
e Choice of the basis of the wave functions to project the Kohn-Sham mono-electronic
states.
e Choice of the form of the effective potential generated by an infinite number of
nuclei or ions, that is to say, the external potential.
We present in the following the FP-LAPW method (Full Potential Linearized Augmented
Planes waves) and which is the method used in the ab initio calculation, and implemented in

the wien2k calculation code [65].

11.4.2. The APW method

Slater in 1937 published an article [66], in which he considered that in the space in the
vicinity of an atomic nucleus, the potential and the wave functions are of the form "Muffin-
Tin", with a symmetry spherical inside the MT spheres of radius Ra (Figure II.3). Outside the
spheres in the interstitial region between the atoms, the potential and the wave functions
can be considered to be smooth. This allowed a development of wave functions in different
bases depending on the treated region: radial solutions of the Schrodinger equation inside
the MT sphere and plane waves in the interstitial region.

If the total potential has spherical symmetry in each sphere (V(¥) - V(r), and the potential

of the interstitial region is constant (V (#) — V,, we call this potential “Muffin-Tin”.
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Interstitial region

Figure.ll.3: Muffin-tin potential
In the APW method, each basis function is represented as a singular plane wave in the
interstitial region [67]. In the vicinity of the atomic nucleus, the potential and wave functions

are of the form “Muffin-Tin”.

01(F) = X Coel®* T > Ra
02

Pra(T) = Xim A W (r, BV (1) , 7> Ra

o) = (39.a)

@, (7): The wave function in the interstitial region.
@ra(7):The wave function in the MT sphere of radius Ra.
Ra :Represents the radius of the sphere MT

Q :The volume of the unit cell

G:The reciprocal network vecto

7:The position inside the sphere

K:The wave vector in the first Brillouin zone (ZI1B)

C; et A, The coefficients of the development in plane waves and spherical harmonics.
Y;m:The polar coordinate position inside the sphere.

the functions u; are the numerical solutions of the Schrédinger equation of the radial part

,with energy E;written as:

{—% + l(l;;l) +V(r)— El}rul(r) =0 (39.b)
Which can be solved numerically with precision.V(r) represents the Muffin-tin potential and
Ejthe linearization energy. The expansion of the coefficients A;,, is obtained by equating the
solutions inside the Muffin-Tin with the plane waves outside (the continuity condition).
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1.4.3. La méthode FP-LAPW
The FP-LAPW (full potential -LAPW) method [68] combines the choice of a LAPW basis set
with the full potential and charge density without any shape approximation in the interstitial

region and inside the MT spheres:

iKr
V() = {Zﬁvﬁel " T>Rg (40.)
XLV(YL(F) r<R,

The charge density is developed in the form:

R Zlm Pim (F)Ylm (F)
p(®) = = (40.b)
K Px€
This method is possible with the development of a technique for obtaining the Coulomb
potential for a periodic charge density without shape approximation and with the inclusion
of the Hamiltonian matrix elements. The FP-LAPW Hamiltonian is composed of two

contributions from the two regions in which the space is deviated (MT and Interstitial).

These two contributions must be calculated separately [69].

H= HI + HMT (4OC)
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11.6. WIEN2K code

WIEN2k is a widely used code for electronic structure calculations of solids based on the
LAPW method within density functional theory. It allows for solving the Kohn-Sham
equations .The program is written in Fortran and is popular for its full-potential approach to
guantum mechanical calculations on periodic solids. WIEN2k offers a web-based graphical
user interface (w2web) for ease of use and has a large and growing user community.
Researchers can use WIEN2k to study various properties of materials, such as electron

density and spectra, making it a valuable tool in materials science research.

The method used in this study is FP-LAPW (Linear Enhanced Plane Wave), implemented
using the computational code "Wien2k" developed by Blaha, Schwartz, and colleagues at the
Institute of Materials Chemistry, Vienna Institute of Technology (Austria) [69,70]. This code
was first released in 1990 and has been continuously revised and updated multiple times to
add computational properties or solve some computational problems. This numerical
calculation code is based on the programming language "FORTRAN" and runs on the UNIX
operating system based on density functional theory (DFT) and methods (FP-LAPW). It
contains multiple 'independent program' packages that are linked through C-Shell scripts,

allowing for self coherent computation. The calculation process usually includes three steps.
11.6.1. Initialization

In this step we must insert the important parameters, we fill an input file named case.struct
with the atomic parameters, After generating this file, We perform the initialization by the

init_lapw command to trigger several programs that execute in a successive manner.
11.6.2. Self-Consistent Field (SCF)

In this step, the SCF cycle process "Self Consistent Field" is then launched and iterated until

the convergence of the solution.
11.6.3. Calculations and determination of properties

Once the self-consistent calculation is completed, it is possible to access the properties of

the ground state (charge density, band structure, thermodynamic properties, thermoelectric
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properties, etc.). Each of these properties is calculated separately with a "package" program

which is launched with consecutive steps [72].

I1.7. Conclusion

First-principles density functional theory (DFT) calculations are a widely used quantum
mechanical approach in materials science for predicting and analyzing the electronic and
structural properties of materials. By starting from fundamental principles and using the
positions of constituent atoms, DFT computes the electronic structure of a material. This
method offers valuable insights into properties such as the electronic band structure, density
of states, and total energy of a material. The calculations involve solving the Schrodinger
equation with approximations for the exchange-correlation energy, which accounts for
electron-electron interactions. DFT has diverse applications, including understanding
material properties, designing new materials with tailored characteristics, and optimizing
existing materials for specific purposes. DFT calculations can provide valuable insights into
these effects, which can be used to guide experimental investigations and optimize materials

for specific applications.
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1.1 Introduction:

In the face of current energy crises, global research efforts are focusing on transitioning from
dependence on fossil fuels, such as petroleum and natural gas, to renewable energy sources
[1]. Solar energy has emerged as a promising candidate to meet future energy demands due
to its ease of use, inexhaustible supply,and environmentally friendly nature [2].
Consequently, the development of photovoltaic (PV) technology has significantly advanced
in response to the increasing global energy consumption. Several criteria are used to
evaluate the performance of photovoltaic materials, including thermodynamic stability,
positive decomposition enthalpy, high dielectric constants, high optical absorption
coefficients, suitable direct band-gaps ranging from 0.8-2.0 eV (corresponding to the visible
and near-infrared regions of electromagnetic radiation), advantageous ambipolar carrier
conduction and efficient carrier extraction, both electron and hole effective masses less than
1.0 mo, defect tolerance, high charge carrier mobility, extended photogenerated carrier

diffusion lengths and lifetimes, and small exciton binding energy (< 100 meV) [3,4].

The fulfillment of these criteria has led to a remarkable increase in power conversion
efficiency (PCE) for PV materials. In light of these criteria, the exploration and development
of new PV materials is crucial for the ongoing advancement of solar energy technology. By
identifying materials that exhibit these desirable properties, researchers can contribute to
the improvement of photovoltaic devices and the widespread adoption of solar energy as a
sustainable and clean energy source. Perovskite-structured compounds represent a vast
class of materials that are being explored for more efficient photovoltaics. Owing to their
remarkable efficiency in converting solar energy into electricity, perovskite materials have
emerged as a promising PV technology [5]. Specifically, halide perovskites with the chemical
formula AMVXV!" have garnered significant attention in the photovoltaic industry. In this
formula, A represents a monovalent organic molecule such as methylammonium,
formamidinium or inorganic cations (Cs*, Rb*); MIV denotes a divalent Group IVA cation (MIV

= Pb*2, Sn*?, Ge*2); and XVII refers to a halogen anion (I, CI, Br).

Halide perovskites have demonstrated rapid advancements in photovoltaic conversion

efficiency (PCE) since their introduction in 2009. The initial PCE of a CH3NH3Pbls-based solar
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cell was 3.8% [6], but recent laboratory-scale research has pushed the record high-efficiency
to an impressive 25% [7]. This substantial increase in efficiency underscores the potential of
halide perovskites for revolutionizing the solar cell industry and further driving the adoption
of solar energy as a sustainable and clean energy source. As research into perovskite
materials and their photovoltaic properties continues, we can expect to see further
advancements in the efficiency and stability of perovskite-based solar cells. The exceptional
performance of halide perovskites in photovoltaics is attributed to their inherent optical and
photophysical properties. These unique intrinsic characteristics, combined with low-cost
solution-based fabrication techniques, make halide perovskites excellent candidates for
next-generation PV absorbers [8]. Their efficiencies surpass those of conventional solar cells,

such as Cu(In,Ga)Se: (CIGS) at 22.6%, poly-Si at 22.3%, and CdTe at 22.1% [9].

Recently, halide perovskites have not only been explored for PV applications but have also
attracted considerable interest for other optoelectronic applications. These include
optoelectronic detectors , light-emitting diodes (LEDs) , lasers , X-ray detectors [10], as well
as magnetoelectronic and thermoelectronic applications [11]. The versatility and promising
performance of halide perovskites across a wide range of applications highlight their
potential to revolutionize the fields of renewable energy and optoelectronics, paving the
way for more sustainable and efficient technologies. In recent years, extensive efforts have
been made to understand the underlying origins of the unique and exceptional photovoltaic
capabilities of Pb-halide perovskites. It has been discovered that the high symmetry of the
perovskite structure and the ns2 lone pair electrons of lead may be key factors influencing
the optoelectronic properties of Pb-halide perovskites [12]. Among these factors, a plausible
explanation for the excellent photoelectric characteristics of MAPDbI; is its association with
ferroelectric polarization [13]. This has motivated researchers to explore hybrid lead
perovskites with ferroelectric polarization, such as (cyclohexylammonium) Pb2Bra,

(benzylammonium)Pb,Cls, and (n-butylammonium)(MA).PbsBrio [14].

The potential connection between the ferroelectric properties and the photovoltaic
performance of Pb-halide perovskites provides a promising avenue for further research and
development. By elucidating the mechanisms underlying the exceptional optoelectronic

properties of these materials, researchers can contribute to the design and synthesis of new
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perovskite materials with enhanced photovoltaic performance and stability. Ultimately, this
understanding can lead to the development of more efficient and sustainable solar cell
technologies. Theoretical research has shown that ferroelectricity in halide perovskites is
associated with order-disorder transitions of the cations and/or anions displacements in the
MXs octahedron of their structures. This ferroelectricity is activated by the ns? lone-pair
electrons of the cation center [15]. Similar mechanisms have been observed in complex
oxides such as multiferroic BiFeOs, BiMnOs, and ferroelectric PbTiOs, where structural
distortions caused by lone-pair electrons are responsible for the emergence of
ferroelectricity [16]. Furthermore, Zhao et al. demonstrated that the ferroelectricity in the
[H2dmdap][SbCI5] (dmdap=N ,N-dimethyl-1,3-diaminopropane) compound arises from the
relative displacements of the Sb and Cl ions in the crystal lattice. These displacements are
driven by the 5s? lone-pair electrons of the Sb"' center [17]. Understanding the role of lone-
pair electrons and their influence on the ferroelectric properties of halide perovskites
provides valuable insights for the design and development of new materials with enhanced
photovoltaic performance. By exploiting the connection between ferroelectricity and
photovoltaic characteristics, one can potentially create materials with improved efficiency,

stability, and suitability for various optoelectronic applications.

Ferroelectric materials, which are characterized by switchable spontaneous polarizations,
have attracted significant interest as potential alternatives to traditional photonic and
photovoltaic systems [18]. In these non-centrosymmetric materials, the conversion of solar
energy into electric current is known as the bulk photovoltaic effect (BPVE) [19]. BPVE leads
to a shift current, a nonlinear optical process resulting from second-order interaction with
monochromatic light. This phenomenon is technologically significant because it can generate
photovoltages greater than the material's band gap [20]. Furthermore, unlike conventional
p-n junction solar cells, the photoconversion efficiency of ferroelectric materials exhibiting
BPVE is not limited by the Shockley-Queisser limit [21]. To achieve strong shift current
enhancements, electronic states with delocalized, covalent bonding that is highly
asymmetric along the current direction are required, as reported by Young et al. [22]. The
unique properties of ferroelectric materials, particularly their ability to generate

photovoltages exceeding their band gap and circumvent the Shockley-Queisser limit, make
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them promising candidates for the development of advanced photovoltaic systems. By
harnessing the potential of BPVE and understanding the underlying mechanisms,
researchers can explore innovative materials and device designs to improve the efficiency

and performance of solar energy conversion technologies.

To overcome the obstacles associated with Pb-based perovskites, researchers have looked
into substituting Pb*?> by combining monovalent (M*) and trivalent lone-pair cations (M*3) to
synthesize a new structure of lead-free double-perovskite halides (A2M*M*Xs) . Double
halide perovskites A;M*M*3Xs (M* = Cu, Ag; M** = In, Sb, Bi) have been extensively
investigated for PV applications. These materials offer a promising alternative to silicon solar
cells due to their lower manufacturing costs, absence of toxicity, and high light absorption
rates [23]. Within this family of double-perovskite halides, Cs.AgCrCls has been
experimentally synthesized with a hexagonal structure [24]. In similar experimental
research, devices based on Cs;AgBiBrs exhibit high stability and long carrier lifetimes [25].
The efficiency of perovskite solar cells using Cs2AgBiBr6 film was reported to be 2.43% [26].
Additionally, the mixed-halide Cs2AgBiX6 (X = Br, Cl, 1) compound, with band gaps ranging
from 1.5 to 2.8 eV, has been studied both theoretically and experimentally [27,28].

Further analysis reveals that Cs,AgBiBrs is more thermally stable than other metal halide
perovskites, although this material exhibits an indirect band gap [28]. The development of
lead-free double-perovskite halides has the potential to address the environmental and
stability concerns associated with lead-based perovskites, paving the way for more

sustainable and efficient solar cell technologies.

In this chapter, we aim to investigate the ground-state crystal structures, electronic and
optical properties of cesium halide double perovskites Cs,InBiXs (X = Cl, Br). To the best of
our knowledge, a comprehensive study of these compounds has not yet been undertaken.
We briefly discuss the ferroelectric mechanism and report on the role of lone pair cations in
ferroelectric Csa2InBiXe using first principles calculations [29]. Additionally, to evaluate the
photovoltaic performance of the optimal materials, we calculate the maximum solar cell
efficiency, known as the "spectroscopic limited maximum efficiency (SLME)" [30]. Through

this investigation, we hope to shed light on the potential of Cs.InBiXs as an alternative to

101



Switchable photovoltaic properties in ferroelectric
(o ETJIH|IN Lead-Free Bismuth Halide Double Perovskites

lead-based perovskites in photovoltaic applications and provide insights into the role of

ferroelectricity and lone pair cations in these materials.

Our comprehensive study will contribute to the understanding of cesium halide double
perovskites and their potential for use in sustainable and efficient solar cell technologies. By
identifying the most promising compounds and their key properties, we aim to guide further

research and development efforts in the field of photovoltaics.

I1l-2 Lead-Free Halide Double Perovskite Materials Toward Green and Stable
Optoelectronic Applications

Lead-based halide perovskites have proven to be highly effective semiconductors for various
optoelectronic applications, such as solar cells, lighting, lasers, and photon detection.
However, concerns over lead toxicity and their instability pose major challenges.
Fortunately, halide double perovskites with the formulas A;M(I)M(I11)Xs or A;M(IV)Xs have
been identified as potential stable and eco-friendly alternatives for these applications. In
these materials, the toxic divalent lead ions are replaced by a combination of one
monovalent and one trivalent ion, or by a single tetravalent ion. Recently, these halide
double perovskites have been explored as green alternatives to lead halide perovskites,
maintaining charge balance by substituting the lead ions with one monovalent and one
trivalent ion, or a tetravalent ion and a vacancy site (denoted as "0"), as illustrated in Fig. 1a
[38]. The A.M(IV)Xes compounds, known as vacancy-ordered halide double perovskites, are
analogous to A:M(l) systems with three-dimensional structures featuring corner-sharing
metal halide octahedra, and have garnered significant attention as promising candidates for

optoelectronic applications.
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Figure . lll-1 a) Schematic illustration of the transformation from APbX3 to A2M( I)M(111)X6 or
A2M( IV)X6, where two toxic Pb2+ ions are substituted by combining M+ and M3+ ions (or
M4+ ion). “0” denotes M-site vacancy. BB Elements of M-location cations with M+ and M3+
in the periodic table for halide double perovskites. When any M-site elements are localized

at 1A or llIA groups of the periodic table, the materials have direct bandgaps.

l1I-3 Computational methods

In this study, we perform computations by solving the Kohn-Sham equation. We have
applied the self-consistent full potential linear augmented plane wave (FP-LAPW) method, as
employed in the Wien2k simulation code. This implementation is based on density functional
theory (DFT) with several approximations for the exchange-correlation (XC) potential. In the
full-potential method, the unit cell is divided into an interstitial region and atomic spheres

that surround the nucleus. Inside the atomic spheres, the wavefunctions are expanded using
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spherical harmonic basis functions, while plane waves are used as basis functions for the
interstitial region [31]. The wavefunctions in the interstitial region are expanded in the form
of plane waves with a cutoff of Rur X kmax €qual to 7.0, where Rur represents the minimum
radius of the muffin-tin (MT) spheres, and kmax stands for the maximum modulus for
reciprocal k vectors. The maximum value of the angular expansion for valence wavefunctions
inside the spheres is expanded up to Imax = 10. A dense mesh of 1000 k-points in the first
Brillouin zone is used for the self-consistent field (SCF) calculations to obtain the densities of
states (DOS). The atomic sphere radii (Rwr) are selected to ensure that no core charge leaks
out of the MT spheres and the spheres do not overlap. The muffin-tin radii for Csz2InBiXs are

chosen to be 2.5, 2.08, 1.98, 1.70, and 2.42 a. u for Cs, In, Bi, Cl, and Br, respectively.
11I-4 Main calculated results:
111-4.1 Structural properties and stability structural parameters:

As a first step of our study, we determined the Crystal structure information of Cs2InBiXs
materials in the rhombohedral phase (space groups R3m), By calculating the total energy at
different volumes and fitting the resulting E(V) curve to the empirical Birch -Murnaghan
equation of state [32]then relaxing simultaneously the cell shape and atomic positions.

The results of our structural parameters such as the equilibrium volume, lattice constants,
bulk modulus B, its first pressure derivative B’ were obtained and the relaxed atomics
fractional coordinates. Are summarized in table 1.The obtained values are used to
investigate the electronic properties.

Table 111.1: The lattice parameters (a and c), volume V ,bulk modulus B and its first pressure

derivative B’ of the Cs2InBiXe (space group R3m) :

Compounds | a(A) c(A) V(A3) B’ B(GPa)
Cs2InBiCle 8.115 10.518 379.409 4.588 21.521
Cs2InBiBrs 8.514 20.856 438.137 4.6931 18.182
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Figure ll1.2. Crystal structure of Rhombehedral of double perovskites (a) Cs2InBiBr6 and (b)

Cs2InBiCl6.
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Figure lll.3. Total energy versus volume.
Total energy versus volume curves for calculated Using equation of state provided by Birch-
Murnaghan equation is plotted in Figure. 2. Furthermore, the thermodynamic stability of
these materials are determined by calculated The formation energies of Cs2InBiX6 (X = Cl,
Br) [33]:
We have computed formation energies per atom of various ordered configurations of
Cs2InBiX6 with respect to the elemental standard states and it is defined as

AE:‘%MZNM (1)

where Ewtal represent the DFT compute total energies of an ordered bulk perovskite phase

of the three compounds . “Ea” is the ground-state energy of a pure element in its stable
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oaw_.n

structure, “n” is the number of atoms of that species, and “N” represents total number of
atoms in the unit cell.

The calculated value of formation energies for CszInBiCls, and Cs;InBiBrs are -0.210, and -
0.133 eV/atom, respectively. According to The negative formation energies of these

compounds, indicat the criterion thermodynamic stability.

111-3.2 Band structure and density of states :

The study of band structure for the photovoltaic material and particularly for the crystal
presents very important task. It allow to evaluate the spectral distribution of the absorption,
charge density distribution, their mobility. The evaluated electronic features may serve as a
basis for the further optimization of the optical properties in the desired direction. The
calculated band structures of Cs,InBiXe in high-symmetry axis of the crystal using GGA-PBE
functional ,TB-mBJ and mBJ + SOC method are presented in Figure IlI-4 and figure llI-5 . the
Brillouin zone (BZ) is set as I (000), F (0.5-0.50), L(0.500) and Z (0.5 -0.5 0.5). All Cs2InBiXs
exhibit both dispersive CBM and VBM, providing a facile pathway for charges carries
transport. .Here, we notice that these three methodes present a similar behavior; the only
noticeable difference is the values of the band gap.

to investigate the effects of different functional on the electronic features, The total density
of states (TDOS) of all compounds were also calculated to identify the type of band
alignment more clearly, as shown in Figure Ill-6

Following Figure.3, As the top of the valence band (VB) and the bottom of the conduction
band (CB) of CszInBiCls and Cs,InBiBrs are both located at I (0, 0, 0) point in Brillouin zone,
which show the direct band-gap nature.

A comparison of calculated band-gap values with the three methods are presented in Table
11-2.

Table 11I-2 : Calculated electronic band gaps (eV).

Compound | GGA-PBE TB-mBJ TB-mBJ+SO
Cs2InBiCls | 1.358 1.706 0.543
Cs2InBiBre | 1.132 1.458 0.403
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It can be seen that the band-gap values decrease with increasing radius atomic from Cl to
Br, Table lll-2 also reveals that mBJ form gives energy band gap larger then GGA-PBE
,Whereas the mbj+SOC effect underestimates the bandgaps.

Because the completely occupied lone-pair s2 states are present for both the In (1)) and Bi(lll)
cations. These halide double perovskites have Pb(ll)-like shells, and their band structures
resemble those of the lead halide perovskites (MAPbI3, CsPbl3) [34]. and The predicted
band-gaps of Cs2InBiCl6 and Cs2InBiBr6 made using mBJ are in the same range as those

previously reported for cesium lead halides (CsPbX3) [35].

Cs InBiCl6 CSZInBiBr6

2
_—

Energy (eV)

Figure IlI-4. The calculated band structures of Cs2InBiCl6, and Cs2InBiBr6 using GGA-PBE.

In principle the spin-orbit coupling causes the energy band splitting at ' point. The
momentum dependent splitting of energy bands that occurs in these structures (Figure5) is
the Rashba-type splitting. The effect of spin-orbit coupling on the momentum dependent

splitting of energy band is reported in table 3. Hence, the value of Rashba coefficient a =
Z;—If where, §E Rashba spin-splitting energy, and offset momentum §K[36]. The study reveals

a strong dependence of Rashba interaction coefficient of Cs:InBiBré compared with
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Csz2InBiCls The multi energy band gaps structure allows more photons with different
wavelengths are absorbed. Therefore, the new energy band structure has features of good
solar absorber.

Table 1lI-3: Rashba parameters for band-splitting at I point for Cs2InBiCl6and Cs2InBiBr6

compounds.
Valence band conduction band
Compounds _ _ _ _
SE (meV) | 6K _r (A™Y) | ay (eVA) | 6E (meV) | 6Ki_r (A™) | ac (eVA)
0.0064 1.02
Cs2InBiClg 1.351 0.427 2.690 0.0053
Cs2InBiBre 5.576 0.0108 1.032 7.074 0.00887 1.595

We have analyzed the contribution of the anion and cations states to each set of bands by
decomposing the DOS into s, p, and d-orbital contributions. The result is the site-projected
partial density of states shown in Figure 11I-5. This figure shows that SOC not only splits the
peaks, but also pushes the bands toward the Fermi level in the CB, which reduces band-
gaps.the presence of Bi-6s? states at the bottom of the VB,as well as the In-5s2 states are

shown in the energy region from -6 to -5eV .

the Bi3* lone pair 6s? states and the In'* lone pair 5s2 states interact strongly with p states of
anion (Cl 3p and Br 4p), giving rise to (Bi 6s — Xp) bonding states and (In-5s — Xp) bonding
states at the low-energy set of valence bands for all perovskites .as well as antibonding (Bi
6s — Xp)* states appear at energy of -4 to -2 Ev hybridized with unoccupied In-5p states
and antibonding (In-5s — Xp)* states further hybridized with unoccupied Bi-6p states at the

top of the upper valence band.

Because of the higher energy of In- 5s orbital than that of antibanding Bi-6 s orbital. ,
resulting in asymmetric occupied bonding states, which tends to promote the 6s? lone

electron pair in Bi3* and 5s? lone electron pair in In*! stereochemical activity.[37]

Where, sp hybridized orbitals generated in these materials that have stereochemical active
lone pairs explaining the distorted structures (ferroelectric) of these non centrosymetric

sites. we note that there a significant hybridization betwen the Bi-6p orbitals states and the
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p states of halogens (Cl-3p, and Br- 4p states) located between-5eV and -3.9eV . The bottom
of the CBM is dominated by the unoccupied 5p-In and 6p-Bi states, with a small contribution
from the unoccupied p states of the halogens (Cl 3p, and Br 4pstates). Meanwhile, The top
of the CB is mostly derived from The 4d states of Cs atom hybridized with In-5p orbital
making a contribution to the formation of the frontier bands. Additionally, cross-gap mixing
of cation (p) and anion (p) states is evident, which has been associated polar instability in
halides doubles perovskites [38]. It is also clear from the PDOS that Substitution with a
halogen causes a red shift of the X-p states in the CBM also the unoccupied In- 5p and
unoccupied Bi- 6p states are shifted toward the Fermi level on going from Cl to Br is the main
cause of band-gap reduction. Our results concerning the DOS and the contributions of
different orbitals are consistent with previously reported work It has been established that in
A, M *M 3* X VII6 doubles perovskites the VBM is composed of anti-bonding states between
M * /M 3* s orbitals and X VII - p orbitals, and the CBM is mainly dominated by M * /M 3* p
characters [39]. From the viewpoint of electronic and optoelectronic properties, the
Cs2InBiX6, type (s2+s2) halide double perovskites with suitable bandgaps resembling those
of MAPDbI3 are promising for photovoltaic applications with high solar cell conversion

efficiencies.

Both the VBM and the CBM have large band dispersion. This corresponds to quite small
carrier effective masses and strongly delocalized band-edge wave-functions, which are good

for carrier extraction.
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Figure llI-5. The calculated band structures of Cs2InBiCl6, and Cs2InBiBr6 using TB-mBJ with and
without SOC.

110



Switchable photovoltaic properties in ferroelectric
(o ETJIH|IN Lead-Free Bismuth Halide Double Perovskites

CszlnBiCIﬁ CszInBiBr
A‘Jﬂ - 60
804 E, ——TOT(GGA-PBE) [ & 0 E, ——TOT (GGA-PBE)
<2704 | 2
W
S 60 4 ! 2 40
r;:‘g 303 | Z 30
~ 40 < : &
@ 303 8 20
20 ] 1
10 E
0 0
7 7
S‘ 6 ; 6
<s 2 s
9 et
E 4 E 4
w3 w3
S -
w2 wn 2
2, =3
= =)
R 0 B
d1-10-9 8 -7 6 5 4 -3 2-101 23 456 7 8 A1-10-9 8 -7 6 5 4 -3 -2-101 2 3 4 56 7 8
Energy (eV) Energy (eV)
lgg - 130
1303 E, ——TOT (TB-mBJ) ;}fﬂ E, ——TOT (TB-mBJ)
21103 . 2100
Z100 3 % 9
= < 80
z Z 70
2 z 4
(20 wn S
g S
= E 20
10
0
8
7
> s
R 2 6
A &
G 5 & 5
h—1 -
= = 4
R -
@ I
S S
w v o
=] =}
= 21
2 &~ 0

TDOS (States/eV)

PDOS (States/eV)
N SRS ST T N |-

-11-10 -9 -8

76 5 4-3-2-1012 3 456 78

Energy (eV)

-11-10 -9 -8

I
E |  ——TOT (TB-mBJ+S0)
|
I
I

76 -5 4-3-2-101

Energy (eV)

2 34 5 6 78

TDOS (States/eV)

PDOS (States/eV)

-11-i0-9 8 -7 6 -5 4 -3 -2 -1 0 1 2 3 4 5 6 7 8
Energy (eV)
90 -
80 3 E, ——TOT (TB-mBJ+S0)
70 }
60 !
50
403
30 o
0’ /\MJ/\ rv'/\'\l‘f\'
10 4
0 A o I\
8- b T T T T T T L] 1 T L) T T T L) T
— 4d-Cs
71 —5s-In
64 e §p-In
5] ! — 6s-Bi
4] | = 6p-Bi
34 : e 4p-Br
2 |
1] |
1
0
-11-10 -9 8 -7 6 -5 4 -3 -2-1 01 2 3 4 5 6 7 8
Energy (eV)

Figure llI-6. Calculated total densities of states TDOS for R3m Cs2InBiX6, and partial densities

of states PDOS within Tb-mBj with and without spin orbit coupling SOC.
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Figure llI-7. Rashba spin splitting (with SOC) on the energy bands in Cs2InBiCls and Cs2InBiBrs,

111.3.3 Effective mass tensor :

On the basis of the computation and visualization of the curvature of the electronic bands of
these compounds, effective masses tensors of charge carriers, m*, for the Cs2InBiX6 were
determined. The effective masses of the electron (m*e) and the hole (m*h), calculated at
the T-points wich correspond to the highest valence band and the lowest conduction band,
respectively [30]. For all materials, Table 3 provides a summary of the calculated values for
the diagonal components (non-diagonal are zero) of the effective mass tensor of electrons

and holes as well as their average value, i.e., m* = (m*xx + m*yy + m*zz)/3.

According to the results in Table 3, we can see that the flow of charge-carriers is anisotropic.
Also, as compared to the Cs2InBiBr6 structure, the Cs2InBiCl6 has much higher m* e(ii) and
m* h(ii) values. Due to the clearly lower m*(zz) in comparison to the m* (xx) and m* (yy)
This is also the direction of the ferroelectric polarization of All Cs2InBiX6 (rhombohedral c-
axis). the shift current flow is much stronger along the z-direction in all the compounds .It is
known through investigations of the effective masses of charge carriers in commercial
conventional semiconductor photovoltaics such as Si, CdTe, and GaAs that a good charge-
carrier mobility is attained if the material shows m* = 0.5 m0, at least along one of the

crystallographic orientations [40]. Therefore, the Cs;InBiXs are closer to satisfy this
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requirement. Thus, a smaller m* would result in a larger mobility of electrons and holes.as

well as longest diffusion lengths.

Table llI-4. Calculated hole (m*;) and electron (m*.) effective masses (in units of electron
mass rest, mo) of the compound at I points of the Brillouin zone. | m* (i) | | and m* (ii) are
the average values of the diagonal components of hole and electron effective mass tensor,

i.e., m¥ji=(m*+ m*yy+ m*zz)/3-

m*e m*y
Compounds m* e(ii) |m*h(ii) | Methods
XX vy 2z XX W 2z

0.556 | 0.556 | 0.379 | 0.497 | 1.288 | 1.288 | 0.890 1.155 GGA-PBE

Cs2InBiCl6 | 0.670 | 0.670 | 0.463 | 0.601 | 0.200 | 0.200 | 0.199 0.199 TB-mBJ

0.067 | 0.067 | 0.021 | 0.052 | 0.160 | 0.160 | 0.159 0.159 mBJ+SOC

0.457 | 0.457 | 0.302 | 0.405 | 0.123 | 0.123 | 0.120 0.122 GGA-PBE

Cs2InBiBr6 | 0.572 | 0.572 | 0.378 | 0.507 | 0.154 | 0.154 | 0.153 0.102 TB-mBJ

0.077 | 0.077 | 0.075 | 0.076 | 0.045 | 0.045 | 0.043 0.044 mBJ+SOC

111-3.4 Electron localization function ELF and Chemical bonding:

To investigate the chemical bonding character and the transfer of charge between atoms for
Cs2InBiCl6 and Cs2InBiBr6 structures, we calculated Electron Localization Function (ELF)
along the body diagonal plane using ELK code [41]. As illustrated in Fig. 1(b), the ELF takes
the values in the range of 0 to 1e ~ A°~3. It is evident from Figure. 5(b) that The ELF maps are
the same for both these compounds .In fact, the ELF distribution shows a maximum value at
the anion sites and minimum value at the In and Bi sites indicating the charge-transfer

interaction from Bi/In to CI/Br sites.

On the other hand, as The Cs atom has a completely spherical charge distribution, with no
charge contours overlapping those of the Cl/Br atoms which lead to an ionic bond between
the Cs atom and the CI/Br atoms. as well as,The overlapping contours between In and X
atoms reveal strong covalent bonds and correspond to InX6 octahedra. Also, the contours of
Bi and X overlap with one another, again confirming covalent bonds and the formation of

BiX6 octahedra.
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Moreover, the ELF clearly depicts the lobes distribution around In/Bi cations in both

materials which indicated of lone-pair s2 electrons. In fact, the conclusions arrived at on the

basis of the ELF studies corroborates with those obtained from the DOS studies. Using the

optimized crystal structure of all compounds, the short and long bond lengths among various

ions along with bond angles have been calculated and are given in Table.3. It can be seen

from the table that X-In-X and X-Bi-X angles are different while indicating that both materials

having polar behavior along with the exhibition of ferroelectricity. It can also be seen from

the table that Bi/In-X bond lengths are higher for Cs2InBiBr6 and are lesser for Cs2InBiCl6.

Table I1I-5. The bond length (A) and bond angles (degree) of doubles perovskites.

Compounds

bond length(A)

bond angles (degree)

Cs2InBiClg

Cs1-CI2(3)=3.968
Cs2-Cl1(3)=3.920
In1-Cl1(3)=2.982
In1-Cl2(3)=3.021
Bi1-Cl2(3)=2.728
Bi1-Cl1(3)=2.744

Cl-In-CI=178.785
Cl-Bi-Cl=179.354

Cs2InBiBrs

Cs1-Br2(3)=4.167
Cs2-Br1(3)=4.114
In1-Br1(3)=3.129
In1-Br2(3)=3.181
Bi1-Br2(3)=2.855
Bi1-Br1(3)=2.874

Brl-In-Br1=179.044
Br-Bi-Br=179.613
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Figure 111-8 : Electron localization function ELF for (a)Cs2InBiCle and (b) Cs2InBiBre.

The Bader charge refers to the number of electrons that an atom gets or loses. The Bader
charge value of each atom is the difference between the calculated number of electrons and
the number of neutral electrons. Table 1l11.6 lists the Bader charge values of the Cs2InBiCl6
and Cs2InBiBr6 compounds. It displays that the Bader charge of all atoms becomes smaller
from Cl to Br. However, We find that the Bader charges of all atoms sum to zero in
Cs2InBiClg and CszInBiBrs. In general, the Bader charge of Cs is close to the theoretical value
of +1 in both materials, suggesting that Cs doesn’t involve much in the covalent bonds.
However, the Bader charge of In and Bi are smaller than the corresponding theoretical
values of +1 and +3, respectively, indicating that the binding between theme and X exists

covalent bonding. Which illustrates that In and Bi network are an electron donor.

Table I1I-6 The Bader charge distribution of the Cs,InBiXe compounds.

Compounds Cs In Bi X
cl
Cs2InBiCl6 | +0.9078 | +0.8164 | +1.6067
-0.7057
Br
Cs2InBiBr6 | +0.8984 | +0.7271 | +1.3778
-0.6493
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111-3.5 Binding energies of the excitons :

The exciton binding energy (Eb) in semiconductor materials assesses the capacity of the
electron-hole pair to dissociate when photon absorption raises electrons from the VB to the
CB. Higher (Eb) levels, on the other hand, result in the material's Jsc and PCE. In order to
calculate the exciton binding energies of Cs2InBiX6 (X = Cl, Br), we used the Wannier-Mott

model[42]. employing the formula :

E, ~ 13.56 ——* (2)

me £1(0)2

where u = (m*exm*h) /(m*e+m*h) is the exciton effective mass, m*e and m*h are the
average effective masses of the electron and hole, me is electron mass in rest, and £1(0) is
the average values £1(0) = (exx(0)+ yy (0)+ €2z(0))/3 of static dielectric constant. Using the
obtained effective mass values and the static dielectric function, the predicted exciton
binding energies for Cs2InBiCl6 are 142.69 meV (246.05meV, 71.44meV) with GGA-PBE(TB-
mBJ, mBJ+SOC) respectively, then are76.44meV(156.32meV,34.05meV)for Cs2InBiBr6,
Compared to MAPbI3 (25 meV) and CsPbBr3(33 meV), the exciton binding energies of
Cs2InBiX6 (X = Cl, Br) are significantly higher[43].

111-3.6 The spin texture

As many physical properties are strongly determined by the band structures, manipulation of
the band structures by spin rotation is expected to significantly change the physical
properties, leading to many novel magneto-phenomena. To demonstrate the properties of
the spin splitting, we investigate the k-space spin textures in [ point. In this case, the spin
textures were calculated at the valence band maximum (VBM) and at the conduction band
minimum (CBM) .The Yellow ,purple, and blue lines show the bands with different spin
polarizations due to SOC. (b) Spin-texture (forin-plane spin components).Thus, the carrier spin
polarization at the VBM can be effectively controlled by the FE polarization, which can in turn
be controlled by external electric fields. This would be useful for spintronic applications.
Cs2InBiX6 has two heaviest non-metallic elements (In, Bi), hence it has pronounced spin-orbit
coupling (SOC) strength, which would be important for the electronic properties, especially

when the centrosymmetry is broken. It is particularly interesting to observe that upon the FE
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phase, there is large spin splitting between the highest valence bands VBM1 and VBM2
(CBM1 and CBM2). Based on symmetry analysis, there are two inequivalent valleys for the
hole(electrons) carriers, as indicated in Figure llI- and Figure llI- . The states near the VBM
(CBM) are spin-polarized, and they show interesting spintextures due to the strong SOC

effect. The spin-textures are also valley-dependent.
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Figure llI-9. 2D plot of the spin texture of Cs2InBiBre
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Figure llI-10. 2D plot of the spin texture of Cs2InBiClg

111-3.7 Optical properties

The internal structure and ability to produce polarization of a material is indicated by its

optical properties. The compounds under investigation have potential for many
technological applications and to provide more evidence for them as potential candidates
for photovoltaic materials, because their band-gaps are less than lie in the infrared and
visible regions of the optical spectrum. The frequency-dependent optical coefficients, such
as the real part of dielectric functionel(w), the imaginary part of dielectric function €2(w),
the reflectivity R(w), the energy electron loss function (EELS) L(w), the refractive index n(w)
and the optical conductivity o(w) , of these lead-free double-perovskites halides have been
calculated. In general, the complex dielectric function described by g(w)=g1(w)+iez(w) ,
Where The real €1(w) and imaginary parts 2(w) of the dielectric function are related to each

other by following the Kramers—Kronig relationships[44]:
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Re(w) =1 +%prdw (3)

;
W 2—w?

From these two components of dielectric function, various optical properties such as the
refractive index n(w) , extinction coefficient k(w) ,and reflectivity R(w) can be measured

respectively by the equations given below [45]:

_ 1/2
/ez(w)+£2(w)
n(w) = Elgw) F - : (4)
- /e%(w)+£%(w) 2
k(w) = [~ 4 (5)
_ [n-11%+k2
R(w) = [n+1]2+k? (6)

The absorption coefficient a(w), the energy electron loss function (EELS) L(w), and the

optical conductivity a(w) are given by the equations below, respectively.

a(w) = 27‘"1’6((») (7)
L(w) =Im [ﬁ;)] (8)
o(w) = —i~[e(w) — 1] (9)

Herein, We have calculated all the optical properties of these compounds versus incident
photon energy (eV) by using GGA, and TB-mBJ with and without SOC (mbj+so), the results
obtained are presented comparatively. The difference in the calculated results from the
three methods is justified by the small shift between the band gap's values. The optical
responses are measured along the two polarization directions xx = yy and (in plane and
transverse), due to optically anisotropic nature of these compounds. since they are very

close , we calculated an average for all optical parameters.
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Table llI-7. The average of zero-frequency values of the real part of dielectric function,

refractive index, and first onset of the imaginary part of dielectric function.

Maximum
£1-ave &(w) n-ave | Maximum | R-ave (0)
Compounds R-ave (w) | Methods
(0) onset (0) n-ave(w) [%]
[%]
GGA-
3.38 1.35 1.85 2.35 (9.20) (63.20)
PBE
Cs2InBiCls 2.71 1.70 1.65 2.23 (5.80) (36.20) TB-mBJ
TB-mBJ
1.97 0.54 1.39 1.67 (3.10) (13.20
+SO
GGA-
4.09 1.13 2.02 2.55 (11.4) (71.60)
PBE
Cs2InBiBre 3.20 1.46 1.78 2.38 (8.00) (48.70) TB-mB)J
TB-mBJ
3.92 0.40 1.98 2.19 (10.30) (72.40)
+SO

The real part €1(w) expresses the polarizability of a material and are plotted in Figure 111-11.
The calculated average zero-frequency limits (static dielectric constants) el-ave (0) for
Cs2InBiCls, and Cs,InBiBrs are given in Table Ill-7. It can be seen that £:1-ave(0) increases as
the band-gap decreases on going from Cl to Br. Thus, there is inverse relation between the
static dielectric constants €1(0) and the band-gap energy (Eg) according to Penn's model
[46].

e1(0) = 1+ (hy,/Ey)? (10)

Obviously, the maximum values of these compounds gradually increase as the anion changes
from Cl to Br. Beyond these maxima, €1(w) decreases with some variations, which attributed
to the interband transitions of electrons. The negative values of € 1.ave(w) that appear in the
real dielectric function €1-ave(w) spectra for the Cs;InBiXe compounds, show that incident
photons are completely reflected from the materials, making them metallic [47].

Interestingly, The dielectric constant value is closer to that of a compound having an active
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lone pair (TIBr: &(0)= 5.64) than those with inactive 6s electrons like MgO (&,(0) =
2.95).[48]

| CenBiCY, Cs InBiBr,

T T ) ! J .
IRt visile! UV —— &, -GGA-PBE { IR visible! UV —— ¢, -GGA-PBE
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g ()
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Figure llI-11. The dependence of the The average real part €1(w) of dielectric function of

double perovskites on energy of incident photons.

The imaginary part &2(w) is a seed parameter and can be directly calculated from Fermi’s
golden rule [49]. It is related to their behavior of light absorption and gives the optical band-
gap. The average €(w) spectra of the all Cs;InBiXes compounds versus incident photon energy
are plotted in Figure IlI-12. We have analyzed of the interband transitions corresponding to
the main peaks of €;(w) for all the structures at all the energy region. It can be seen from
the figure 3 that the nature of €;(w) differ much from each to other due to the different
halogens contained for all Csz2InBiXs structures. The thresholds of light absorption shift to
lower photon energy with decrease in bandgap values of the studied compounds. Projected
density of states will predict states responsible for transitions corresponding to a particular
peak in the spectra of €;(w). Three remaining major spectral peaks are observed. The first
peak in the visible-light range appear due to the electronic transition from 5s-In state of the
valence band (VB) to the unoccupied a mixed states of 6p-Bi,6p-In and p-(I,Br,Cl) in the
conduction band (CB). However, The interband transitions between the p-states of the
halogens (I ,Br,Cl) atoms of the valence band (VB) to the unoccupied 6p states of the Bi
atoms in the conduction band (CB) and p-(l,Br,Cl) states to a mixed states of 5p-In and 6p-Bi

states lead to a second and a third absorption peaks in the ultraviolet (UV) light range
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respectively. The optical gaps were calculated from the first onset points of £;(w) are the
same in energy than the electronic direct band-gaps for these materials, suggesting that
strong excitonic effects will be operative due to the interaction of electron—hole pairs upon
absorption/excitation . The onset points £2(0) of Cs2InBiCls, and Cs2InBiBrg are listed in Table
l11.7. Also, the optical band gaps behavior of these compounds is near the optical band gap
MApbI3 (1.52 eV) and MAPbBr3 (1.9 and 2.4 eV) [50]. From the dielectric constants (g1(w)
and &2(w)), it is clear that our studied materials Cs2InBiXs have a strong absorption edge in

the infrared regions, the visible and the ultraviolet region of the solar spectrum .

CszlnBiCl " ) CszlnBiBr6
1

] 1 [l R
IR ' visible ! UV — ¢ -GGA-PBE IR visible ! UV —— &, -GGA-PBE

£ e” TB-mBJ 64 1 € - TB-mBJ
T8 e - TB-mBJHSO —¢,, - TB-mBJ+SO)

Al ARl RARAE MR
9 10 11 12 13 ¢ 1 2 3 4

9 10 11 12 13

5 6 7_8 5 6 7_8
Energy (eV) Energy (eV)

Figure 1lI-12. The dependence of the average imaginary part €2(w) of dielectric function of

double perovskites on energy of incident photons.

Knowledge of refractive index n(w )and extinction coefficient k(w) are necessary to use
materials in photonic and optical devices because they used to measure the phase velocity
and attenuation level of electromagnetic waves passing through the given materials,
respectively [51]. The calculated average refractive indices and average extinction coefficient

n(w) for Cs2InBiXs are displayed in Figure 111-13.

Also, It can be seen that the refractive index at zero frequency n(0) for Csz2InBiXs increases on
going from Cl to Br due to the decreasing band-gap energy, which confirmed that refractive
index has an inverse relationship with band-gap. The average static values of refractive index

n(0) are listed in Table I1l.7 , which can also be obtained according to the equation :
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n(0) = /&(0) (11)

Beyond n(0), the plots closely follow € 1(w). As the photon energy increases, the n(w) of the
corresponding compound Cs;InBiXs gradually reach their first peaks with the highest values.
Since photons are delayed when they penetrate a substance due to interactions with
electrons, the refractive index is greater than one and exhibits decreasing tendency for
higher photon energy values. The refractive index of Cs.InBiXs are slightly different to that of
CsPbl3 (3.7) [52], and much higher than that of diamond [53]. However, these materials

become opaque when the refractive indices drop below unity.
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Figure 1lI-13. The dependence of the average refractive index n(w) of double perovskites on

energy of incident photons.

The extinction coefficient k(w) shows similar behavior as optical conductivity o (w) and
imaginary part of dielectric function &;(w). The maximum values for extinction coefficient
k(w) of Cs2InBiClg are 1.518 (1.608, 1.263) and The maximum k(w) of CszInBiBrs are 1.522
(1.605, 1.702) with GGA (mBj, mBj+SO) respectively(see Table I11.7).
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Figure lll-14. The dependence of the average extinction coefficient k(w) of double

perovskites on energy of incident photons.

Energy loss function L(w) is another useful tool in the realm of optical properties, which
correlates the numerical value of the observed band-gap with the Plasmon loss value [54]. It
provides insight into the interactions of the incident photons and explains various features
of a semiconductor like values of the band-gap as well as static dielectric function can be
measured using L(w) [55]. The calculated average L(w) for CszInBiXe are plotted in Figure
I11.15 , in which no scattering is evident when photon energy is less than the band-gap
energy. The peaks appearing in the L-ave (w) curves show Plasmon losses, which correspond
to a collective oscillation of the valence electrons, and their frequency, are referred to as the
plasma frequency.

Concerning the optical reflectivity R(w) as shown in Figure I11.16 , The average static values
of reflectivity R(0) for all compounds studies are listed in table IlI-7. It is observed that the
R-ave(0) of these compounds increase with increasing atomic numbers of X-site anions.
However, Cs,InBiBrs maintains a higher values of reflectivity Rave(w) than CszInBiCls, occur in

the ultraviolet spectrum.
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Figure llI-15. The dependence of the Energy loss function L (w) of double perovskites on

energy of incident photons.
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Figure 1lI-16. The dependence of the reflectivity R(w) of double perovskites on energy of
incident photons.
To assess the optical performance, we have calculated the absorption coefficients for the all
crystals. Since the absorption coefficient and imaginary part of dielectric constant are
intimately connected we can observe similar features. As illustrated in, the CszInBiXs crystals
shows exceptional light harvesting ability and can cover a wide solar spectrum, which is
consistent with the s? lone pair feature. By combining optical absorption spectra results, for
two existing candidate perovskites, It can be deduced, that the absorption coefficient of
Cs2InBiClg is slightly greater than that of CszInBiBrsin visible range, indicating strong excitonic

effects in many wavelengths, which enhances the absorption coefficients.
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Moreover, by taking into account of the spin-orbit coupling (SOC) effect, with the TB-mB;j
functional, we found that a red shift of the absorption coefficients is attained, thus leading
to the expansion of the absorption range from the near-infrared (NIR) spectrum frequency
to the ultraviolet (UV) frequency ,owing to the overall corresponding to narrowing of of
band gaps .

Table IlI-8. Calculated optical constants for Cs2InBiCl6 and Cs2InBiBr6: absorption coefficient

o(w); extinction coefficient k(w); optical conductivity o(w).

Maximum Maximum
Maximum
Compounds O-ave (W) O-ave(Ww) Methods
k'ave(w)
(10%cm™) (Q-1cm-1)
71.926 1.499 2141.510 GGA-PBE
63.402 1.589 2169.135 TB-mBJ
Cs2InBiCl6
51.779 1.255 1938.979 mBj+SO
77.810 1.515 2161.699 GGA-PBE
Cs2InBiBr6 70.138 1.598 2184.715 TB-mBJ
69.755 1.688 2817.645 mBj+SO
ﬂ] Wavelength (nm) b] Wavelength (nm)
90 rereprrTTTT T r TRy reTr 90 qprrvprrTTTTTrTTTTTYT TR,
TR ¢ v s LY a__ GGA-PRE 1 IH o wisibee LN —a GGAPBE
. — :_::-:zw : ' —: :I!::H.J*Hr
T s
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'
1 2 3 4 % € T 4 8% 16 1 12 13 T T TR TR TR
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Energy (eV)
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Figure 11I-17. The dependence of the absorption a (w) of (a) Cs2InBiCl6 and (b) Cs2InBiBr6

on energy of incident photons.
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Figure 11I-18. The dependence of the optical conductivity o(w) of double perovskites on

energy of incident photons.

The curves of average optical conductivity o(w) of the Cs2InBiX6 compounds are plotted in
Figure-111.18. to investigate their optical response, which corresponds to the conduction of
electrons in the compounds [56]. Where one can see as the absorption coefficient, the
optical conductivity also starts with energy equal to the band gaps. It can be found that
Cs2InBiCls shows the largest 0-ave(w) value among the studied compounds in visible light.

Therefore, This outstanding optical performance affirms that these halides perovskites are

especially promising materials for realizing high efficient photovoltaic solar cells.

111-3.8 Photovoltaic (PV) Characteristics:

To analyze the photovoltaic efficiency of a material employed as an absorber layer in a solar
cell, the “spectroscopic limited maximum efficiency (SLME)” approach can be employed as
reported Liping Yu and Alex Zungere al. [57]. SLME simulation model evaluates solar cell

power conversion efficiency based on the extended Shockley-Queisser model.

maximum output power density (Pmax)

SLME,n =

(12)

total incident solar density (Pipn)

The value of Pmax is computed with the help of voltage — current (V — I) characteristics of

solar cell in SLME analysis.

Prax = max {] — Joexp [ (13)

-1))
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where JSC,I0, e, V, k, T represents short circuit current density, reverse saturation current,
the electronic charge, potential over the absorber layer, Boltzmann’s constant, and device
temperature, respectively. where JSC, JO, e, V, k, T represents short circuit current density,
reverse saturation current, the electronic charge, potential over the absorber layer,
Boltzmann’s constant, and device temperature, respectively. ISC and /0 can be calculated
using the absorptivity of the material [61]. The input parameters for evaluating the SLME
analysis are the computed absorption spectra using DFT, global solar spectra (AM-1.5G),

fundamental, and direct allowable band gap (Eg) of the photovoltaic material.[58].

hence, we have carried out the Photovoltaic Characteristics for both the materials as a
function of different thicknesses up to 100 um at fixed temperature (293.15 K), using GGA-
PBE ,TB-mBJ, and TB-mBJ+SO approximations. It can be noticed that The thickness of each
layer and the band gap have significant effect on PV performance. A comparison of the

obtained photovoltaic parameters is shown in Table IlI-9 .

Table I1I-9 : A comparative table listing on Solar cell parameters of Cs2InBiCl6 and Cs2InBiBr6
at T = 293.15 K. Here J-V and P-V parameters of perovskites are calculated at L = 50 um

thickness. by different exchange correlation potentials.

Compounds | Approximation | PCE n (%) | JSC (mA/cm2) | Voc(V) | FF
GGA-PBE 29.09 40.43 1.10 | 0.87
Cs2InBiCl6 TB-mBJ 26.24 27.44 1.42 | 0,91
TB-mB+SOC 14.74 53.30 0.48 | 0,77
GGA-PBE 28.12 49.29 0.88 | 0,86
Cs2InBiBr6 TB-mBJ 28.33 35.95 1.18 | 0,89
TB-mBJ+SOC 10.08 81.58 0.24 | 0,67

Here, current-voltage (I-V) performance were measured To understand the current
sensitivity of Cs2InBiX6, we have examined the |-V characteristics, The |-V characteristic of
both compounds are depicted in Figure.lll-19. It is seen that, the current | is constant from (0
v) voltage to a specific voltages. Then, it starts to decline significantly with increasing the

applied voltages until it becomes zero.
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Figure 111-19. Photocurrent density as a function of the forward bias voltage for (a)

Cs2InBiCl6 and (b) Cs2InBiBr6.

On the other hand, Figure 4 shows that, the open-circuit voltage (VOC) and Fill factor (FF) are

not strongly dependent on film thickness. However, short circuit photocurrent density (Jsc) is
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more significantly influenced by changing the film thickness. The JSC of the absorber

materials increases as the film thickness increases and further tends to saturate after a

specific thickness.
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Figure l1I-20. The Open circuit voltage Vo as function of thickness for Cs,InBiCls and
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figure 111-22. The short circuit photo-current density as function of thickness for Cs2InBiCI6

and Cs2InBiBr6.

After inserting these obtained values, we have computed SLME efficiency of double
perovskite CszInBiXe at various thickness ranges, as shown in Figure.lll.23 .It can be observed
that SLME of a compound mainly depends on the energy gap as well as thickness of the
material. SLME progressively increases with the thickness of the material for the examined
Cs2InBiX6 and becomes slightly constant after 50 um for all compounds. as the evaluation of
their photovoltaic performance. One clearly sees that the SLMEs of Cs2InBiCl6 and
Cs2InBiBr6 are comparable to that of CH3NHsPbls (29%) [59] and of CsPbl3 (30.41% ) and
even higher than CsPbBrs (24.53%) [60]. which indicates that incident photons are strongly
absorbed by Cs,InBiXs photoactive materials. It can be noticed from Table.ll1.10 that Voc and
FF calculated using TB-mBJ are higher compared to that calculated using GGA-PBE and
mBJ+SO methods for both CszInBiCls and Cs;InBiBrs. Also, SLME efficiency predicted of

Cs2InBiClg and CszInBiBre at energy gap between 1.1ev and 1.4 ev are the highest.

132



Switchable photovoltaic properties in ferroelectric
(o ETJIH|IN Lead-Free Bismuth Halide Double Perovskites

. CszlnBiCI6 ” CszlnBiBrh
5
{1 —®— GGA-PBE 1 —®— GGA-PBE
4 —E—-TB-mBJ 4 —E-TB-mBJ
30 ] —E-TB-mBJ+SOC Lie ] —=-TB-mBJ+SOC
] g—a—8—8—8—E—8 30 g—E—a—E—8
/I/ 1 ?.%.’
— 2 —E—a—n 4
25 BRI ag. ki s AR 25 e
& 7 /./ —_ an /.
e J
< ol < I/
S 20 = < 20
= <01 = <07
= ==l 5 |
—a—
J __m—n J
@ 154 /././I @ 15
] P ]
10 104 - m—a—8a—E—E—E—8
] o ] g—o—"
] ] ]
R e R s s = e TR, L
0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110

Thickness (um) Thickness (pm)

Figure 1lI-23. Calculated efficiency through SLME versus thickness.

111-3.9. Spontaneous polarization

The spontaneous polarization is important for understanding the ferroelectric behavior in

materials since they describe its polar ground state and lattice dynamical.

In this study, the calculation of the spontaneous polarizations is carried out by using the
modern theory of polarization using Berrypy code . In ferroelectric materials, the total
polarization P is the sum of the ionic polarization Pion and the electronic polarization Pee.
First, we give the spontaneous polarization of Cs,InBiXs along the x, y and z axes. Because
the values of Px and Py are nearly zero, the spontaneous polarization is mainly along the z-
axis. The result provides clear evidence of the ferroelectric switching phase of stadies
materials belongs to the polar R3m space group by reason of a robust spontaneous
polarization of 0.398c/m? and —0.404c/m? for Cs2InBiCls and Cs,InBiBrg, respectively. These
values are comparable to those of reported devices such as ferroelectric oxide BaTiO03(0.28
C/m?) [61] , Nevertheless slightly smaller than LiNbO® (0.75C/m2) [62], Rochelle’s salt
(20C/m?), and ammonium sulfate (25C/m?) [63],(CH3)sNH]3(MnBrs)(MnBrs) (45C/m?)[64],
and those of

recently reported 2D halide double perovskite ferroelectric (n-

propylammonium),CsAgBiBr; (150 C/m?) [65].
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111-3.10. Linear bulk photovoltaic effect

The linear photogalvanic effect or called the shift current mechanisms is the dominant DC-
current response in the bulk photovoltaic effect (BPVE), which is allows incident photons to
induce a photocurrent density term DC independent of time in the materials with lack of
inversion symmetry [66]. In contrast to a conventional drift photocurrent under an electric
field, the shift current originates from the charge center shifts in real space due to difference
in the Berry connection between the valence and conduction bands involved in the optical
excitation process [67]. We used the perturbation theory[68]: The shift current tensor is

given as

(Exkn—Egm—i6) (Exkn—Ex+hQ-i8)

3 Kn|9,|K1)(K1|9;|Km)Km|J,,|Kn
o-;z/ﬁ = 87|Tez|wz Re {¢aﬁ ZQ:iw Zl,m,n fBZ dK(fl - ﬁq) X < | a| >< | B| >< | )/Ol| >}

(14)

the shift current response O';:ﬁ (a; B;v = x; y; z) is a third rank tensor representing the

photocurrent J, generated by an electrical field via :
Iy = a;:ﬁs;sﬁ (15)

in which @,zis the phase difference between the driving field e,and £4[69].

To see the spectral distribution of the shift current tensor elements, the Wannier
interpolation method was used within the Wannier90 code[70] ,a tight binding model was
obtained by maximally projected Wannier functions (WFs) ,for the Cs-4d; Bi-6s,6p ;In-
5s,5p ;CI-3p and Br-4p orbitals in the energy range of -5.0 eV to 5.0 eV. using the Perdew-
Burke-Ernzerhof (PBE) implementation of the GGA functional, an empirical Tran-Blaha
modified Becke-Johnson (TB-mBJ)potential methods with and without SOC using a k-mesh
with 100_100_100 subdivisions. Both materials belong to the 3m point group in the
ferroelectric phase. Therefore, the shift current tensor is represented in two-dimensional

matrix form as
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0 0 0 0 Oxxz Oxxy
0= |0yxOyyy 0 a7, 0 0 (16)
Ozxx UZyY Ozzz 0 0 0

Such that, there are four nonzero elements: xxY = yxX=-yyY, xxZ = yyZ , and zxX = zyY
components [71], where, the double small letters represent light polarization and the capital
letter indicates the direction of the shift current response. Because The shift current
response o0zzZ for both materials is the dominant current to incident light polarization
parallel to the direction zz of ferroelectric distortion among all the tensor components.
Therefore, we have plotted just 0zzZ curves using PBE, TB-mbj with and without SOC.

Figure 111-23 presents the shift current spectra of Cs;InBiCls and Cs2InBiBrs. Both the two
materials show broadly similar behavior, the zero-bias photocurrent starts from an photon
energy slightly equal to the bandgaps. While, above the bandgaps, the spectra gradually
increases across a wide photon energy excitation range from the near-infrared to ultraviolet
region. Perhaps because the dissociation of the charge-transfer excitons is accelerated.
Moreover, they have a large shift current response in the visible spectrum range due to the
large real space charge center shift between the upper valance band electrons, which
contributes mainly from 5s-In states to the unoccupied a mixed states of 6p-Bi,6p-In and p-
(Br,Cl) in the lower conduction band. By extension, this peak of shift current response is
highly desired for efficient solar conversion.

Furthermore, our calculations demonstrate that the spin-orbit coupling (SOC) can strongly
influences their shift current responses. Being, when SOC is included an angular momentum
dependent term is added to the Hamiltonian as well as each Bloch state has spinor form and
the current response becomes a sum over spinor components. Interestingly, the Cs2InBiCl6
structure provides a larger shift current response than the Cs2InBiBrg structure. Because the
orbital character contribution 3p of Cl atom at the CBM is more delocalized than the orbital
character contribution 4p of Br atom along the shift current direction.

Although the Cs;InBiBrs has a higher magnitude of polarization than CszInBiCls. Thus, the
strength of polarization is not directly correlated to the shift current in any obvious ways.
Additionally, the shift current in these materials are quite larger than that in the prototypical

ferroelectrics perovskite oxides such as BaTiO3 (30 uA/V?) ), PbTiO3 (50 uA/V?) in bulk
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[72],and the famous multi-ferroelectric compound BiFeO3 (0.5 pA/V 2)[73] And are much
smaller than the single-layer GeS (~100 uA/V2) [74].
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Table 11I-10. shift current o.,z( uA/V 2) of Cs2InBiCl6 and Cs2InBiBré.

Compounds | Approximations | shift current oz uA/V ?)
Cs2InBiCl6 GGA-PBE 58.70
TB-mBJ 97.06
TB-mBJ+SO 431.29
Cs2InBiBr6 GGA-PBE 49.11
TB-mBJ 69.24
TB-mBJ+SO 313.71
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Figure I11-24. Shift current response 0.,z vs incident photon energy for Cs2InBiCl6 and

Cs2InBiBr6 structures with the three methods.

IlI-4. CONCLUSION AND OUTLOOK

In conclusion, we investigated the bulk photovoltaic effect (BPVE) in non-centrosymmetric
halides doubles perovskites semiconductor CszInBiXs based on first principles calculations.
The results of the Structural properties and formation energy prove the structural and
thermodynamic stability for both compounds.

Based on a detailed analysis of the electronic properties, although various methods rely, the
description of the electronic bands within all these methods is remarkably similar. More
importantly, the presence of band edges at the same symmetry points proclaimed their

direct bandgap nature and the bandgap value decreases upon replacement of Cl with Br.
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These materials With band gaps below 2 eV, have absorption coefficient strength wich it is
comparable to other classic semiconductor. The estimated optical properties of this
compound indicate that it could be used in the infrared, visible, and ultraviolet regions of the
electromagnetic spectrum. We have also reviewed that The stronger cation anion covalent
interaction, considerable hybridization s, p orbitals at Bi/In site and p orbitals at Cl/Br site ,
eventually facilitate the stereochemical activity of the lone pair.In this case The
stereochemically active lone pair brings a large structural distortion within the unit cell and
creates a polar geometry. the modern theory of polarization based BerryPI code is employed
to determine spontaneous polarization.Here, strong spontanous polarization of about
0.39¢/m2 for Cs,InBiClg and -0.40 for Cs2InBiBre gets confirmed.

Furthermore, the maximum shift current response for both materials in visible light has been
reported along the direction of polarization. While we correlate the high shift current
response with the existence of p states at both the valence and conduction band edges, as
well as the dispersion of these bands. However, the measured low shift current response for
Cs2InBiBre compared to Cs;InBiCls indicates that stronger magnitude of polarization does not
necessarily imply greater response shift current. Consequently, the present study was an
instrumental in understanding the shift current BPVE and was pave the path for designing
cost-effective and energy-efficient photovoltaic devices based on CszInBiXe and similar
halides perovskites. We have also calculated Photovoltaic Characteristics of Cs2InBiCI6 and
Cs2InBiBrs by using SLME framework .we have shown changes in behavior of Jsc, Voc,FF and
1 depending on increasing thickness of absorber layer perovskites. Later on, the efficiencies
of Cs,InBiCls and Cs;InBiBrs absorber layers calculated using TB-mBJ method at absorber

thickness of 50 um is comes out to be 26.24 % and 28.33%, respectively.
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IV-1 Introduction

The coupling of ferroelectricity and spin-orbit coupling (SOC) in materials is a fascinating and
emerging topic that explores the interplay between electric and magnetic properties in novel
guantum materials. Ferroelectricity is a phenomenon that occurs in some materials that
have a spontaneous electric polarization that can be reversed by an external electric field.
SOC is a quantum effect that describes the interaction of the spin and orbital motion of
electrons, which can give rise to exotic electronic and magnetic states. By combining these
two effects, one can achieve a tunable and non-volatile control of the spin degree of
freedom and the spin-dependent transport properties, which are essential for the

development of spintronics and valleytronics [1, 2]

There are different types of materials that exhibit the coupling of ferroelectricity and SOC,
such as hybrid organic-inorganic perovskites, transition metal oxides, and two-dimensional
materials. Each category of materials exhibits uniqgue mechanisms and characteristics that

influence the strength and tunability of the coupling.

In hybrid organic-inorganic perovskites, the ferroelectric polarization is typically induced by
the organic cation, while the SOC originates from the metal halide component. A notable
example is the methylammonium lead iodide (MAPbI3) perovskite, where the organic
methylammonium (MA) cation contributes to ferroelectricity, and the lead iodide framework
provides the heavy atoms necessary for SOC. The Rashba effect, which is a type of SOC
leading to spin splitting of electronic bands, is particularly significant in these materials. This
effect can be modulated by altering the composition, structure, and thickness of the
perovskite layer, thereby tuning the electronic properties for potential applications in

spintronics and optoelectronics [1, 2]

Transition metal oxides, such as bismuth ferrite (BiFeOs3) and bismuth manganite (BiMnOs),
exhibit strong coupling between ferroelectricity and SOC due to the presence of heavy
transition metal atoms with significant SOC and the inherent ferroelectric properties of the
material. In these oxides, the coupling mechanisms are often related to the distortion of the

crystal lattice, which enhances both ferroelectric polarization and SOC. These materials are
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of great interest for multiferroic applications, where the control of magnetization through

electric fields (and vice versa) can lead to advanced functionalities in electronic devices [3,4]

Two-dimensional (2D) materials, such as transition metal dichalcogenides (TMDCs) and
layered perovskites, also exhibit a notable coupling of ferroelectricity and SOC. In 2D TMDCs,
such as MoS; and WSe,, the lack of inversion symmetry and strong SOC from the transition
metal atoms result in significant spin splitting and ferroelectric-like behavior. The tunability
of these properties through external stimuli, such as electric fields and mechanical strain,
makes them promising candidates for next-generation nanoelectronic and spintronic devices

[5, 6]

The compound SFsPbls, also known as sulfur-functionalized lead iodide, shares similarities
with MAPbIls, both belonging to a family characterized by heavy elements like lead and
iodine, which induce significant spin-orbit coupling (SOC) in their electronic structure. The
addition of sulfur (S) further modifies their electronic and optical properties [7] The specific
arrangement of sulfur, lead, and iodine likely contributes to the polar nature of SFs:Pbls, a

characteristic attributed to symmetry breaking within its crystal structure.

In materials lacking inversion symmetry, such as non-centrosymmetric crystals or interfaces,
SOC induces the Rashba effect, leading to the splitting of valence and conduction band edges
and the removal of electron spin degeneracy [8] Recent studies suggest that a bulk Rashba
effect, extending beyond surface or interface effects, may influence the observed long
carrier lifetimes and diffusion lengths in SF3Pbls [9] While SF3Pbls; phases have been
experimentally assigned centrosymmetric space groups, there is increasing interest in the
potential role of a bulk Rashba effect. In SFsPbls, inversion symmetry can be disrupted either
by statically distorting the Pbl framework or dynamically rotating the SF; group. Static
distortion leads to a non-centrosymmetric phase and a persistent bulk Rashba effect, while
dynamic disruption arises from rotations of the SF; group without distorting the Pbl
framework. These dynamic fluctuations, influenced by phonon modes or interactions within
the SF3Pbls structure, can induce a fluctuating bulk Rashba effect on shorter timescales

compared to ion rotations or framework vibrations [7, 8, 9 ]
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In this chapter, we perform density functional theory (DFT) calculations to investigate the
electronic band structure, optical properties, ferroelectric behavior, and photovoltaic
characteristics of SFsPbls. Our analysis focuses on understanding the strong spin-orbit
coupling induced by the heavy elements in its structure, particularly examining the Rashba
splitting near the electron band extrema. Additionally, we explore the phenomenon of
distortion-induced polarization switching in SF3Pbls, revealing its potential for rapid and

controllable transition between low and high ferroelectric polarization states.

IV-2 The bulk Rashba effect

The bulk Rashba effect is a phenomenon that occurs in certain materials in which the
interaction between the spin of electrons and their orbital motion is modified by an electric
field or a broken crystal symmetry. This result in a momentum-dependent splitting of spin
bands in bulk crystals and low-dimensional condensed matter systems, depending on the
spin orientation. The bulk Rashba effect can be described by a series of formulas that involve
the Hamiltonian, the spin-orbit coupling, and the Rashba coupling constant. However, if one
considers the relativistic Rashba Hamiltonian [10]

eh?
2m?c2

Hg =a(k X E).o ,a= (1)

where the electric field originates from the non-zero polarization E, a is the Rashba coupling
constant, o is the Pauli matrix vector, k is the momentum operator, e is the absolute value of
the electron charge, # is the reduced Planck constant, m is the electron mass, and c is the
speed of light. These formulas show that the bulk Rashba effect depends on the strength of
the Rashba coupling constant, which is proportional to the electric field gradient in the
direction perpendicular to the plane, the direction of the momentum, and the orientation of
the spin. The bulk Rashba effect can have important implications for the optoelectronic
properties and applications of materials, such as solar cells, light-emitting diodes, and

spintronic devices.
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Figure IV-1. The energy bands and spin orientations in a semiconductor material affected by
Spin-Orbit Coupling (SOC) and Rashba SOC [11]

IV-3 Methodology

This study employs density functional theory (DFT), a standard in materials science for its
accuracy in predicting optoelectronic and structural properties. We analyzed the physical
characteristics of SFsPbls using the all-electron full-potential linearized augmented plane
wave (FP-LAPW) method within the WIEN2K code[12] SFs:Pbls was examined in its
rhombohedral form, which is crucial for highlighting atomic displacements and deducing
corresponding ferroelectric polarization. The rhombohedral structure allows for a detailed
representation of how atoms shift, providing insights into polarization behavior. We
maintained the same atomic arrangement and coordination as observed in the pseudo-cubic
structure. The lattice parameters are transformed from the cubic cell, with the
rhombohedral lattice parameter a, calculated as acV3, where ac is the cubic lattice constant.
The angle a in the rhombohedral system is set to 60°. Atomic positions are converted from
the cubic to the rhombohedral system using the appropriate transformation matrix, ensuring
that the Pbls octahedra and the orientation of the SF3 groups remained consistent with the
original pseudo-cubic structure. This approach preserves the relative distances and angles
between atoms, providing an accurate description of SF3Pbls in the rhombohedral
framework. Structural optimization was conducted using the Perdew, Burke, and Ernzerhof

generalized gradient approximation (GGA-PBE)[13] To enhance the accuracy of the
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electronic structure calculations, the modified Becke-Johnson (mBJ) potential was employed
[14] The mBJ correction is vital for refining band gap predictions. A plane wave cutoff of
kinetic energy Rvr Kmax = 7.0 was used, with muffin-tin radii of 2.5 for S, F, |, and 2.15 for Pb.
The charge density's maximum Fourier expansion was set at Gmax = 20 a.u.”™, ensuring
precise calculations. Convergence was achieved when total energy differences were less
than 107® Ry. For electronic structure and optical properties, a dense K-mesh of 1000 k-
points in the first Brillouin zone was utilized. Spin-orbit coupling (SOC) was incorporated to
explore its impact on electronic structure, particularly the Rashba effect [15] This
phenomenon, where spin-orbit interaction leads to momentum-dependent spin band
splitting, is influenced by electric field gradients and crystal symmetry. Key parameters of the
Rashba effect include the Rashba coupling constant (a) and momentum offset (2k), which
determine the strength and direction of the effect [16] The rhombohedral symmetry of
SFsPbls is essential for understanding ferroelectric polarization, as it allows for detailed
examination of atomic shifts and their contributions to polarization. By assessing these
shifts, we can derive the spontaneous polarization and evaluate energy barriers for
polarization switching. Additionally, the photovoltaic properties were evaluated using the
Spectroscopic Limited Maximum Efficiency (SLME) model [17] to estimate the potential

efficiency of SF3Pbls-based solar cells.

Figure IV-2. Ball-and-stick model illustrating the rhombohedral crystal structure of SFsPbls.
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IV-4 Results and Discussion

IV-4.1 Stability and Structural Properties

The first crucial stage before calculating the material properties is to determine its structural
properties. The generalized gradient approximation (GGA) is employed to compute the
structural properties of SF3Pbls in the rhombohedral R3m phase. Furthermore, the crystal
structures are relaxed, allowing the atoms in a crystal lattice to adjust their positions to
minimize the system's total energy, a process known as crystal relaxation. This is well

depicted by the optimization curves.
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Figure IV-3. The total-energy versus volume optimization for the SF3Pbls compound.

The Murnaghan equation of state is used to evaluate the lattice parameters “a” and “c”, the
compressibility modulus “B”, and its primitive derivative “B"’ after optimizing the total

energy Eo of the fundamental state [18]:

E(V) = E, + L((E)B - 1> + 22 (2)

B'(B'-1)

The thermodynamic stability of this compound has been evaluated by calculating the

formation energies per atom (Ey) using the following equation [19]:
Ef = EO - ES - 3EF - pr - 3EI (3)
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Where Eo is the total ground state energy of the SFsPbls compound, and Epy, Es, Ef, and E, are

the energies of Pb, S, F, and | atoms, respectively, in their bulk forms. This value is given in

Table IV-1. The table shows that the Ef per atom for the studied compound is negative.

According to the computed formation energies, SFsPbls is stable with respect to its

constituent atoms. The energy stability of SFsPbls in its phase-stable state is confirmed by

the negative formation energy value.

Table IV-1. Calculated lattice parameters a(A) and c(A) , volume of the unit cell V (A3), Bulk

modulus B (GPa) and its first pressure derivative B‘, and the formation energy EfeV) of

SFsPbls system. The hexagonal lattice parameters a and ¢ were derived from the

rhombohedral lattice parameter ar and angle a.

lattice parameters .
Compound B(GPA) B’ V (A3) EdeV)
a (A) c (A)
SF3Pbls 9.257 11.337 30.037 | 4.721 | 286,066 | -0.893

IV-4.2. Electronic Structure

Energy (eV)

Figure IV-4. Electronic band structures of SFsPbls in high symmetry directions
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Figure IV-4 depicts the electronic band structures estimated for SFsPbls according to the
high-symmetry directions of the first Brillouin zone. The maxima of the valence band and
minima of the conduction band are located at the same point of symmetry (R), indicating a
direct gap transition in the R—R direction. This confirms the semiconductor behavior of
SFsPbls, enhancing its effectiveness and functionality in solar cells. Additionally, the band
structure of SFsPbls displays a notable Rashba spin splitting in both the valence and
conduction bands, primarily attributed to the strong spin-orbit coupling (SOC) of lead (Pb)
and the structural asymmetry introduced by the SFs; cation. The spin-polarized states
resulting from Rashba spin splitting can further aid in reducing recombination by creating

spin-dependent pathways for charge carriers.

Table IV-2. Calculated band gaps compared with other theoretical values (eV) for SF3Pbl3.

Compounds Band gap (eV) Approximation
This work Other work
SF3PbI3 1.900 2.050 [20] GGA-PBE
2.375 TB-mBJ
1.357 mBJ + SOC

The calculated band gap values for SF;Pbls presented in Table IV-2 demonstrate significant
variations depending on the approximations used: the Generalized Gradient Approximation
(GGA), GGA with the modified Becke-Johnson potential (mBJ), and mBJ combined with spin-
orbit coupling (SOC). The band gap obtained with GGA is 1.9 eV, confirming the
semiconductor nature of the material, although this method is known to underestimate
values due to its inherent limitations. Adding the mBJ potential increases the band gap to
2.375 eV, indicating a significant correction. However, including SOC in the mBJ calculations
reduces the band gap to 1.357 eV, highlighting the importance of SOC for materials
containing heavy elements like lead (Pb). This SOC induces additional effects such as the
Rashba phenomenon, which enhances charge separation and reduces recombination losses.

Despite this reduction, the band gap remains within a range suitable for photovoltaic
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applications, showing that SF:Pbls has promising potential for solar cells with electronic

properties significantly influenced by SOC.
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Figure IV-5. Electronic band structure of SFsPbls showing Rashba spin splitting.

Table IV-3. Rashba parameters a (eVA) for band-splitting at R and M point in R3m phase of
SFsPbls.

Ky ORry Ke ORc Kv Olmy Kc Qlmc
This work 0.439 0.714 1.561 0.675
R R M M
Other work 0.850[21] 1.611[21]

Figure IV-5 shows the electronic band structure of SF3Pbls, highlighting the energy dispersion
along specific high-symmetry paths in the Brillouin zone (R to I and X to M). The Rashba
effect is evident in the splitting of the conduction and valence bands around the high-
symmetry points, indicating strong spin-orbit coupling (SOC) in the material. The conduction
band minimum (CBM) and valence band maximum (VBM) exhibit clear splitting around the T
point. This Rashba splitting can be quantified by the energy difference between the split
bands at the CBM and VBM, suggesting the presence of a strong SOC, which contributes to
the Rashba effect and leads to spin-polarized states. Similar splitting is observed around the
M point, with distinct separation of the CBM and VBM. The consistent band splitting along
this path further supports the presence of the Rashba effect in different directions within
the Brillouin zone. Key parameters that quantify the Rashba effect include ar (Rashba
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parameter), which represents the strength of the Rashba effect; higher values indicate
stronger SOC and greater splitting. Er (Rashba energy) is the energy associated with the
Rashba splitting at the band extrema. kr (Rashba wave vector) is the momentum shift of the

band extrema due to the Rashba effect [22]

Table IV-3 presents the Rashba parameters (a) for band-splitting at the R and M points in
the R3m phase of SF3Pbls, highlighting the strength of the Rashba effect, which is a result of
strong spin-orbit coupling (SOC) in the material. At the R point, the Rashba parameter for the
valence band (ary) is 0.439 eVA, and for the conduction band (arc) it is 0.714 eVA. At the M
point, the Rashba parameter for the valence band (aw) is significantly higher at 1.561 eVA,
and for the conduction band (awmc) it is 0.675 eVA. When compared to other works, our
results for the M point show higher variability, with a reported Rashba parameter of 0.850
eVA for the valence band and 1.611 eVA for the conduction band in other studies. The high
Rashba parameters, particularly at the M point, suggest strong SOC, which is beneficial for
spintronic applications that require precise control over spin states. Furthermore, the
Rashba effect enhances charge separation, reducing recombination losses and improving

photovoltaic efficiency.

Further analysis of the band structure provides valuable insights into the nature of electronic
states, revealing that electronic states in the conduction band (CB) exhibit greater
dispersion, while those in the valence band (VB) are less dispersive. This observation
suggests that the effective mass of free charge carriers in the VB (holes) is slightly greater
than that of carriers in the CB (electrons). To quantify this, we calculated the effective mass
of these carriers by fitting the conduction and valence bands to the parabolic equation. The

effective mass tensor is defined as [23]:

e = ()] z

where k represents the wave vector, and €(k) represents the eigenvalue corresponding to
the band edge. The subsequent effective mass values at the R high-symmetry point, in the
transverse xx and longitudinal zz directions, are documented in Table IV-3. As can be seen,

the effective masses for polar SFs3Pbls; are distinctly anisotropic. Importantly, the effective
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mass of carriers for the material under study is significantly below 0.20 with the mBJ + SOC
potential. This lower effective mass is advantageous for achieving enhanced carrier mobility,
a highly desirable feature for the development of efficient electronic and optoelectronic
devices. The electron mass at R is quite small but highly anisotropic, while the hole effective

masses are larger.

Table IV-4. Effective masses of electrons and holes along high-symmetry directions

(longitudinal and transverse) for SF3Pbls, under the GGA + mBJ and mBJ + SOC computational

methods.
Method Carrier Effective Mass (mo)
Light Electrons (m®*e) 0.5583 -
Heavy Electrons (m*ne) 0.4115 -
GGA + mBJ
Light Holes (m*h) 0.8368 -
Heavy Holes (m*hn) 0.7391 -
Method Carrier Longitudinal Mass (m¢) | Transverse Mass (mo)
Light Electrons (m®*e) 0.1998 0.2366
Heavy Electrons (m*he) 0.0755 0.0934
mBlJ + SOC
Light Holes (m*n) 0.1050 0.1194
Heavy Holes (m*pn) 0.5110 0.4900

This table compares the effective masses of electrons and holes in SF3Pbls along longitudinal
and transverse directions using two computational methods: mBJ+SOC and GGA+mBJ. Under
mBJ+SOC, light electrons exhibit a lower effective mass of 0.1998 mo longitudinally,
indicating higher mobility, while heavy electrons are even lighter at 0.0755 mo. Light holes
have effective masses of 0.1050 mo (longitudinal) and 0.1194 mo (transverse), suggesting
enhanced mobility compared to heavy holes with masses of 0.5110 mg (longitudinal) and
0.4900 mo (transverse). In contrast, GGA+mBIJ vyields slightly heavier effective masses for
electrons (0.5583 mg for light electrons and 0.4115 mgo for heavy electrons) and lighter

masses for holes (0.8368 mq for light holes and 0.7391 mg for heavy holes).
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Figure IV-6. Partial Density of States (PDOS) and Total Density of States (TDOS) for SFsPbls

calculated using the modified Becke-Johnson (mBJ) potential with spin-orbit coupling (SOC).

Figure IV-6. shows the partial density of states (PDOS) and total density of states (TDOS) for
SFsPbls, calculated using the modified Becke-Johnson (mBJ) potential with spin-orbit
coupling (SOC), which provide valuable insights into its electronic properties. The PDOS
shows that the valence band is primarily composed of iodine (I-5p) states, with minor
contributions from lead (Pb-6s) and sulfur (S-3p) states. The conduction band is largely
influenced by lead (Pb-6p), sulfur (S-3p), and fluorine (F-2p) states. The TDOS plot highlights

a significant band gap around the Fermi level, confirming the material's semiconductor
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nature with an estimated band gap of approximately 1.357 eV. These values are closer to the

experimental values of the parent halide perovskite CH3NH3PbI3(Cl,Br) [24].
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Figure IV-7. Charge density distribution map of SF3Pbls.

Figure IV-7 illustrates the electron charge density distribution in SF3Pbls. The charge density
analysis of SF3PbI3 reveals significant insights into its chemical bonding and structural
properties. The electron charge density data, as depicted in Figure IV-7 , indicates several key
characteristics: Firstly, the bonds between Pb and | atoms exhibit covalent character,
suggesting a sharing of electron density between these atoms. This covalent nature is
typically indicated by a balanced distribution of electron density around the bonded atoms.
Secondly, there is a notably high electron density observed at the | (iodine) sites, indicating a
concentration of electrons around these atoms. This is consistent with iodine's high
electronegativity and its tendency to attract electron density in chemical bonds. Conversely,
the electron density is minimal at the Pb (lead) sites, suggesting a lower concentration of
electrons around these atoms compared to iodine. This asymmetry in electron density
distribution around Pb indicates the presence of a stereochemically active lone pair
associated with the Pb atom. Stereochemically active lone pairs are known to contribute to
the polar behavior of compounds, suggesting that SFs;Pblsin its rhombohedral phase may
exhibit polar characteristics due to this lone pair. Furthermore, the minimal electron density

observed at the F (fluorine) and S (sulfur) sites indicates their lesser involvement in the
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electron density distribution within SFsPbls, which is consistent with their roles as

electronegative atoms in this compound.
IV-4.3 Optical properties

Driven by the impressive electronic properties of SF3Pbl; an exploration into their optical
properties has been examined. In terms of optical parameters, the dielectric function is
formulated as: g(w) = g1(w) + ig2(w) , representing the material's optical behavior through
the absorption and dispersion of incident rays. The real dielectric functions €1(w) and the
imaginary dielectric functions e2(w) are computed using the Kramer-Kronig expressions

provided by equations (3) and (4) [25]
2 oo w'ey(w) ’
sl(w) = 1+;Pf0 mdw (5)

S e o Mey () 1268 [wey () — w]d3k (6)

mm2w?

Here, P, m, w and Mcv are polarization, the mass of the electron, angular frequency, and

Average Mass.

SF PbI,

g = - sI_ZZ(mBJ+SOC)
gy, e sl_zz(mBJ)

£,(0)

Energy(eV)
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Figure IV-8. The real dielectric functions €1(w) of SF3Pbls as a function of energy, displaying
anisotropic optical properties with distinct absorption coefficients (ax and az) in the xx and

zz directions.

All of the parameters were calculated using the TB-mBJ functional and TB-mBJ+SO
approximation. Figure IV-8 displays the details €1(w) of studied compound. In this context,
the static dielectric function €1(0) delineates the material's polarization and dispersion
characteristics. The evaluated €1(0) and €1.,(0) values for SFsPbls are 4.04,3.86 and
4.83,4.60 for TB-mBJ and TB-mBJ+SO respectively. A higher £1(0) value suggests a reduced

probability of charge -carrier recombination, signifying enhanced performance in

optoelectronic applications.

Subsequently, as the energy levels increase, €1(w) demonstrates an upward trend, reaching
maximum peaks of 8.73,6.45 and 6.87,6.41 for TB-mBJ and TB-mBJ+SO respectively.
Following this, €1(w) begins to decrease and eventually becomes negative, indicating a

pronounced metallic character.
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Figure IV-9. The real dielectric functions €;(w) of SF3Pbls as a function of energy, displaying
anisotropic optical properties with distinct absorption coefficients (axx and a;;) in the xx and

zz directions.
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Figure IV-9 illustrates the graph of the imaginary part €;(w) plotted against photon energy,
which demonstrates the interband transition from occupied to unoccupied energy states.
The energy threshold for these electronic transitions is termed the optical band gap,
equivalent to the electronic band gaps. The presence of multiple peaks within the graphs of
the imaginary dielectric function, particularly within the visible and ultraviolet regions,
signifies that electronic excitations are intricately linked to the calculated electronic
properties. To shed light on the source of these peaks, we utilized the partial density of

states.
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Figure IV-10. Absorption spectra of SF3Pbls as a function of energy, displaying anisotropic
optical properties with distinct absorption coefficients (ax and a;;) in the xx and zz

directions.

Figure 1V-10 illustrates the absorption spectra of SF3Pbls as a function of energy, revealing
significant anisotropy in the material's optical properties, with different absorption
coefficients (axx and az;) in the xx and zz directions. Two sets of calculations are presented:
one using the modified Becke-Johnson potential with spin-orbit coupling (mBJ+SOC) and the
other without SOC (mBJ). The inclusion of SOC (green lines) results in lower absorption in the

higher energy range compared to the mBJ calculation (magenta lines), indicating that SOC
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affects the optical transitions and reduces absorption strength in certain regions. Both sets
of spectra exhibit multiple peaks corresponding to electronic transitions from the valence
band to the conduction band, with the initial absorption onset around the band gap energy,
consistent with the semiconductor nature of SF;Pbls. The comparison shows higher
absorption coefficients in the higher energy range for the mBJ calculation, highlighting the

impact of SOC on the optical behavior of a material.
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Figure IV-11. Refractive index n(w) of SF3Pbl; as a function of energy, displaying anisotropic
optical properties with distinct absorption coefficients (ax and a;;) in the xx and zz

directions.

Another crucial optical property that offers insights into light-material interactions is the
refractive index n(w). It is also frequency dependent function. As electromagnetic waves
traverses a material, its velocity undergoes alterations, resulting in variations in the
refractive index of the material. In Fig.3, we present the computed spectra of n(w) for the
given compound. From Figure IV-11, the static refractive index n.«(w) and n.;;(w) values are
measured as 2.01,1.97 and 2.18,2.14 for TB-mBJ and TB-mBJ+SO, respectively, indicating

excellent optical performance for these material.
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IV-4.4 Ferroelectric Properties:

Ferroelectric material SF3Pbl; exhibits significant spontaneous polarization, creating internal
electric fields that enhance the separation of electron-hole pairs and minimize
recombination losses. With substantial polarization and manageable energy barriers for
switching states, SFsPbls allows precise control over ferroelectric domains, facilitating
dynamic adjustments to its electronic and spin properties for versatile device functionalities
suitable for diverse operational conditions [26] The calculated polarization of SFsPbls is

0.5333 C/m?, indicative of moderate ferroelectric behavior.

First-principles calculations for SFsPbls show very low energy barriers for Pb (0.192 meV) and
| (0.186 meV) atom displacements, while the barrier for S displacement is higher at 3.297
meV. This suggests that SFsPbls can achieve polarization switching with minimal energy for
Pb and | displacements, although S displacement requires more energy, indicating a mixed
ease of switching depending on the atomic movement involved. Figure 6 illustrates how off-
center displacements of Pb, |, and S atoms affect total energy and spontaneous polarization,
confirming that these displacements result in stable configurations and discrete changes in
polarization. The energy curve shows a minimum point, indicating stability, and the

polarization curve exhibits discrete jumps corresponding to changes in the polarization state.

In comparison, other ferroelectric materials exhibit varying energy barriers. AIN shows an
energy barrier of 0.510 eV per formula unit, derived from first-principles calculations [27],
indicating a more stable polarization state that requires more energy for switching. SnS
monolayers, with an energy barrier of 0.106 eV [28], are highly efficient for rapid switching,
making them ideal for high-speed memory and logic devices. Similarly, the MAPblI; crystal,
with a 0.100 eV [29] barrier obtained from molecular dynamics simulations, balances

stability and switching efficiency, making it versatile for various ferroelectric applications.
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Figure IV-12. The effect of off-center displacements of Pb, |, and S atoms on the total energy

and spontaneous polarization in SFsPbls.

Figure IV-12 provides a detailed analysis of the off-center displacements of Pb, I, and S
atoms in SF3Pbls and their effects on total energy and spontaneous polarization. The data
confirm that these displacements result in stable configurations and discrete changes in
polarization, essential for efficient domain manipulation. The energy curves indicate a
minimum point, suggesting stability, while the polarization curves exhibit discrete jumps
corresponding to changes in the polarization state, further validating the potentiality of the

material for efficient ferroelectric switching.
IV-4.5. Photovoltaic Properties:

The concurrent ferroelectric and Rashba effects can synergistically enhance the overall

photovoltaic performance [30]
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Ferroelectric domains can be controlled to optimize light absorption and charge transport,

while Rashba spin splitting can provide additional channels for efficient charge extraction

[31]

Using the SLME model, the estimated maximum efficiency of SFsPbls-based solar cells is
calculated. The SLME takes into account the absorption spectrum of a material, bandgap,
and recombination losses. Our results indicate that SFsPbls has a high theoretical efficiency,

making it a strong contender for efficient solar energy conversion.

—
=)

Tl ........ | REAAE RASAA BALAL RAALE RASAZ RAA 45
*‘ i - L

—
-
1

—
~
1
w
n

—
=
1
w
=]
1

N
n
1

[
>

—
wn
1

—
>
1
|

TB-mBJ | ; mBJ+SOC

Current density (mA/cmz)

Current density (mA/cmz)

54
Y SRS W HAUINNIS SINSINNMIUNNNRIR R—— e WA LNV VNS NUS—— . W E—
00 02 04 06 08 1,0 1,2 14 1,6 1,8 20 22 24 0,0 0,2 0,4 0,6 0.8 1,0 1,2 1.4
Voltage (V) Voltage (V)

Figure IV-13. Current density-voltage (J-V) characteristics of SFsPbls solar cells for various

thicknesses (10 um to 100 um).

Figure 1V-13 displays current density-voltage (J-V) characteristics for SFsPbl; solar cells with
varying thicknesses, comparing two different calculation methods: TB-mBJ (top graph) and
mBJ + SOC (bottom graph). The top graph shows that the current density remains relatively
stable across different thicknesses up to a voltage of approximately 1.6 V, after which it
drops sharply. The maximum current density achieved is around 16 A/cm?. In contrast, the
bottom graph (mBJ + SOC) indicates a higher overall current density, reaching up to 45
A/cm?. This increase highlights the significant impact of spin-orbit coupling (SOC) on
enhancing the current density in SFsPbls solar cells. Both graphs demonstrate that as the
thickness of the material increases from 10 um to 100 um, the current density remains
largely unchanged up to the critical voltage point, indicating consistent performance across

different thicknesses. However, the mBJ + SOC method results in a lower voltage threshold
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(approximately 1.2 V) for the sharp decline in current density, compared to TB-mBJ,

suggesting that SOC influences the operational voltage range of the material.

450 S S X —— RS ——
— ™= SF,PhI, (TB-mBJ) W ]
E  400{==-SEPHI (TB.mBJ:SO) 0 m—m—B—5—0 e [ = v . ety VS = W—" ——
= b - — -
< -7 S 183
|®) T 9
- 3504 - v’g 173 —&-SF Pbl (1B-mBJ)
= > 1 —4-SFpbl, (TB-mBJ+SO)
£ 300+ 1 i i & 1.6 1 ! { !
E | 5 |
= 1,54
o 2504 : S 7
E ; } = 144
: -
= 200 3
5 “ £ 134
= 2 ;
.g 1504———— T s o — e e b e s 1-2:
7] ./T/ 8‘ RE V) GRAD B e e
100 - ] ! E T 7Ax el
e T 1.0 Frmr e e
0 10 20 30 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110
Thickness (pm) Thickness (pm)

Figure IV-14. Variation of short circuit current density (Jsc) and open circuit voltage (VOC)

with the thickness of SFsPbls-based photovoltaic devices.

Figure IV-14 presents the variation of short circuit current density (Jsc) and open circuit
voltage (Voc) with SFsPbls thickness in photovoltaic devices, comparing outcomes with and
without spin-orbit coupling (SOC). Jsc increases with thickness up to approximately 60-70
pum, indicating enhanced light absorption and subsequent charge carrier generation. The
curve with SOC consistently exhibits higher JSC values compared to the curve without SOC
across all thicknesses, highlighting the role of SOC in improving charge separation and
transport efficiency. Conversely, Voc remains relatively stable across different thicknesses for
both cases, with SOC showing a slight reduction in Voc compared to without SOC, likely

influenced by spin-polarized states affecting recombination dynamics.
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Figure IV-15. Variation of Fill Factor (FF) and Spectroscopic Limited Maximum Efficiency

(SLME) with thickness of SFsPbls-based photovoltaic devices.

Figure IV-15 illustrates the fill factor (FF) and spectroscopic limited maximum efficiency
(SLME) as functions of SF3Pbls thickness in photovoltaic devices, comparing outcomes with
and without spin-orbit coupling (SOC). The FF shows a relatively stable trend with minor
fluctuations for both cases, starting slightly higher and maintaining consistency in devices
without SOC compared to those with SOC, where FF is consistently lower across all
thicknesses. This suggests that SOC, while enhancing Jsc, may compromise FF due to
increased recombination losses or other complex effects on charge transport. The SLME
increases with thickness, reaching peak efficiency at thicker layers, indicating enhanced light
absorption. The curve with SOC consistently exhibits higher SLME values compared to the
curve without SOC, reflecting the positive impact of SOC on current generation and overall
efficiency. Despite SOC leading to a slight reduction in Voc and FF, its significant
enhancement of Jsc underscores its potential in optimizing SF3Pbls-based photovoltaic
performance, emphasizing a balance between current density and voltage output for

maximum efficiency in solar cell applications.
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Table IV-5. Solar cell parameters of SF3Pbls at T = 300 K. Here P-V characteristics of

perovskite are calculated at L = 70 um thickness in case of SLME approach.

Methods Jsc (A/ m2) | Voc (eV) n (%) FF
TB-mBJ 144,909 1,861 18,537 0,926
TB-mBJ +SO 405,760 1,086 29,135 0,890

IV-5 Implications for Photovoltaic and Spintronic Applications

The coexistence of ferroelectricity and Rashba spin splitting in SFsPbls holds significant
promise for enhancing the performance of photovoltaic devices. By leveraging these two
properties, improved charge separation and reduced recombination losses can be achieved,
leading to higher overall efficiency. The ability to control polarization states provides an
additional mechanism to dynamically optimize device performance, making SFs:Pbl; a
versatile material for next-generation solar cells. This potential is illustrated in Table IV-6,
which examines the effects of off-center displacements of Pb, I, and S atoms in SFsPbls on
spontaneous polarization, Rashba parameters, and SLME.
Table IV-6. Effects of Off-Center Displacements of Pb, |, and S Atoms in SFsPbls on

Spontaneous Polarization, Rashba Parameters, and SLME. The results correspond to changes
in the polarization state.

Rashb
L asnba SLME n (%)

Structures Polarization parameters St Le70

(C/m?) a (eVA) at R B

pm

aRv aRc
0 (at equilibrium 053334 | 0.4392 | 0.7143 | 29135
positions)
1 (with Pb-distortion) 1.11904 | 0.8441 | 2.8138 | 29.434
2 (with S-distortion) 113452 | 0.8253 | 17397 28.723
2.0522

3 (with I-distortion) 1.14979 | 0.7290 28.097

At equilibrium positions, the compound exhibits a polarization of 0.5333 C/m?, with Rashba

parameters agy and ogc at 0.4392 eVA and 0.7143 eVA, respectively, and an SLME of
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29.135%. With Pb-distortion, polarization increases to 1.1190 C/m?, agry and agc rise
significantly to 0.8441 eVA and 2.8138 eVA, respectively, and SLME improves to 29.434%. S-
distortion results in a polarization of 1.13452 C/m?, ogw and ogc values of 0.8253 eVA and
1.7307 eVA, respectively, and an SLME of 28.723%. I-distortion shows the highest
polarization at 1.1497 C/m?, with agy and age at 0.7290 eVA and 2.0522 eVA, respectively,
but a slightly lower SLME of 28.097%. These results indicate that structural distortions in
SFsPbls can significantly enhance its ferroelectric properties and Rashba effect, albeit with
varying impacts on photovoltaic efficiency. The increased polarization and Rashba
parameters, particularly with Pb and | distortions, suggest improved charge separation and
spintronic potential, underscoring the suitability of the material for applications in memory
storage, sensors, and advanced photovoltaic devices. Additionally, the presence of strong
Rashba spin splitting opens up new avenues for spintronic applications, where the
manipulation of spin states through electric fields can lead to the development of efficient

spin-based transistors, memory devices, and quantum computing elements.
IV-5.1. Electronic properties

To examines the effects of off-center displacements of Pb, I, and S atoms in SF3Pbls on the
electronic properties , we calculated band structures using mBJ potential with and without
spin—orbit coupling (SOC). The band structure, displayed in Figure IV-16, presents a distinct
large linear spin-splitting around the R symmetry point, resembling the well known Rashba-
effect. The characteristic splitting happens both around the M and R symmetry points. We
used mBJ+SOC potentials to investigate the band gaps values of Pb-
distortion (Eg = 1.408 eV), S-distortion (Eg=1.391eV) and I-distortion (Eg = 1.547 eV). Our
calculated values of band gaps indicate that these halides can be operated in optoelectronic
device, because their values lie in the visible of electromagnetic spectrum. Also, the off-

center displacements of Pb, |, and S atoms in SF3Pbl; doesn’t effects the nature of band gap.
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Figure IV-17. Electronic band structure of studies compounds showing Rashba spin splitting
IV-5.2. Optical properties

The absorption coefficient a(w) can be calculated by [32]

4tk (w)
9

(7)

alw) =

Figure 7 illustrates the spectrum of the absorption coefficient a(w) of titled compounds It is
evident from Figure 7 that these systems exhibit remarkable capability for optical
absorption. This strong absorption characteristic can be attributed to their well-suited
electronic properties. The absorption edges for Pb-distortion, S-distortion, and |-
distortion are determined as 1.407 eV, S-distortion 1.381 eV and I-distortion 1.621 eV with

TB-mBJ+SO respectively, which align with the calculated band gaps. Notably, dominant
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absorption and a red shift in absorption edge is obvious resulting from a reduction in the
energy band gap when we use spin orbit coupling approximation. Furthermore, The first
maxima oxx(w) and a;(w) for analyzed compounds are in visible region . On the other hand,
in this compound, the first absorption peaks result from electron transitions between |-5p
and Pb-6p orbitals. The higher values of a(w) demonstrated the greatest amount of
electromagnetic radiation in visible and UV region. The excellent optical absorption beyond

the optical band gap, demonstrated that these systems are suitable for commercial

photovoltaic purposes.
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Figure IV-18. Absorption spectra of studies compounds as a function of energy, displaying
anisotropic optical properties with distinct absorption coefficients (axx and a;;) in the xx and

zz directions.
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IV-5.3. Solar cell parameters

An effective measure for evaluating the efficiency of a solar absorber in photovoltaics is the
spectroscopic-limited maximum efficiency (SLME) criteria [33] . As a result, we employed the
SLME metric to forecast solar cell characteristics of the studies perovskite absorber layer as a
function to their varying thickness, because the stability and efficiency of perovskite solar
cells (PSCs) are affected by the thickness of the absorber layer they contain. The Js for the

compound have been calculated using following equation [32]
Jsc = [, eA(E)gyn (E)dE (8)

Here, the absorptivity is denoted by A(E), the elementary charge is represented by e, and the
photon flux density is represented by lsun(E), which is derived from the AM1.5G spectrum

[34] The equation provided below [35] is employed to derive the values of A(E)
A(E) =1 — e 2e®)L (9)

Where L denotes the thickness of an absorber layer with a reflecting back surface. The
formula to calculate J, is as follows [36]

2E%? dE
n3c2 E

Jo = [, emA(E)ly, (E,T)dE = [~ emA(E) (10)

eKT—-1

In egn (9), T is the temperature of the solar cell, and k is the Boltzmann constant. The
expression lpp(E, T) in equation (8) symbolizes the black body spectrum, which is further
elaborated in equation (9). When employing the SLME approach, the calculation of Jo
disregards the proportion of radiative recombination, as its value equals 1 for a direct
bandgap semiconductor. Ultimately, the value of 'J' is determined using the equation

provided below [35]

J = Js — Jo(ekr — 1) (11)

Where, V signifies the potential across the absorber layer. Utilizing equation iv-11 , a plot
illustrating the J-V characteristics can be generated for this compounds ,The power density
(P =1JV) curve enables the prediction of Pm, which in turn allows for the calculation of the

maximum efficiency (n) [36]
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n=; (12)

In equation iv-12, Pi» denotes the cumulative incident power density, which is set at 1000
W/m2 for the AM1.5G spectrum. Subsequently, the fill factor (FF) for all materials was

computed using the equation below [37]

__ Y9oc—In(99c+0.75) .

FF o ; (13)
Ioc = % (14)

In this context, we have computed the short circuit current density (Jsc) for varying material
thickness, as illustrated in Figure IV-19. It is evident from Figure IV-19 that the Jsc of the
absorber material reaches a saturation point beyond a certain thickness. By incorporating
these determined Jsc values into equation (IV-11) and applying equation (IV-12) , we derived
the SLME efficiency for this material across different thicknesses. The calculated SLME values
for our compounds are presented in Figure IV-20. According to Figure IV-20 ,the SLME
efficiency of this materials show a smoothly gradual increasing as the thickness increases
.Indeed, the efficiency of these materials are notably responsive to the precise values of
their band gaps. Meanwhile, to further investigate open circuit voltage (Voc) we describe the
results in Figure 1V-20 which demonstrated that the (Voc) is independent from the absorber
thickness. Additionally, the fill factor (FF) was determined as a function of thickness, as
illustrated in Figure IV-20. Consequently, our thorough analysis of Photovoltaic Performances
indicates that this compounds offer optimal Performances as visible-light absorbing

materials for PV applications.
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Figure IV-19. open circuit voltage (Voc) and short circuit current density (Jsc) with thickness of

studies compounds.
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IV-5 Conclusion

We present a comprehensive computational study on the compound SF3Pbls, a member of
the polar halide perovskite family, underscoring its potential for photovoltaic and spintronic
applications due to its unique ferroelectric and Rashba spin splitting properties. Utilizing

density functional theory (DFT) calculations, this study investigates the electronic band
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structure, optical properties, and ferroelectric behavior of SFsPbls. The compound exhibits
strong spin-orbit coupling, attributed to the presence of heavy elements like lead and iodine,
leading to Rashba splitting near the electron band extrema. This effect enhances charge
separation and reduces recombination losses, which is beneficial for photovoltaic

applications.

Additionally, the study explores the phenomenon of distortion-induced polarization
switching within SFsPbls. At its equilibrium state, the compound shows low ferroelectric
polarization due to a pseudo-symmetric atomic arrangement. However, controlled
distortions—potentially arising from temperature changes, external pressure, or lattice
imperfections—can induce a transition to a high polarization state with a strengthened
dipole moment. This transition occurs with a low energy barrier, making SFsPbls a promising
candidate for next-generation devices in memory storage, sensors, and energy harvesting.
The tunability of its Rashba parameters via structural distortions provides a versatile
platform for designing spintronic devices with optimized performance, integrating
ferroelectric control with spintronic functionality. Thus, SFsPbls stands out as a multifaceted
material with significant potential for advancements in both photovoltaic efficiency and

spintronic technology.
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V-1. Introduction

Ferroelectric materials have garnered significant attention in recent years due to their
promising potential in photovoltaic (PV) applications. This interest stems primarily from their
intrinsic bulk polarization, which can enhance effective charge carrier separation and
transport—advantages that traditional PV materials do not inherently possess [1-3]. Unlike
conventional p-n junction photovoltaics, where the open-circuit voltage is directly related to
the bandgap, ferroelectric materials can achieve open-circuit voltages independent of their
bandgap, potentially resulting in significantly higher voltages [4-5]. This unique property
opens up new avenues for improving the efficiency of solar cells.For example, bismuth
ferrite (BiFeOs) has been extensively studied and shown to exhibit photovoltaic effects due
to its ferroelectric properties, making it a strong candidate for novel PV applications [2, 3].
Another promising material is Bi,FeCrOs, which has demonstrated power conversion
efficiencies (PCEs) of 8.1%, highlighting the practical potential of ferroelectric materials in
real-world applications [6]. Additionally, theoretical models have predicted that ferroelectric
hexagonal terbium manganite (TbMnOs) could achieve efficiencies as high as 33%,
showcasing the immense potential these materials hold for future PV technologies [7].

Despite these promising attributes, ferroelectric materials face significant challenges that
impede their efficiency in photovoltaic applications. One major issue is their large bandgaps.
The ideal photovoltaic material should have a bandgap close to the optimal solar range,
around 1.1 eV, to maximize the absorption of solar radiation and enhance the generation of
electron-hole pairs. However, most ferroelectric materials, particularly oxides and fluorides,
exhibit wide bandgaps that exceed 3 eV. This large bandgap limits their ability to absorb
visible light, thereby reducing the overall number of photo-generated carriers and
subsequently lowering the efficiency of solar energy conversion [8].Another challenge is the
robust exciton binding energies observed in ferroelectric materials. Excitons, which are
bound states of electrons and holes, require a certain amount of energy to dissociate into
free charge carriers that can contribute to the electric current. In ferroelectrics, the high
exciton binding energies make it difficult for these excitons to separate, thus hindering
effective charge carrier generation and transport [9].Limited charge carrier mobility is also a

significant obstacle. For a photovoltaic material to be efficient, it must facilitate the rapid
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movement of charge carriers to the electrodes to minimize recombination losses. However,
many ferroelectric materials have low charge carrier mobilities due to their complex crystal
structures and the presence of defects, which act as traps for charge carriers. This limited
mobility results in increased recombination rates, further reducing the efficiency of the
photovoltaic device [10].These challenges highlight the need for continued research and
development to enhance the photovoltaic performance of ferroelectric materials. Potential
strategies include bandgap engineering to reduce the bandgap, doping to improve charge
carrier mobility, and the development of composite materials that combine the beneficial
properties of ferroelectrics with those of other photovoltaic materials. By addressing these
issues, the full potential of ferroelectric materials in solar energy applications can be more
effectively realized [11].

To address these challenges, there is a growing interest in exploring alternative ferroelectric
materials, specifically halide perovskites. Halide perovskites are known for their narrow
bandgaps and high absorption coefficients [12], making them attractive candidates for solar
cells. These materials have demonstrated exceptional performance in photovoltaic
applications due to their favorable electronic properties, such as high carrier mobilities, long
carrier lifetimes, and tunable bandgaps. Furthermore, halide perovskites can be processed
using low-cost solution-based methods, making them economically viable for large-scale
production [13]. In this context, we turn our focus to the polar double iodide perovskite
(CsRb)(SnGe)ls. This material has previously been studied for its ferroelectric properties by
Young et al. [14], who demonstrated the induction of spontaneous electric polarizations
through a hybrid improper ferroelectric mechanism. This mechanism involves the coupling
of multiple lattice instabilities, leading to a robust polarization that can be manipulated by
external electric fields. The presence of such a mechanism in (CsRb)(SnGe)l¢ indicates strong
potential for efficient charge separation and transport, key factors for enhancing
photovoltaic performance. Despite the promising ferroelectric properties, the photovoltaic
properties of (CsRb)(SnGe)le have not yet been explored. Investigating these properties
could provide new insights into its potential for solar energy conversion. The material's
narrow bandgap suggests it could absorb a significant portion of the solar spectrum, while its
ferroelectric nature could facilitate efficient charge separation and reduce recombination

losses [15]. Additionally, the use of mixed cations (Cs and Rb) and mixed metal ions (Sn and
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Ge) in the perovskite structure may offer further tunability of the electronic and optical
properties, potentially optimizing the material for solar cell applications [16].

This study aims to conduct a thorough investigation of the structural, electronic, and optical
properties of (CsRb)(SnGe)ls using first-principles density functional theory (DFT). Our
primary focus is to elucidate how its unique characteristics enhance absorption in the visible
spectrum and assess its overall suitability for photovoltaic applications. Specifically, we
analyze the band structure and absorption coefficient of (CsRb)(SnGe)ls to understand its
potential for efficient solar energy conversion. Additionally, we evaluate the photovoltaic
performance of (CsRb)(SnGe)ls using the Spectroscopic Limited Maximum Efficiency (SLME)
model, which offers a more accurate prediction of solar cell efficiency compared to the
traditional Shockley-Queisser limit. The SLME model incorporates critical factors such as
absorption coefficient, recombination losses, and the detailed balance of carrier generation
and recombination, thus providing a comprehensive and realistic assessment of the

material's potential efficiency [17,18].

V-2. Computational Method

For the computation of the physical properties of (CsRb)(SnGe)ls, we employed the Full
Potential Linear Augmented Plane Wave (FP-LAPW) method within the framework of Density
Functional Theory (DFT), utilizing the WIEN2k code [19]. The Perdew-Burke-Ernzerhof (PBE)
generalized gradient approximation (GGA) was used to describe the exchange-correlation
energy. To enhance accuracy, particularly in the optical and electronic property calculations,
we adopted the modified Becke-Johnson (mBJ) approximation [20]. This modification
addresses the common underestimation of bandgaps by standard DFT functionals (GGA).

The crystal structure was relaxed until the force acting on the atoms was less than
0.001eVA™', ensuring a stable configuration for subsequent calculations. Ferroelectric
materials are characterized by their spontaneous polarization, which occurs when a crystal
transitions from a centrosymmetric to a non-centrosymmetric structure. We determined the
polarization using the Berry phase method with the BerryPl program, providing a precise

measure of the ferroelectric properties [21].
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To evaluate the photovoltaic performance of (CsRb)(SnGe)ls, we utilized the Spectroscopic
Limited Maximum Efficiency (SLME) model, based on first-principles calculations[17]. This
model allows for an initial screening of the material's theoretical efficiency by incorporating
the detailed balance of carrier generation and recombination, as well as the material's
absorption spectrum. The SLME model enhances the theoretical efficiency prediction by
providing a more accurate representation of the J-V characteristics in conjunction with the

absorption properties of the material.

V-3. Results and Discussion

V-3.1. Structural properties

In this study, we investigated the ferroelectric double perovskite (CsRb)(SnGe)ls by
introducing simultaneous cation ordering at the Cs and Rb sites in a supercell configuration
derived from the centrosymmetric CsSnls, a non-ferroelectric material in its bulk form. The
double perovskite (CsRb)(SnGe)ls features a layered A-site with layered B-sites ordering
(which we give the notation A[001]/B[001]), where the A-sites are occupied by Cs and Rb
cations, and the B-sites by Sn and Ge cations. This specific cation arrangement, combined
with an a%a’c*octahedral rotation pattern, produces a chiral vortex-like A-site displacement
pattern [14]. The a%’c’rotation pattern refers to the tilting of the octahedra in the
perovskite structure. This structural distortion breaks the centrosymmetry of the parent
CsSnlsphase, thereby inducing a non-centrosymmetric phase. The ordering of Cs and Rb
cations at the A-sites, along with Sn and Ge at the B-sites, creates a unique environment
where polarization can emerge spontaneously due to the asymmetry in the crystal structure.
The calculated space group for (CsRb)(SnGe)le is P4bm, reflecting a tetragonal structure.

The structural optimization resulted in lattice parameters of a=b=8.36 A and c=12.28 A,
ensuring a stable crystal structure, as illustrated in Figure 1(a). The energy-volume
relationship, shown in Figure 1(b), indicates that the compound achieves its lowest total
energy in its optimized configuration, confirming its structural stability.Furthermore, the
calculated formation energies of CsSnls, CsGels, and (CsRb)(SnGe)ls are -1.5232 eV/atom, -
0.5376 eV/atom, and -1.6832 eV/atom, respectively, demonstrating the enhanced

thermodynamic stability of the double perovskite.This double perovskite configuration
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presents significant advantages over its single-cation counterparts, CsSnls and CsGels. The
inclusion of Rb improves structural stability by reducing lattice strain, while the Sn/Ge
combination allows for bandgap tuning. Additionally, single-cation perovskites like CsSnls
often suffer from instability due to Sn?* oxidation, while CsGels faces structural instability. In
contrast, the mixed cation system of (CsRb)(SnGe)ls offers superior stability, particularly in
the presence of environmental factors such as moisture, oxygen, and heat, making it a

promising candidate for practical applications.
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Figure V-1: (a) Atomic arrangement of the double perovskite (CsRb)(SnGe)ls. (b) Energy-
volume relationship demonstrating the stability of (CsRb)(SnGe)l¢ in its optimized

configuration.

V-3.2. Electronic Structure and Optical Properties

The electronic structure analysis of (CsRb)(SnGe)ls revealed it to be a semiconductor with a
direct bandgap of 0.89 eV along the I'-I' direction, as depicted in Figure V-2. This value
exceeds previously reported theoretical estimations [14], suggesting the potential for
efficient absorption of the solar spectrum.The partial density of states (PDOS), shown in
Figure V-2(b), further makes clear that both the valence band maximum (VBM) and the
conduction band minimum (CBM) are primarily dominated by anti-bonding molecular
orbitals involving iodine and Ge (Sn) orbitals.The VBM is largely influenced by the p-orbitals
of iodide ions (I7), with significant contributions from the 5p orbitals of iodine. The presence
of Sn?* and Ge?* introduces additional hybridization through their respective s-orbitals (Sn 5s

and Ge 4s), resulting in slight modifications to the VBM position. In contrast, the CBM is
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mainly derived from the p-orbitals of Sn?* and Ge?*, with hybridization with the iodide ions

creating favorable conditions for efficient electron transport.
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Figure V-2 : (a) Band structure of (CsRb)(SnGe)l¢ along high-symmetry directions in the
Brillouin zone. (b) Partial densities of states (PDOS) illustrating electronic transitions near the

Fermi level.

To validate the accuracy of our results obtained by the mBJ method, we have compared our
calculated bandgaps of CsPbl; and CsSnl; with available experimental and theoretical values.
For CsPbls, experimental studies report bandgaps in the range of 1.73—1.75 eV for the black
cubic phase, which is relevant for photovoltaic applications [22, 23]. Our mBJ-GGA
calculation gives a bandgap of 1.71 eV, which closely aligns with these experimental results.
Additionally, GGA calculations yield a bandgap of 1.56 eV, further supporting the accuracy of
our predictions [24].For CsSnls, while reliable experimental data are limited due to the
compound's instability, theoretical studies provide a reference for comparison. Our mBJ-
GGA calculation produces a bandgap of 1.18 eV at the Z symmetry point, which is consistent
with other theoretical methods: GGA (0.942 eV), SCAN (1.108 eV), HSE06 (1.230 eV), and
machine learning (0.876 eV) [25]. These comparisons show that the mBJ method provides
reliable estimations of bandgaps for both CsPbls; and CsSnls, reinforcing the credibility of our
approach for predicting the electronic structure of (CsRb)(SnGe)ls.

To calculate the effective masses, it is necessary to fit the bands around the VBM (valence

band maximum) and CBM (conduction band minimum) to a quadratic function. This is done
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by identifying the k-points around the VBM and CBM from the band structure, exporting the
corresponding eigenvalues, and then fitting the band dispersion using a parabolic
approximation:

h2k?
2m*

E(k) = E +

(1)
where Ej is the energy at the VBM or CBM, and m* is the effective mass. The effective mass
is calculated from the second derivative of the energy with respect to:

1 _ 1d%E
m*  h2 dk?

(2)

Carrier mobility in a solid refers to the ability of charge carriers, such as electrons or holes, to
move through the material under the influence of an electric field. This mobility is
fundamentally influenced by the interactions between the carriers and the lattice structure
of the solid, which consists of atoms arranged in a vibrating pattern. As carriers navigate this
lattice, they experience collisions with lattice atoms and ionized impurities, leading to

scattering events.

The scattering process alters the carriers' trajectories, effectively limiting their speed and
overall mobility. Various mechanisms contribute to these scattering events, including
interactions with acoustic phonons (vibrational energy quanta associated with sound) and
optical phonons (vibrational modes associated with higher energy states). At lower
temperatures, the scattering primarily from longitudinal acoustic (LA) phonons plays a

significant role in determining carrier mobility.

LA phonons create disturbances in the electronic band structure, causing variations in
potential energy that can impede the free movement of carriers. As a result, understanding
the mechanisms of scattering, particularly from LA phonons, is crucial for optimizing the
electrical properties of materials, especially in the context of semiconductor devices. The
mobility of carriers due to LA phonon scattering can be quantitatively expressed through
mathematical models that incorporate factors such as effective mass, deformation potential,
and phonon velocity, providing insight into the material's performance in electronic

applications.
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The mobility due to LA phonon scattering can be expressed as:

2+/2meh*Cy

l'l'a = 3(kBT)3/2m(SZ/2Eg¢ (3)

Where e, i and kg are the elementary charge, the reduced Planck constant, and the
Boltzmann constant, respectively. T is the temperature, C, is the elastic constant, m, is the
effective mass, and E, is the volume deformation potential. To incorporate the average
phonon velocity,v,,,, the elastic constant C, can be expressed as :

Co X pV2,e (4)
Substituting this into the mobility formula yields:

2v2men*pv}, 5
5/2E2 ( )
a

a

Ha = 3(kgT)3/2m

The density p for CsRbSnGels was determined using:

_ Mxz
_NAXV

(6)
where the molar mass M is 1020.52 g/mol, and the unit cell volume: V=axbxc, with
a=b=8.36 A and c=12.28 A, resulting in a density of p=4.53 g/cm3.

For the double perovskite tetragonal structure (CsRb)(SnGe)ls, the calculated carrier
mobilities are as follows: electron mobility = 115 cm?/V-s and hole mobility = 31.6 cm?/V-s.
These values are competitive compared to other halide perovskites, making (CsRb)(SnGe)ls a

strong candidate for optoelectronic applications, particularly in perovskite-based solar cells.

187



Photoconversion efficiency of polar double lodide
(8, ETIIAYA perovskite (CsRb)(GeSn)lg

Table V-1. The calculated effective mass, volume deformation potentials, and carrier

mobilities for (CsRb)(SnGe)ls compared with some other materials.

m’ m;, m’ m}
Compounds Carriers . W “ * |E pa (€V) | ng (cm2V1isl)
/mg /my | /my | /my
Electrons | 1.408 1.408 | 0.087 | 0.217 | -7.0812 115
(CsRb)(SnGe)ls
Holes 0.2618 | 0.2618 | 0.244 | 0.256 | -10.861 | 31.6
Electrons | - - - 0.97 |- 1450
Si [26, 27]
Holes - - - 0.5 - 450
GaAs [28, 29, | Electrons | - - - 0.08 |-7 8500
30] Holes - - - 0.5 -9.5 400
Electrons | - - - 0.23 |-7.30 2-66
MAPbIs [31, 32]
Holes - - - 0.29 |-9.31 2-40
Electrons | - - - 0.06 |- 311
CsSnls [33, 34]
Holes - - - 0.03 |- 400-450

Next, we investigated the optical properties, particularly the absorption coefficient (a),

which was calculated from the dielectric function €(E) using Equation 1:

a() = /(|e(E)|;el(E)) )

where his the Planck constant, ¢ is the speed of light, €;(E) and €,(E) are the real and
imaginary parts of the dielectric function, respectively.To further elucidate, the dielectric

function e(E) is a complex quantity expressed as:
€(E) = e1(E) + iex(E) (8)

Here, €, (E) represents the real part of the dielectric function, which is associated with the
dispersion of the material. It describes how the phase velocity of light is affected as it
propagates through the material.On the other hand, €,(E) is the imaginary part of the
dielectric function, which is related to the absorption of light within the material. It
guantifies the loss of energy from the electromagnetic wave due to absorption as it travels

through the material.
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The absorption coefficient a(E) provides insight into how much light of a particular energy
E is absorbed per unit distance as it passes through the material. It is derived from both
€:(E) and €,(E), indicating that both the dispersive and absorptive properties of the
material contribute to its optical behavior.In Equation 1, |e(E)| represents the magnitude of

the complex dielectric function and is given by:

le(B)| = Ve (E)? + €(E)? (9)

By incorporating €, (E) and €, (E) into the calculation of a(E), we can accurately determine
the absorption characteristics of the material over a range of energies. These functions were
obtained from first-principles calculations. The peaks in a(E) correspond to energies where
significant light absorption occurs, which are directly related to the electronic transitions

within the material.

Figure V-3 illustrates the absorption coefficient for (CsRb)(SnGe)ls, showing significant
absorption peaks at lower energies and a gradual decrease at higher energies, particularly
around 8 eV. This broad absorption spectrum indicates the material's capability to efficiently
absorb light across a wide range of wavelengths, essential for high-performance

photovoltaic devices.
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Figure V-3 : Absorption coefficient (a) for (CsRb)(SnGe)ls, demonstrating its efficient light

absorption capability across a broad spectrum.
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Studying the exciton binding energy provides valuable insight into the efficiency of charge
separation and the overall photovoltaic performance of (CsRb)(SnGe)le. The exciton binding
energy can be calculated using the Bethe-Salpeter Equation (BSE), which offers a highly
accurate description of electron-hole interactions. However, given the computational
intensity of the BSE approach, we can also use the Wannier-Mott exciton model [35] as a
more practical alternative for estimating the binding energy. The exciton binding energyEsin

the Wannier-Mott model is given by the equation:

memy Ry

E, = = 13.6% (10)

mo(mg+ my)e2

Where, &; is the static dielectric constant (estimated to 4.5812), mg and my, are the average
effective masses in all directions, and Ry = 13.6057 eV is the Rydberg energy constant, u is

reduced effective mass derived by the formula 1/u = 1/mg + 1/my,.

For (CsRb)(SnGe)ls, the estimated exciton binding energy is 76.30meV, indicating that
excitons are relatively easy to separate, which enhances charge carrier generation. This low
binding energy is advantageous for photovoltaic applications, as it promotes efficient

electron-hole separation and improves device performance.

V-3.3. Photovoltaic Performance

To assess the photovoltaic performance of (CsRb)(SnGe)ls, we employed the Spectroscopic
Limited Maximum Efficiency (SLME) model. This model is more realistic compared to the
Shockley-Queisser limit because it incorporates the actual absorption spectrum and
considers recombination losses and carrier dynamics.

The SLME model starts by considering the detailed balance of absorption and emission
processes. The absorption spectrum is derived from the calculated a(E), and the emission is
modeled using the Planck black-body radiation formula, adjusted for the semiconductor
bandgap.

The SLME model calculates the maximum efficiency (ns.y5) by integrating the absorption

coefficient over the solar spectrum and considering the recombination processes:
The absorption spectrum A(E) is given by [36]:

A(E) =1—exp(—a(E)L) (12)
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where L is the absorber layer thickness.

The photogenerated current density /., is calculated by integrating the product of the

absorption spectrum and the incident solar spectrum 1[4, 5 (E)[37]:

_ i Iam1.5(E)
]gen - qugap A(E) 2 dE (12)
where E g, is the bandgap energy, and q is the elementary charge.

The radiative recombination current density J,,q4 is given by [38]:

o A(E)

Jraa = Qngap oo (G

dE (13)

where V is the voltage, k is Boltzmann's constant, and T is the temperature.

Non-radiative recombination is often modeled using an empirical parameter t,,., the

nonradiative lifetime [39] :

n2.
Jnr = iy (14)

where n; is the intrinsic carrier concentration.

The total recombination current density J.. is the sum of radiative and non-radiative

components:

Jree = Jraa t Jur (15)

The current density J as a function of voltage V/ is:

JV) = ]gen — Jrec (16)

From the current-voltage (] — V) characteristics, several key photovoltaic parameters can be

derived:

The short-circuit current density is the current density when the voltage is zero (V = 0) :

Jse =J(V =0) (27)

The open-circuit voltage is the voltage when the current density is zero (J = 0) :
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KT Jgen
Voe = In (9]—0 + 1) (18)

where J, is the reverse saturation current density.

The fill factor is a measure of the squareness of the J-Vcurve and is given by:

FF = [meVmp (19)
JscVoc

where J,,,, and V,,, are the current density and voltage at the maximum power point,
respectively.
The power conversion efficiency (PCE) is the ratio of the maximum power output to the

incident power input [40]:

_ Pmax _ Jsc'Voc'FF
NsiMe = 5 = VI-20
mn

Pin

Where |, is the short-circuit current density, V,. is the open-circuit voltage, FF is the fill

factor,Pmax is the maximum power output, Pi, is the incident power density.

Figure V-4 displays the simulated current-voltage (J-V) characteristics as a function of
absorber layer thickness at room temperature (T=300 K). The J-V curve indicates that the
short-circuit current density (Jsc) rises with absorber thickness up to 50 um, indicating
enhanced light absorption. Beyond this point, the rate of increase slows, suggesting
diminishing returns in Jsc improvement with thicker films. This observation underlines the
importance of optimizing the absorber thickness to maximize Js in (CsRb)(SnGe)ls-based

solar cells.
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Figure V-4 : Simulated J-V characteristics for (CsRb)(SnGe)ls as a function of absorber layer
thickness (L = 50 um), highlighting the optimal thickness for maximizing short-circuit current

density (Jsc).

To validate the accuracy of the SLME model, we compared the photovoltaic performance of
(CsRb)(SnGe)ls with that of CsPbls, a widely studied material in perovskite solar cells. Our
calculations indicate that despite the lower bandgap of (CsRb)(SnGe)ls, its extended
absorption range and efficient charge separation contribute substantially to its competitive

photovoltaic efficiency.

Table V-1 summarizes the photovoltaic parameters extracted from our simulations,
including power conversion efficiency (PCE), open-circuit voltage (Voc), short-circuit current
density (Jsc), and fill factor (FF) for (CsRb)(SnGe)le compared with other materials from the
literature. At a thickness of 50 um, (CsRb)(SnGe)l¢ achieves a PCE of 25.55%, with a V. of
0.656 V, Jic of 62.64 mA/cm?, and FF of 0.838. These parameters highlight the competitive
potential of (CsRb)(SnGe)ls in photovoltaic applications, comparable to or exceeding

efficiencies of other reported materials.
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Table V-2 : Photovoltaic parameters for (CsRb)(SnGe)ls at L = 50 um compared with other

materials from literature references.

PCE Voc Jsc Eg
Compounds FF

(%) (V) (mA/cm?) (eV)
(CsRb)(SnGe)ls 25.55 | 0.656 | 62.64 0.838 | 0.89
CsPbls 25.91 | 1.424 |26.90 0.911 | 1.71
Cu10Zn;SbaSess (Ref. [41]) 21.00 |- - - 1.40
Cs,AgBio.2INng.sBre (Ref. [42]) 18.00 |1.91 |10.14 0.93 |2.23
HHP (Ref. [43]) 25.69 |- - - 1.30
Rb,AgGaClg (Ref. [44]) 12.00 |- - - 2.53

V-3.4. Ferroelectric Properties

Incorporating ferroelectric materials into photovoltaic systems has shown potential for
significantly enhancing charge separation and collection efficiency. Our study focuses on a
[001]-oriented layered configuration of (CsRb)(SnGe)ls, where alternating layers of Rbl and
Csl induce structural distortions, primarily caused by off-center displacements of cations
such as Sn?* and Ge?*. These displacements, driven by the stereochemical activity of lone
pair electrons, break inversion symmetry and generate spontaneous polarization. The
material crystallizes in a polar phase, with persistent dipoles formed within the (001) plane,
resulting in significant ferroelectric polarization along the z-axis. To evaluate the polarization
switching barrier - i.e., the energy required to switch polarization from upward to downward
- we employed first-principles methods, such as density functional theory (DFT). This analysis
allowed us to calculate the energy difference between the polar state (characterized by ion
displacements) and the non-polar state (a higher symmetry phase without a net dipole). The
energy difference between the polar state and the highest energy transition state
determines the energy required to reverse the polarization under an external electric field. A
high switching barrier suggests robust and stable polarization, which is desirable for non-
volatile ferroelectric memories, whereas a lower barrier facilitates easier polarization
reversal, making it suitable for fast-switching applications like sensors.

The switching barrier, AE, is computed as the difference in total energy between the non-

centrosymmetric and centrosymmetric states:
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AE= Etot(non-centrosymmetry) - E:ot(centrosymmetry) (20)
For (CsRb)(SnGe)ls, the switching barrier energy is calculated to be -9.0484meV/atom.

It is important to note that external factors, such as temperature, strain, and applied electric
fields, can influence the switching barrier. For instance, thermal fluctuations may reduce the
barrier at elevated temperatures, while mechanical stress can alter the lattice structure and
affect polarization stability.

We used the Berry phase method to compute the spontaneous polarization. This method is a
sophisticated technique for determining macroscopic polarization in crystalline materials,
particularly well-suited for systems with periodic boundary conditions. It is commonly
implemented in first-principles calculations using the linearized augmented plane wave

(LAPW) method. The macroscopic polarizationP in a crystal is given by:

_ e
T (2m)3

P

Zn fBZ dk<unklvk|unk> (21)

where e is the elementary charge, kis the wave vector within the Brillouin zone (BZ), and u,;
represents the periodic part of the Bloch wave function for the n-th band [45, 46]. The Berry
phase y, which is the geometric phase accumulated over a closed loop ink-space, is

calculated by:

y =Imln H,"fl:l det[(unkm | unkm+1>] (22)
Where kmare points along a discretized path in k-space [47].

In our LAPW calculations, the Berry phase method was applied through the following steps:
(1) Performing a self-consistent field (SCF) calculation to determine the ground-state
electron density and Kohn-Sham potential; (2) Computing the Bloch wave functions Y, on a
dense K-point mesh to accurately represent the electronic structure; (3) Calculating the
overlap matrices (unkm | unkm+1) along discretized paths ink-space; and (4) Integrating the

Berry phase over the Brillouin zone to obtain the macroscopic polarization [48].

For (CsRb)(SnGe)ls, the [001] crystal orientation and the alternating Rbl and Csl layers
facilitated the computation of a net polarization ofP, = 0.76 puC/cm?. This magnitude of

polarization is notable and comparable to or exceeds the polarization observed in some spin-
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driven multiferroic materials [14,49], highlighting the potential of (CsRb)(SnGe)ls for

advanced photovoltaic applications.
V-4. Conclusions

Our theoretical investigation of (CsRb)(SnGe)le indicates that it holds significant promise as a
material for advanced photovoltaic applications. Through comprehensive calculations, we
have shown that its intrinsic ferroelectric properties arise from cation ordering, which
enhances charge separation, a critical factor for reliable photovoltaic performance. The
electronic structure of (CsRb)(SnGe)l¢ features a direct band gap of 0.89 eV and exhibits
strong light absorption in both the visible and UV spectrum, making it a strong candidate for
efficient light harvesting. According to the SLME model, we estimate that (CsRb)(SnGe)ls
could achieve an efficiency of up to 25%, making it competitive with other materials. Further
experimental work is needed to validate these theoretical predictions and explore practical

applications in solar cells, thereby advancing sustainable energy solutions.
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Density functional theory (DFT) calculations based on first principles are a valuable tool
in materials science for predicting and analyzing the electronic and structural characteristics
of materials. This quantum mechanical approach determines the electronic makeup of a
material by considering the arrangement of its atoms. DFT offers valuable insights into
properties such as electronic band structure, density of states, and total energy. By solving
the Schrodinger equation with approximations for exchange-correlation energy, which
accounts for electron interactions, these calculations are widely used to comprehend
material properties, develop new materials with specific traits, and enhance existing

materials for particular uses.

From density functional theory (DFT) calculations, we looked on electronic structure and
related properties of perovskite materials. Our study is divided into three main sections. In the first
section, we focused on lead-free halide double perovskites, specifically Cs,InBi(Br,Cl)s. These
materials were found to be thermodynamically stable, as indicated by their negative formation
energies, and feasible for experimental synthesis. Both materials were studied using the generalized
gradient approximation (GGA) with the inclusion of TB-mBJ and spin-orbit coupling (SOC), confirming
their semiconducting nature. Optical property analysis revealed their potential applications across
the infrared, visible, and ultraviolet regions of the electromagnetic spectrum. Additionally, we
examined the strong cation-anion covalent interactions and the significant hybridization of the s and
p orbitals at the Bi/In sites with the p orbitals at the CI/Br sites. These interactions enhance the
stereochemical activity of the lone pair, leading to substantial structural distortion within the unit cell
and the formation of polar geometry. To quantify spontaneous polarization, the Berry phase method,
implemented using the BerryPl code, was applied. Strong spontaneous polarization values were

observed: approximately 0.39 C/m? for Cs;InBiCls and -0.40 C/m? for Cs,InBiBrs.

The photovoltaic characteristics of Cs,InBiClg and Cs,InBiBrg were analyzed using the
SLME framework. We examined how the parameters Jsc, Voc, FF, and efficiency (n) vary with
increasing thickness of the perovskite absorber layer. Using the TB-mBJ method, the
efficiencies of the Cs,InBiCls and Cs,InBiBrs absorber layers were calculated at a thickness of
50 um, yielding values of 26.24% and 28.33%, respectively.

In the second part of this study, we explore the properties of SFsPbls, a polar halide

perovskite, using a first-principles DFT approach. Our findings reveal that SFsPbls is a semiconductor

with unique ferroelectric and Rashba spin-splitting properties, making it a promising material for
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photovoltaic and spintronic applications. This study provides a detailed analysis of the electronic
band structure, optical characteristics, and ferroelectric behavior of SFsPbls. The compound exhibits
strong spin-orbit coupling due to the heavy elements lead and iodine, resulting in Rashba splitting
near the electron band edges. This feature improves charge separation and minimizes recombination
losses, enhancing its suitability for photovoltaic use. We also investigate distortion-induced
polarization switching in SFsPbls. At equilibrium, the material displays low ferroelectric polarization
because of its pseudo-symmetric atomic structure. However, controlled distortions—caused by
factors like temperature variations, external pressure, or lattice defects—can trigger a transition to a
high-polarization state with an enhanced dipole moment. This transition occurs with a low energy
barrier, making the material suitable for applications in memory storage, sensors, and energy
harvesting. Furthermore, the Rashba parameters of SFsPbls can be tuned through structural
distortions, offering a flexible platform for developing spintronic devices. By integrating ferroelectric
control with spintronic functionality, SFsPbl; emerges as a versatile material with significant potential
for advancing photovoltaic efficiency and spintronic technology.

In the third section of this work, we examined the (CsRb)(SnGe)ls perovskite and identified its
potential for advanced photovoltaic applications. Our theoretical analysis revealed that the intrinsic
ferroelectric properties of (CsRb)(SnGe)lg stem from cation ordering, which facilitates enhanced
charge separation—a key factor for dependable photovoltaic performance. The electronic structure
of (CsRb)(SnGe)le features a direct band gap of 0.89 eV and demonstrates strong light absorption
across the visible and ultraviolet regions, making it an excellent candidate for efficient light
harvesting. Based on the SLME model, we estimate that this material could achieve an efficiency of
up to 25%, positioning it as a competitive alternative to existing photovoltaic materials. Further
experimental studies are required to confirm these theoretical predictions and to explore practical
implementations in solar cells, contributing to advancements in sustainable energy technologies.

The spectroscopic limited maximum efficiency (SLME) is a theoretical framework used
to estimate the highest possible efficiency of a solar cell based on the material's light
absorption characteristics. It determines the maximum efficiency achievable if all absorbed
photons are converted into electrical energy, effectively setting an upper limit on the solar
cell's performance based on its light absorption capability.

In this study, we utilized the SLME model to assess the efficiency of the compounds
under investigation for solar energy conversion. The exceptional efficiency observed is
primarily attributed to the material's outstanding light absorption capabilities, stemming

from its distinctive electronic structure and chemical makeup. Consequently, our findings
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underscore the potential of these perovskites as a viable and promising alternative to

conventional lead-based perovskite materials for solar cell applications.
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