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ABSTRACT

The perovskite solar cells are an emerging photovoltaic technology as it reaches 25.5%
efficiency within a decade. Due to this rapid advancement researchers have developed
various perovskite absorber layers, charge transport layers, transparent conducting oxides
and metal contacts. However, it is quite complicated to fabricate numerous combinations
of these layers and hence the simulation is an efficient way to analyse the best possible
combination which can result in higher device performance. In the present thesis work,
the numerical simulation of lead-free perovskite solar cells is performed using SCAPS 1D
software.

The current study brings forth the numerical simulation of various lead-free perovskite
alternatives having narrow and wide bandgap configurations. For the narrow bandgap
configuration, the FA¢7sMAo25Sno25 Geoslz and CsSnGels based perovskite layers are
considered. However, for the wide bandgap application, the CH3NH3Gel; based
perovskite layer is considered. The perovskite solar cells using these layers are optimized
based on charge transport layers, perovskite absorber layer thickness, perovskite absorber
defect density and their energy band alignment with respect to the contacts. To investigate
the effect of charge transport layers (i.e., hole transport layer and electron transport layer),
the work shows that the correlation of Voc with the built-in potential (Vpi). The results
disclosed that to attain better Voc and PV performance, the device should exhibit the
better Vpi and proper band alignment that allows the efficient facilitation of charge
carriers, along with good charge carrier mobility. Thus, it is suggested that for the proper
transport of electrons, the conduction band minimum of the electron transport layer (ETL)
must lie below the conduction band minimum of the perovskite layer. Similarly, in the
case of hole transport, the valence band maximum of the hole transport layer must lie
above that of the perovskite layer. Thus, the simulation study mainly suggests the
possible combination of the ETL and HTL alternatives for less explored perovskite solar
cell configuration.

Further, it is found that to optimize the solar cells the thickness of the absorber layer
should be carefully chosen. Also, the study shows that the defects of the absorber layer
exhibit a significant impact on the device performance as the higher defect led to the
creation of more recombination centres and thus reduces the overall PV performance.
Thus, it is obtained that the defect density of the perovskite layers should not be greater

than 1x10' cm™.



The front and the back contact metal work functions depict a crucial role in determining
the device efficiency. If the back metal work function is less than 5 eV it provides a
barrier for the charge carrier however high metal work function saturates its PCE and thus
5 eV is recommended. In addition, for the front contact, it is suggested to have the work
function should be below 4.4 eV.

After, optimizing the standalone configuration, the study is extended to the lead-free all-
perovskite multijunction solar cell configuration. This present work proposes a novel
realization of (CH3NH3Gel3-CsSnGels) and (CH3NH3zGels-FAo.75MA0.25Sn0.25Geo 513
(FAMASNGel3)) for the first time. It is obtained that by proper control of the perovskite
layer thickness and defect density, by selecting the suitable charge transport layer, the PV
performance of multijunction solar cells can be improved. In addition, the simulated
multijunction solar cell depicts the device efficiency greater than 26% which is
considered as a significant improvement in the field of the lead-free all-perovskite
multijunction solar cell. The study and analysis provide a significant insight to the
researchers fabricating the highly efficient lead-free all-perovskite multijunction solar
cells.

Furthermore, the present study is extended towards the realization of lead—free double—
perovskite (Cs2AgBio.75Sbo25Brs, i.e., mixed antimony bismuth halide double-perovskite)
solar cells. The double-perovskite solar cell is optimized with respect to their charge
transport layer and it has been found that the device PV performance improves
significantly. However, the proposed lead-free double perovskite solar cell depicts the
device efficiency up to 18.18 % which is considered as a significant alternative for the
lead-free perovskite solar cell along with the satisfactory device photovoltaic
performance.

All the proposed structures for perovskite solar cell configuration are novel structures and
provide better parameters in most cases when compared to the latest existing perovskite

structures.

vi



LIST OF FIGURES

Fig. 1.1. Rapid annual enhancement of energy resources for solar cell technology

14 S 70e] 10753 00153 o L USSR 1
Fig. 1.2. Schematic of p-n junction solar cell ............coeciiriiiiiiiiiiiiieeceeee e 2
Fig. 1.3. Working mechanism of P-N junction solar cell ............cccoeeeviiriiieniiiiniieeiee, 3
Fig. 1.4. The current voltage characteristics of solar cell .........c.ceceriiniininiiniininieeeene 4
Fig. 1.5. The I-V curve shows the fill factor of solar cell...........ccceeveiiiniiiinciiiieee, 5
Fig. 1.6. Quantum efficiency of solar cell ..........c.cocoeiiiiiiiiiiiiiii e 6
Fig. 1.7. Equivalent circuit of the solar cell...........cooeviiieiiiiiiiiiee e 7
Fig. 1.8. Different Generation of solar CellS .........cccoeviiiriiiiiiiiiieieieceeece e 9
Fig. 1.9. Classification of the generation of solar cells based on their efficiency and cost
............................................................................................................................................ 11
Fig. 1.10. (a) Schematic of perovskite solar cell (b)Working of perovskite solar cell ... 13
Fig. 1.11. Technological development of the perovskite solar cell ...........cccccovvereeirnnnne. 14
Fig. 3.1. Verification of simulated results to the experimental results ...........c.cccccvveennn.. 41
Fig. 3.2. Structures of the simulated configuration (a) CH3NH3Gels based (b) CsSnGels
based perovsKite SOLAr CEIIS......cuiiiiiiiiiiie ettt e eaee e ea 41

Fig. 3.3. J-V curve of (a) CH3NH3Gels based solar cell (b) CsSnGels based solar cell ....44
Fig. 3.4. Energy band alignment diagram of different HTL for the simulation of
CH3NH;3Gels based PSC (a) P3HT (b) PEDOT:PSS (c) spiro-OMeTAD (d) CZTSe (e)
CUL (£) CU20 ettt ettt et e eneesae et e eneenbeenseeneenes 46
Fig. 3.5. Energy band diagram of different hole transport layer for CH;NH3Gels based
perovskite solar cell (a) P3HT (b) PEDOT:PSS (¢) spiro-OMeTAD (d) CZTSe (e) Cul (f)

FF QN 1] 1ottt ettt ettt ettt et b e nbeeteeenaeenne 48

Fig. 3.8. Energy band alignment diagram of different HTL for CsSnGels based perovskite
solar cell (a) P3HT (b) PEDOT:PSS (c¢) Spiro-OMeTAD (d) CZTSe (e) Cul (f) Cu20...52
Fig. 3.9. Energy band diagram of different HTL for CsSnGels; based PSC (a) P3HT (b)

PEDOT:PSS (c) spiro-OMeTAD (d) CZTSe (e) Cul (f) Cu20 ....coevvvevivieeeieeieieeee 53
Fig. 3.10. Simulated result for CsSnGel; based perovskite solar cell (a) Voc and Jsc (b)
FE QNA 1) ettt sttt 54

Fig. 3.11. Simulated J-V curve for different HTL on CsSnGels based perovskite layer...55
Fig. 3.12. Simulated result for varying CH3NH3Gels defect density (a) Voc and Jsc (b) FF

21816 1 DTSSR 56
Fig. 3.13. Simulated result for varying CsSnGels defect density (a) Voc and Jsc (b) FF
21816 1 DRSS 57
Fig. 3.14. Simulated results for metal work function for CH3NH3Gels solar cell (a) Voc
AN JSC (D) FF QN 1 oottt ettt e e e 58
Fig. 3.15. Simulated energy band diagram for metal work function for CH3;NH3Gels solar
Cell (2) 4.65 €V (D) 5.00 €V ..eeeiieieeeeee et 59
Fig. 3.16. Simulated results for metal work function for CsSnGels solar cell (a) Voc and
LYol (o) I 2l S 1T I TS RUSRRRUSRRURRN 59
Fig. 3.17. Simulated energy band diagram for metal work function for CsSnGels solar cell
(2) 4.65 €V (D) 5.00 €V .ottt ettt es 60

Fig. 3.18. Simulated results for the effect of temperature for CH3;NH3Gels solar cells (a)61

vil



Fig. 3.19. Simulated results for the effect of temperature for CsSnGels solar cells (a) Voc

ANd JSC (D) FF QN M eeeiiiiiiiieeee ettt ettt e 62
Fig. 4.1. Device structure for Pb-free DPSC ........ccooooiiiiiiiieeeeeee e 65
Fig. 4.2. Characteristics of Pb-free DPSC structure (a) J-V curve (b) QE curve .............. 68
Fig. 4.3. Energy band diagrams for different HTL for Pb-free DPSC (a) spiro-OMeTAD
(b) Cu20 (c) Cul (d) CuSbSz () NiO (f) PEDOT:PSS .....oooiiiieeeeeeeeee e 70

Fig. 4.4. Energy band diagram of various HTL on the photovoltaic performance of Pb-
free DPSC (a) spiro-OMeTAD (b) Cu20 (c) Cul (d) CuSbS: (e) NiO (f) PEDOT:PSS...71
Fig. 4.5. (a) J-V curve and (b) QE curves for different HTLs on lead-free double-

PETOVSKILE SOLAT CEIIS......iiiiiiiiieiieie e s 72
Fig. 4.6. Energy band level diagram for different ETL for Pb-free DPSC (a) ZnO (b) STO
(©) WS2 (d) IGZO () ZnSe (£) ZNOS ..o e 74
Fig. 4.7. Energy band diagram of ETL on the photovoltaic performance of Pb-free DPSC
(a) ZnO (b) STO (c) WS2(d) IGZO (e) ZnSe (f) ZnOS .....oooeiiiiiiinieieeeeeeeeee 75
Fig. 4.8. (a) J-V and (b) Quantum Efficiency (QE) curve for different electron transport
layers for PD-free DPSC........oooiiiiiieieeeeee ettt e 77
Fig. 4.9. Simulated results for the effect of thickness on Pb-free DPSC(a) Voc and Jsc (b)
FF QN 1] 1ttt ettt ettt ettt et et eenb e e teeenaeenne 78
Fig. 4.10. Optimized lead—free double perovskite solar cell structure .............cceveeennnen.ns 79
Fig. 4.11. The QE curve with varied thickness from 100 nm to 600 nm..............cccoeeueeee. 80
Fig. 4.12. Optimized J-V curve of Pb-free DPSC........c.coooiiiiiiiieieeeeeee e 81
Fig. 5.1. Schematic of Pb-free all-perovskite multijunction solar cell ......................... 83
Fig. 5.2 Simulated structure of (a) CH3NH3Gelz based PSC (b) FAMASnGels based PSC
(c) Multijunction structure Of PSC........cccooiiiiiiiiiiii et 84

Fig. 5.3 Simulated J-V for Pb-free (CH3NH3Gel3- CsSnGelz) APMISC configuration..87
Fig. 5.4. Energy band alignment diagram for various HTL considered for the simulation
of Pb-free APMJSC (a) Cu20O (b) CuGaO: (¢) CZTSe (d) SpiroOMeTAD (e) Cul ......... 91
Fig. 5.5. Energy band diagram of HTL obtained from the simulation of Pb-free APMJSC

(a) Cu20 (b) CuGaOs (¢) CZTSe (d)SpiroOMeTAD (€) Cul.......oeveveevciieeiieeeiieeeieeene, 92
Fig. 5.6. Simulated results obtained from different HTL for APMJSC (a) Voc and Jsc (b)
Sl S 1 4 Ua 3 PSRN SURSUSRRTPR 93
Fig. 5.7. J-V curve of simulated hole transport layer for APMISC..........cccocvvviieniiennnnnne. 94
Fig. 5.8. Energy band alignment diagram for various ETL considered for the simulation
of Pb-free APMIJSC(a) GZO (b) STO (c) C60 (d)SnO2 (€) TiOz2...evverueereerierieieeienienne 96
Fig. 5.9. Energy band diagram of ETL obtained from the simulation of Pb-free APMJSC
(a) GZO (b) STO () C60 (d) SNO2 (€) TiO2 ..veviuiiiiiiiiiiiiiiiiiicccicee e 97
Fig. 5.10. Simulated results obtained from different ETL for APMIJSC (a) Voc and Jsc (b)
FF QN 1] 1ottt ettt ettt et e nbeeteeeaaeenne 98
Fig. 5.11. J-V curve of simulated ETL for Pb-free APMISC..........coooviieiiiiiiieiiieeiee 98
Fig. 5.12. Effect of the variation of defect density of CsSnGels perovskite with constant
defect density at 1 x 10'® cm™ for CH3NH;3Gels (a) Voc & Jsc (b)) FF & N ... 99

Fig. 5.13. Effect of the variation of defect density of CH3NH3Gels perovskite with
constant defect density at 1 x 10! cm™ for CsSnGel; constant at (a) Voc & Jsc (b) FF & 1

.......................................................................................................................................... 100
Fig. 5.14. Impact of variation of metal work function for APMIJSC (a) Voc & Jsc (b) FF
52 | T OO OO OO PSSP USSR UPUPRTRRP 102
Fig. 5.15. Energy band diagram at different metal work function of APMIJSC (a) at ¢
=4.65eV (b)at d =5.0 eV (C) at @ =5.65 €V .eoeriiiiieiieieeeeeee et 102
Fig. 5.16.Simulated optimized J-V curve of CH3NH3Gels and CsSnGels APMJSC
.......................................................................................................................................... 104

viil



Fig. 5.17. Simulated J-V curve of (a) CH3NH3Gels based solar cell (b) FAMASnGels

DaSEd SOIAT COIL.....ouuiiiiiiiiiie e e 106
Fig. 5.18. J-V curve of Pb-free (CH3NH3Gel; and FAMASnGels) based multijunction
SOLAT COIL.. .ttt ettt ettt b et st 106
Fig. 5.19. Energy band alignment of different electron transport layers used in all-
perovskite multijunction solar cell (a) SnO; (b IGZO (c) PCBM (d) ZnO ..................... 108
Fig. 5.20 Energy band diagram of electron transport layers used in all-perovskite
multijunction solar cell (a) SnO2 (b) IGZO (c) PCBM (d) ZnO........cccceevveriieieieenne 109
Fig. 5.21. Simulated J-V curve of different ETL on all-perovskite multijunction solar cell
.......................................................................................................................................... 110
Fig. 5.22. Simulated results for FAMASnGels thickness keeping CH3NH3Gels thickness
constant at 400 nm (a) Voc and Jsc (b) FF and M........c..ccccoooiiiiiiiiiiicecee, 111
Fig. 5.23. Simulated results for CH3NH3;Gels thickness keeping FAMASnGels
thickness constant at 300 nm (a) Voc and Jsc (b) FFand n..........ccccoeevveviiiiiciiiieenn 112
Fig. 5.24. Simulated results of FAMASnGel; based defect density keeping the defect
density of CH3NH3Gels constant at 1x10" em™ ..., 113
Fig. 5.25. Simulated results of CH3NH3Gel; based defect density keeping the defect
density of FAMASNGels constant at 1x10™ em™ ..., 114
Fig. 5.26. Simulated results of front electrode work function on lead—free all-perovskite
multi junction solar cells (a) Voc and Jsc (b) FFand n..........cccooovviiiiiiiiiiie, 115
Fig. 5.27. Energy band diagram of lead-free all-perovskite multijunction solar cells (a) at
3.8V (D) at 4.4 eV (C) At 4.6 €V ..uoiieiiecieeeee et 116

Fig. 5.28. Simulated J-V curve of optimized all-perovskite multijunction solar cell ..117

X



LIST OF TABLES

Table 2.1 Current state of the art for the various hole transport layer for perovskite solar

OIS et ettt e b et b e a bt et e sateebeenaeas 28
Table 2.2 Current state of the art for the various electron transport layer for perovskite
SOLAT CRIL...eei ettt ettt et ettt et e be e e 29
Table 3.1 Device material parameters of the hole transport layer, absorber layers, electron
transport layer and transparent conductive 0Xide ...........cecvveeeiiiieriieeniieeeie e 42
Table 3.2 Numerical parameters taken for different HTM .........cccccooiiiiniiiinininnicne, 43
Table 3.3 Effect of Ec gri- Ev ure, ¢Bc-Ec ETL, Vi, Voc, Jsc, FF, n on the device
photovoltaic performance on CH3NH;3Gels based perovskite solar cell..........cccoeeeeneeees 48
Table 3.4 Effect of Ec gri- Ev ure, ¢Bc-Ec ETL, Vi, Voc, Jsc, FF, n on the device
photovoltaic performance on CsSnGels based perovskite solar cell ... 54
Table 4.1 Numerical parameters considered for double—perovskite absorber layer,
electron and hole transport layer and transparent conductive oxide layer............cccceuee.e. 65
Table 4.2 Numerical parameters considered for hole transport layers (HTLS) ................. 66
Table 4.3 Numerical parameters considered for electron transport layers (ETLs)............ 67
Table 4.4 Effect of different HTL on the photovoltaic performance of the lead-free
double-perovskite solar Cell.........ccuiiiiiiiiiiiiiiiece e 72
Table 4.5 Impact of various ETL on the device performance of Pb free DPSC................ 76
Table 4.6 The final device photovoltaic performance obtained after each parameter
OPLIMIZALION ..ottt etee et ettt et ee ettt e st e e bt estaeeteeeateesbeessaeenseessseenseessseenseensseenseansnas 80
Table 5.1 Input simulation parameters of HTL, Pb-free perovskite layers, ETL,
transparent CONAUCTIVE OXIAEC ...c..veiuieriieeiiiiie ettt ettt siae et e e eeeeenee e 83
Table 5.2 Device layer properties consider for the HTL, absorber layers, ETL and TCO 85
Table 5.3 Input parameters considered for different HTM.........cccoooiniiniiiiniininnicniene, 87
Table 5.4 Input parameters considered for different ETM .........ccccocoviiviiiiniiiiniieeieee, 88
Table 5.5 The different parameters of APMJSC with different HTLS .........ccoceveeiennnenne. 93
Table 5.6 Impact of various ETL on the PV performance of APMJSC ........................ 95

Table 5.7 Device photovoltaic performance attained by optimizing each parameter ... 104
Table 5.8 Comparison of proposed work with other layer configurations of tandem

PErOVSKItEe SOLAT CEIL....uiiiiiiiiiiiiiiciee e e 104
Table 5.9 Numerical parameters taken for different ETLS .........ccccoeeviviiiiiiiciiiiiieeiee 106
Table 5.10 Effect of Ec grL -Ev urr and ®Orc-Ev urr , Vi , Voc , Jsc , FF and n of
different ETLs on photovoltaic performance...........cccueevveeeeieeeiieeeiieeeieeeiee e e 109
Table 5.11 Final optimized device parameters obtained from simulation ..................... 117
Table 5.12 Fabricated and simulated results of all —perovskite multijunction solar cell
.......................................................................................................................................... 118



LIST OF ABBREVIATIONS

Abbreviation Full Name

2T Two terminals

4T Four terminals

ALD Atomic layer deposition

Al,O3 Aluminum oxide

AM.1.5D Air mass 1.5 direct

AM.1.5G Air mass 1.5 global

APMISC All-perovskite multijunction solar cell
APTSC All-perovskite tandem solar cell

C60 Buckminsterfullerene

CaTiO; Calcium titanate

CB Conduction band

CBO Conduction band offset

CBM Conduction band minimum

CdS Cadmium sulphide

CdTe Cadmium telluride

CdixZnsS Cadmium zinc sulphide

CH;3NH3Gels Methyl ammonium germanium iodide
CH;NH;PbIs Methyl ammonium lead iodide
CH3NH3Pbl34Cly Methyl ammonium lead mixed halide
CH3NH;Snls Methyl ammonium tin iodide

CIGS Copper indium gallium diselenide
Cs-AFM Current sensing atomic force microscopy
C-Si Crystalline silicon

Cs,AgBiBrs Cesium silver bismuth bromide double perovskite
Cs,AgBi Sby.»s Brg Cesium based mixed antimony-bismuth halide double perovskite
CsGel; Cesium germanium triiodide
CsSnGels Cesium tin germanium iodide

CsSnls Cesium tin triiodide

CTL Charge transport layer

CuAlO; Copper aluminate

CuGaO; Copper gallium oxide

Cul Copper(I) iodide

Cu,0O Copper(I)oxide



CuSbS,
CuSCN
CZTS
CZTSe
DFT
DMA
DMF
DMSO
DOS
EBD
ETL/ETM
Ec emL

Ec pvk
EDS

Ev umL

Ev pvk

Ec pviETL

Ec pvintL

FA

FAGels

FAI
FAMASNnGel;
FAPDI;
(FAPbI3)1«(MAPbBr;3)x
FASnl;

FF

FTO

GaAs

GalnP
GuaSCN
GZO

HOMO
HTL/HTM
1GZ0

I-v

Copper antimony sulphide

Copper(I) thiocyanate

Copper zinc tin sulphide

Cu,ZnSnSeq (Kesterite)

Density functional theory

Dimethylammonium

Dimethylformamide

Dimethyl sulfoxide

Density of states

Energy band diagram

Electron transport layer/electron transport material
Conduction band minimum of ETL
Conduction band minimum of perovskite layer
Energy dispersive X-ray spectroscopy

Valance band maximum of hole transport layer

Valence band maximum of perovskite layer

Conduction band energy level between ETL and perovskite

Conduction band energy level between perovskite and hole transport

layer

Formamidinium

Formamidinium germanium triiodide
Formamidinium iodide
FAo.7sMAo.25SnGeo 7513
Formamidinium lead iodide
Formamidinium methylammonium lead iodide bromide
Formamidinium tin triiodide

Fill factor

Fluorine doped tin oxide

Gallium arsenide

Gallium indium phosphide
Guanidinium thiocyanate

Gallium doped zinc oxide

Highest occupied molecular level
Hole transport layer/material

Indium gallium zinc oxide

Current-voltage

Xii



ITO

Jsc

ARY

KCL
Li-TFSi
LUMO
MAGeBr3;
MAGeCls
MAPDBr3
MAPDI;3
MASnBr3
mp-TiO;
NiO
P3HT

Pb
Pb-free
PCBM
PCE
PEDOT:PSS
PEI

PSC

PV

PVK

PYS

QE
SCAPS 1D
Si

a-Si
a-Si:H
Snl,

SnO;

SpiroOMeTAD

SRH
SRV
STO

Indium tin oxide

Short circuit current density

Current density -voltage

Kirchhoff’s current law

Lithium bis (trifluoromethylsulphonyl)imide
Lowest unoccupied molecular level
Methylammonium germanium tribromide
Methylammonium germanium trichloride
Methylammonium lead tribromide
Methylammonium lead triiodide
Methylammonium tin bromide
Mesoporous titanium oxide
Nickel(IT)oxide

Poly(3-hexythiophene )

Lead

Lead-free

Phenyl-C61-butyric acid methyl easter
Power conversion efficiency
Poly(3,4-ethyelenedioxythiophene) polystyrene sulfonate
Poly(ethyleneimine)

Perovskite solar cell

Photovoltaics

Perovskite

Photo yield spectroscopy

Quantum efficiency

Solar cell capacitance simulator

Silicon

Amorphous silicon

Hydrogenated amorphous silicon

Tin iodide

Tin oxide

2,271, 7’ -tetrakis (N,N-di(4-methoxyphenyl)amino-9,9’-
spirobiflourine

Shockley-read-hall

Surface recombination velocity

Strontium tin oxide

Xiii



SWCNT
TA

t-BP
TCAD
TCNQ
TCO
THz
TiO»

Vi
VBM
VBO
Voc
WS,
XPS
XRD
Zn0O
Zn0OS
ZnSe
ZnTe

Single walled carbon nanotube
Transient absorption
4-tert-butylpyridine

Technology computer aided design
Tetracyanoquinodimethane
Transparent conductive oxide
Tera hertz

Titanium oxide

Ultraviolet

Built-in voltage

Valence band maximum

Valence band offset

Open circuit voltage

Tungsten disulfide

X-ray photoelectron spectroscopy
X-ray diffraction

Zinc oxide

Zinc oxysulfide

Zinc selenide

Zinc telluride

Xiv



GLOSSARY OF SYMBOLS

Symbol Full Name

AdAn Capture cross section area of electron/hole
c Speed of light

D./D, Diffusion constant for electron/hole
E Electric field

Ea Activation energy

E, Band gap

eV Electron volt

G Generation rate

h Plank’s constant

I Total current

Ip Diode current

I Light generated current

Io Saturation current

Isu Shunt current

AN Current density of electron and holes
K Boltzmann constant

A Wavelength

n Power conversion efficiency

n' Diode ideality factor

Na Acceptor density

Nc Conduction band density of states
Nb Donor density

Ny Valence band density of states

Pin Input power

Pumpp Maximum power point

Py Total power

q Electronic charge (1.6x10™" C)
Ta, IB, X Radius of A, B and X element

Rs Series resistance

Rsu Shunt resistance

T Temperature

t Tolerance factor

Tp,Tn Lifetime of hole and electron

XV



Mo/ Hp
UPaUH

Dpc
®rc

Y

Vsu

Vb
Vth,e, Vthh
X

XETL

Octahedral factor

Mobility of electron/hole

Recombination rate for electron and holes
Capture cross section of charge carriers by
defect level

Work function of back contact

Work function of front contact
Frequency of light

Shunt voltage

Diode voltage

Thermal velocity of electron and hole
Electron affinity

Electron affinity of electron transport layer

xvi



CHAPTER 1

1.1 Introduction

To meet the burgeoning energy demand, the fossil resources are extensively utilized. The
limited availability of fossil resources and their serious detrimental impact on the
environment diverted researcher’s attention towards the exploration of a renewable
energy alternatives. There are various renewable energy resources available such as wind
energy, hydroelectric energy, biomass, solar energy, geothermal energy efc. In the midst
of these alternatives, solar energy manifests the promising substitute for the application of
clean, low cost, sustainable renewable energy resources. The major benefit of solar
energy that it does not produce any pollutants and byproducts which are harmful to
environment. In 1839, to extract the electricity from the solar energy, Sir Edmond
Becquerel’s experiment consisting of two electrodes present in an electrolyte solution

were exposed to the sunlight resulted to the formation of electricity[1].

Fig. 1.1. Rapid annual enhancement of energy resources for solar cell technology
development [2][3]

The phenomenon which converts the sunlight energy to an electricity is termed as
photovoltaic effect which unlocks the opportunity towards the development of solar
cells[4]. The dependance of the renewable energy resources gains a huge attention among

researchers. Fig. 1.1 exhibits the rapid annual enhancement i.e., a 6 % increment on the
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production of renewable energy [2][3], which exhibits the urge for the demand and

exploration of solar cells for technological development.

1.2 Working Principle of Solar Cell

Solar cell is one of the semiconducting devices that works on the principle of conversion
of electricity directly from light energy came from the sun as an input source. The device

schematic of solar cell is shown in Fig. 1.2[5].

The principle of photovoltaic is divided into three parts
(a) Absorption of photons
(b) Separation of charge carriers

(c) Collection of carriers across the electrode.

When the light falls onto the solar cell absorbing material, the photons get absorbed
which generates the electron and hole pair inside the device. The absorption of particular
energy photons depends on the bandgap of absorbing material. Due to the diffusion of
charge carriers, the donor ions and acceptor ions are present at the junction of solar cell.
The presence of these charge carriers lead to the creation of electric field inside the
device. This electric field is responsible for the creation of drift current and the electrons
and holes are separated at n and p region. After separation of the charge carriers the

charge carriers get collected towards the electrode as shown in Fig. 1.3.

Anti-reflecting coating

| E «— Front

—— Enmitter
| Load ..

electron-hole
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*+—— Rear Contact

s

Fig. 1.2. Schematic of p-n junction solar cell
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Fig. 1.3. Working mechanism of P-N junction solar cell
1.3 Fundamental Parameters of Solar Cell

The fundamental parameters associated with the solar cell is described.
1.3.1 Open Circuit Voltage (Voc)

The important parameter of the solar cell is open circuit voltage (Voc) and it is attained at
the condition of infinite load resistance i.e., no external load is connected to the solar cell.
The Voc is defined as the maximum voltage attained by the solar cell. The open circuit
voltage can be determined from the I-V graph of the solar cell, as depicted in Fig. 1.4. It
is the intercept of the I-V curve at voltage axis. The equation of open circuit voltage is

given in Eq. 1.1.

VOC = E h’l (I_L‘I‘ 1)
a o Eq. 1.1

where,
K is the Boltzmann constant, Ii. is the current measured in light condition, Io

1s the dark reverse current



Also, the saturation current depends on the amount of recombination of charge carries in

the device.

Current

VOC

\

Voltage (Volts)

Fig. 1.4. The current voltage characteristics of solar cell

1.3.2 Short Circuit Current (Isc)

The short circuit current is defined as the maximum current when the voltage across the
device is zero as shown in Fig. 1.4. The short circuit current density depends on the
incident photons number, incident light spectrum, area of solar cell, collection probability
as well as optical properties of solar cell. To maximize the short circuit current density,
light absorption should be high. Also, the thickness of the absorber layer should be thick
enough, so that it can absorb photons without recombining the photogenerated charge

carriers.

1.3.3 Fill Factor (FF)

The fill factor defines the squareness of the I-V curve which further decides the quality of
the solar cell and is obtained by dividing the maximum power point (Pwmpp) to the product
of Voc and Jsc of the solar cell as depicted in Fig. 1.5. However, at the condition of open
circuit voltage and short circuit current density, no power is generated from the solar cell.
The maximum power is attained at the point where the product of I and V is maximum.

To realize the good solar cell, the FF should be high.
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Fig. 1.5. The I-V curve shows the fill factor of solar cell

1.3.4 Power Conversion Efficiency (PCE)

The other important parameter of the solar cell is defined by the percentage of power
generated from the solar cell to the incident power of the solar cell and called as a PCE. It
is the ratio between the output power from the solar cell to the power obtained from the

sun in the form of input energy as shown in Eq. 1.2.

PCE — Pmax — VOC]SC FF
Pin Pin Eq. 1.2

The PCE mainly depends on the incident solar cell light intensity and the working

temperature of solar cell.

1.3.5 Quantum Efficiency (QE)

To find out the quantum response of the solar cell, the ratio of the number of photons that
are collected at the solar cell to the total number of the incident photons on the solar cell
is defined by the quantum efficiency. The QE is either represented in terms of photon
wavelength or photon energy as shown in Fig. 1.6[6]. In an ideal case, if all the incident

photons of certain wavelengths are get absorbed then the resulted QE is unity.
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Fig. 1.6. Quantum efficiency of solar cell [6]

However, the QE of those photons having energy less than the bandgap energy is zero. In
the condition of unity QE, the resulted QE having unity value is shown in Fig. 1.6.
However, due to the recombination losses, the quantum efficiency curve variates from the
unity curve. As explained in Fig. 1.6. due to the front surface passivation effect, the
generated carriers near the surface get affected and thus reduces the quantum efficiency.
As the wavelength increases, the smaller energy photons will not get absorbed by the

device and thus the overall response reduces as shown in Fig. 1.6.

1.3.6 Series Resistance (Rs)

The series resistance of the solar cell is defined as the slope that is obtained from the light
generated [-V curve when the current through the device is zero i.e., open circuit

condition as shown in Eq. 1.3.

1
Rs = a1 lv=voc

av Eq. 1.3

The series resistance occurs between the metal contact and the semiconducting layer, the

resistance arises between the front and rear contact of solar cell.



1.3.7 Shunt Resistance (Rsh)

The shunt resistance of the device is determined from the slope of the light generated I-V
curve when the voltage through the device is zero i.e., short circuit condition as shown in

Eq. 1.4.

1
Rsp = a1 lv=o
5 Eq. 1.4

Moreover, due to the presence of defects associated during fabrication is the prime cause
for the shunt resistance. Due to the presence of these parasitic resistances the rectangle of

J-V curve deviates resulting in the variation of fill factor and efficiency of the solar cell.

1.3.8 Equivalent Circuit of Solar Cell

To get the thorough understanding of the working principle of solar cell the study of the
equivalent circuit model is crucial. In a practical solar cell, a light generated current

source is connected in parallel with the diode.

Is Rs

ANy
N

C
I Rsu

Fig. 1.7. Equivalent circuit of the solar cell

From the equivalent circuit as shown in Fig. 1.7, the total current represented as I, which
is obtained using Kirchhoff’s current law (KCL) as depicted in Eq. 1.5, Eq. 1.6 and Eq.
1.7 [7].



I=I-Ip-Isy

Also, the I, = I exp(qf? )-1 and Igy = ES_H
SH

n' KT

Where Ip is defined as diode current, Rsy is shunt resistance

Isy 1s the shunt current

Hence, the overall resultant current is

B exp(q(V +IR,)) V + IR;
I=1nh-1l ( n'KT B 1) a ((W))

Where I is the light generated current and n' is diode ideality factor

1.4 Different Generation of Solar Cells

The photovoltaic technology can be classified into three generations depending on their
absorber or active materials namely first generation (Si-based solar cell), second

generation (Semiconductor compound) and third generation (Emerging or novel

materials) as shown in Fig. 1.8 [8].

The different generations are beneficial for different applications. The first generation
solar cell provides highly efficient and expensive solar cells. The second generations solar
cell consists of the less efficient solar cells but is also inexpensive as compared to the first
generation solar cell. To overcome this low efficiency and high-cost trade-off, the third

generation or novel material technologies provides relatively high efficiency and low-cost

fabrication methods.

Eq. 1.5

Eq. 1.6

Eq. 1.7



1.4.1 First Generation Solar Cell

It is one of the mature photovoltaic technologies consists of monocrystalline silicon and
polycrystalline silicon solar cells. The exploitation of silicon in the first generation solar
cells is due to its non-toxic and stable nature. In addition, it is considered the second most
abundant material in the earth crust, due to which the raw materials are convenient in
nature. Moreover, the silicon-based technology is compatible with other devices of the
microelectronics industry makes silicon a suitable candidate for the photovoltaics
industry[9]. The first generation solar cell can be further classified as crystalline silicon

and amorphous silicon-based solar cells [8].

Classification of Solar Cell Technologies

|

Emerging or Novel
Materials/ 3" Generation
v
Crystalline Dye Sensitized
Solar Cells
Cadmium 1
Telluride Gallium Colloidal
* | T Quantum dots
Copper Zinc Phosphorou
Tin Sulphide T '
(CZTS) ¥ Perovskite
¥ Gallium T
Copper Indium Arsenide Oroani
Gallium (GaAs) reanic
Diselenide I
(CIGS) Others

Fig. 1.8. Different Generation of solar cells [§]

1.4.2 Second Generation Solar Cell

The semiconductor-compound[10] based technology consists of chalcogenides materials
and compounds of III-V based group material is known as second generation solar cell.

Mainly, the solar cells made by thin-film process comes under the category of second



generation solar cells. The major focus on this technology consists of amorphous silicon
(a-S1), copper indium gallium selenide (CIGS), copper zinc tin sulfide (CZTS), gallium
indium phosphide (GalnP)[11], hydrogenated amorphous silicon [12], gallium arsenide
(GaAs) and cadmium telluride (CdTe)[13]. The primary aim of the second generation
solar cells is to reduce the cost of the solar cell compared to the first generation solar cell.

The second generation solar cell offers some advantages over first generation solar cells

[8].

1.4.3 Third Generation Solar Cell

With the progressive achievement of materials and growth of device engineering, the
researcher’s attention diverted towards the production of low-cost high-efficiency solar
cell technology leading to the development of 3™ generation solar cells. The 3%
generation solar cell technology is drifted towards commercialization as they utilize
nanostructured based materials which depict the high device efficiency. In addition, the
third generations solar cells are easily processed via solution processing technique at a
large scale and are reaches towards the high-efficiency limit within a limited period of
time. As given in Fig. 1.8, it includes the dye-sensitized solar cell, organic solar cells[14],

colloidal quantum dots solar cells[15] and perovskite solar cells, ezc [8].

Fig. 1.9 shows the classification of different generations of solar cells based on their cost
and efficiency. It can be stated from Fig. 1.9 that the first generation solar cell
corresponds to high cost and high-efficiency solar cell. The second generation solar cell
shows low cost but low-efficiency solar cell. The third generation solar cell depicts low-
cost high-efficiency solar cell makes the third generation solar cell the most prominent

technology for future photovoltaics[16].
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Fig. 1.9. Classification of the generation of solar cells based on their efficiency and
cost[16]

1.5 Introduction to Perovskite Solar Cells (PSC)

The PSC has attracted considerable attention of researchers due to its extraordinary
properties including large charge carrier’s diffusion length, high absorption coefficient,
ability to alter its bandgap, inexpensive, high dielectric constant to facilitate proper charge
transportation, high mobility, long charge carrier lifetime, etc and being compatible with
solution-processed deposition technique [17][18][19][20][21][22][23][24][25][26][27].
These astonishing properties led to the enhancement of perovskite photovoltaic
performance from 3.8 %[17]in 2009 to 25.5% [27][28][29]. Perovskite material is a
mineral like CaTiOs, which was initially discovered in 1839 by Gustav Rose in Ural
Mountain[30]. The mineral is named after Russian mineralogist Lev Alekseyevich von
Perovski (L.A. Perovski). The crystal structure of perovskite is ABX3 where A represents
generally monovalent organic cation (MA", FA", Cs" etc), B represents a divalent cation
(Pb%*, Sn**) and X shows a halide anion (I', Br, CI)). The perovskite solar cell offers
several advantages over the other solar cell technologies such as it shows less carrier
recombination, allows the substitution of cation and anion for bandgap tuning as well as
flexible in nature[31]. These outstanding properties make perovskite solar cells as a

strong competitor among emerging photovoltaic technologies. Additionally, the
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perovskite solar cell shows few challenges that need to be addressed. The control of the
layer morphology, material parameters, the toxicity of lead material, high degradation
against moisture and stability of perovskite solar cells are various issues that need to be

resolved for the successful commercialization of flexible perovskite solar cell technology.

1.5.1 Structural Properties of Perovskite Solar Cell

The structural properties of any material are analyzed by the octahedral and tolerance
factor. In the perovskite structure consists of ABX3, the tolerance factor and octahedral
factor should lie in the range of 0.813<t<1.107 and 0.442<u<0.895[32]. The tolerance

factor (t) and octahedral factors (i) as mentioned in Eq. 1.8

> Eq. 1.8

where,

TA, IB, I'x, 18 defined as the radius of A, B and X element

1.5.2 Schematic and Working of Perovskite Solar Cells

Depending upon the light that enter into the cell the perovskite solar cell is classified as n-
i-p or p-i-n based solar cell. Fig. 1.10a shows the schematic of a n-i-p based solar cell.
The structure of perovskite solar cells consists of a transparent electrode that allows light
to enter into the absorber materials.

The electron and hole transport layers are used to facilitate the proper transportation of
electrons and holes respectively. The perovskite layer is the main absorber layer that
allows the photons to get absorbed and thus generates the electron and hole pair. The
main function of the electron transport layer is to allow the transport of electrons and
block the holes also termed as hole blocking layer. Similarly, the hole transport layer
allows the transfer of holes to collect as the back electrodes and block the electrons also

termed as hole blocking layer.
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Fig. 1.10. (a) Schematic of perovskite solar cell (b)Working of perovskite solar cell

Fig. 1.10b, shows the working principle of the perovskite solar cell. When the light falls
onto the perovskite layer the absorption of photons takes place within the perovskite layer
with the condition of (hv> E,) i.e., those photons are absorbed having energy greater than
the bandgap of the material. The absorption of photons generates the electron and hole
pairs and subsequently excites them onto their LUMO (lowest unoccupied molecular
level) and HOMO (highest occupied molecular level). In the presence of the built-in
electric field between the ETL, and HTL, the electrons and holes are get separated
accordingly. Later, the electrons and holes are collected by their respective back and front

electrodes.

1.6 Motivation Towards the Perovskite Solar Cell Technologies

In 2009, the foremost PSC shows the PCE of 3.8% developed using a solution-processed
technique as shown in Fig. 1.11[17]. Afterwards, several modifications had been
introduced to enhance the perovskite solar cell device PCE. These modifications include
the perovskite-quantum dots solar cell using TiO, surface modification, the low-cost
solution-processed methodology, compositional engineering, etc. However, the certified

PCE of perovskite solar cells reaches up to 25.5% [28] as shown in Fig. 1.11. Despite the
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progressive advancement of these layers, the toxicity of the Pb and its composites in the
perovskite, remains a huge obstacle that will impede its potential towards the
commercialization of an efficient perovskite solar cell. To mitigate these challenges there

is an urge to explore the lead-free alternatives in the perovskite solar cell.
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Fig. 1.11. Technological development of the perovskite solar cell

It has been observed from the literature that there are numerous perovskite layers are
available and many of them have been already explored in terms of device performance.
However, the efficiency is still limited as the proper selection of electron transport layer
(ETL) and hole transport layer (HTL) for a particular perovskite layer also shows a
crucial role to decide the PV performance. It is extremely difficult to optimize all possible
combinations of perovskite and charge transport layers through the fabrication route.
Hence, there is a stringent requirement to explore the simulation of PSC based on
different perovskite layers and their combination with charge transport layers. However,
the solar cell performance is also limited due to the unavailability of the perovskite layer
which has the wide absorption of solar cell spectrum owing to the bandgap limitation.
Hence, to enhance the PCE of solar cell, researchers are working more towards the

exploration of the multijunction solar cell[33][34][35][36][37][38][39]. As in the
14



standalone wide and narrow bandgap perovskite solar cells, less photovoltaic
performance is achieved. This is mainly due to the unavailability of the absorption of the
wider spectrum. Therefore, by using multijunction/tandem perovskite solar cell the device
efficiency can be further improved because it allows the absorption of the wider range of

solar spectrum.

To achieve this, the main challenge is to optimize the narrow and wide band gap lead-free
perovskite layers along with their proper band alignment with the charge transport layers
in such a way that the multijunction perovskite solar cell should exhibit superior device
performance. Moreover, there is extremely limited literature available for the
understanding of the effect of various parameters on the PV performance of lead-free
APMISC [40]. In the proposed thesis work, different perovskite layers have been taken
for simulation which has shown the successful fabrication of the perovskite solar cell but
not widely explored to their best in the literature. Further, the optimization of perovskite
solar cells using these layers are performed in terms of different ETL and HTLs.
Moreover, the numerical simulation of Pb-free APMIJSC is performed. Further
investigation includes, the study of various effects (such as the effect of defect density,

the impact of thickness etc.) is also explored.

15



CHAPTER 2

LITERATURE REVIEW

This chapter includes the literature review of the perovskite solar cell. A comprehensive
study based on the Pb-free PSC alternatives is discussed. The subsection of the chapter
includes the literature based on the methylammonium tin halide (CH3NH3Snl3), methyl
ammonium germanium halide (CH3:NH3Gelz), cesium tin-germanium triiodide
(CsSnGelz) based PSC and (FAMASnGelz) based PSC. In addition, the literature based
on the double-perovskite i.e., mixed antimony bismuth halide (CsxAgBio.75Sbo.25Br6)
based perovskite solar cell (PSC) is discussed. Furthermore, the literature based on the
all-perovskite tandem/multijunction solar cell is also presented. After a comprehensive

literature review, the identified research gaps and the objectives have been defined.

2.1 Lead-Free Perovskite Solar Cell Alternatives

A comprehensive review of different Pb-free PSC alternatives is included in this

subsection.

2.1.1 Methyl Ammonium Tin Halide (CH3:NH3SnI3) Perovskite Solar Cells

Foremost Neol. et al. proposed the CH3NH3Snl3 based Pb-free perovskite solar cell with
device efficiency up to 6% under complete sunlight environment with the solar cell
structure of FTO/c-TiO2/mp-TiO2/ CH3NH3Snl3/ spiroOMeTAD/Au[41]. However, it is
deduced from the THz mobility and its lifetime of charge carriers that by optimizing the
material in terms of doping density, the CH3NH3Snl3 is considered a suitable as an
alternative to nontoxic perovskite solar cells. However, CH3NH3Snl; film shows an
unstable nature due to the rapid formation of Sn** to Sn*', and hence the experiment is
carried out under a nitrogen (N2) glove box. Hence, it can be concluded from the work
that the device efficiency is limited due to the self oxidation and hence it is significant to
focus on the new method to reduce the Sn oxidation and development of a stable lead-free

perovskite material[41].
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Ma.Lin. et al. studied the photophysics of Pb-free CH3NH3Snl; based perovskite layer
using broad transient absorption spectroscopy and time-resolved fluorescence
spectroscopy. The hot carrier relaxation is also explored by using transient absorption
(TA) measurement[42]. It is obtained from broadband transient absorption spectroscopy
that the absorption coefficient of CH3;NH3Snl; is 2x10* cm™!. Also, it is observed that
CH3NH3Snl3 exhibits low binding energy. The fluorescence quenching measurement is
performed to find out the electron and hole diffusion length. The ETL and HTL in this
structure is considered as TCNQ and SpiroOMeTAD and the diffusion coefficient for the
electron and holes are found to be 1.28+0.73 cm?/s and 0.59+0.27 cm?/s. The electron and
hole mobility is estimated as 2000 cm?/Vs and 300 cm?/Vs. Hence, it is depicted from the
work that the diffusion length of CH3NH3Snl3 based perovskite layer depends on the
purification process and the quality of the material. Further to improve the photovoltaic
performance the addition of 20% of SnF» into the precursor material. The presence of
SnF> leads to reduce the defect concentration of the material which in turn enhance the
device performance. Still, less device efficiency is observed due to the low absorption of
photons, low absorption coefficient and a high carrier recombination rate is also obtained.
However, the work does not provide any information regarding the perovskite film

morphology and the optimum thickness needed for the perovskite absorber layer [42].

Lefanova et al. synthesize low-temperature solution processing CH3NH3Snl; based
perovskite layer. The optical, electrical and structural properties are examined on the
dimethyl formamide (DMF) and dimethylsulfoxide (DMSO) with gamma
butyrolactone[43]. It is obtained that CH3NH3Snl3 shows metallic behaviour as well as
exhibits the bandgap of 1.3eV. The optical properties of DMF and DMSO based PSC is
studied and it depicts the broad absorption edge of 950 nm which exhibits the optical
bandgap of 1.3 eV. The CH3NH;3Snl3 shows higher absorption characteristics in the case
of DMF rather than DMSO. To obtain the photocurrent, current sensing atomic force
microscopy (CS-AFM) is performed and the obtained short circuit photocurrent in the
case of DMF based CH3NH;3Snlz is -23.9 pA and for DMSO it is around 1pA. The
calculated mobility for DMF and DMSO based CH3NH3Snl; achieved is 0.59 ¢cm?/Vs and
0.09 cm?/Vs respectively. Moreover, it is obtained from the literature that at the dark
condition no detectable photocurrent is obtained. This is attributed to the insufficient

built-in electric field in the device resulted in the limited charge collection. In addition, in
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the light condition, the obtained photocurrent shows an S-shape curve which is attributed

to the poor charge carrier collection[43].

Mandadapu et al. simulated the Pb-free CH3NH3Snl; based PSC with TiO; and Cul as an
ETL and HTL[44]. In addition, the effect of absorber layer thickness is studied. The
impact of the absorber defect density is realized by varying the defect density from 10"
cm™ to 10'® cm™. The optimized perovskite thickness and the defect density is found to
be 0.6 um and 10'* cm?, respectively. Moreover, the impact of the perovskite bandgap
and the temperature is also investigated. The optimized absorber layer bandgap is found
to be 1.3 eV with the optimized device temperature is obtained as 300 K. However, no
study has been performed on the impact of the different charge transport layers.
Nevertheless, this work prompts an opportunity that one can also explore the other lead-

free alternatives of perovskite solar cells using the simulation method[44].

Anwar et al. proposed a CH3NH3Snl3 based numerical model with the variation of several
HTMs. This study includes the investigation of the variation of thickness of absorber
layer, the impact of interface defect states at both interfaces i.e., HTM/absorber and
absorber/ETM, the effect of density of states and the effect of different back electrode
contact[45]. The thickness of the absorber layer is varied between 300 nm to 1000 nm and
the optimized thickness is obtained as 650 nm. It also includes the effect of interface
defect density for (ETL/perovskite and perovskite /HTL interface) by altering the
interface defect density from 10'%m™ to 10'%cm™ and the optimized interface defect
density is found to be 10'2cm?. In addition, the effect of several back electrode metal
work functions is studied by varying the back contact from Ag, Fe, Cu, Au, Ni, Pt and
graphite sheet out of which the Au with 5.1 eV metal work function is obtained as the
optimized back contact. Moreover, the effect of the various hole transport layer is also
studied and the optimized hole transport layer is obtained as CuxO with the device
efficiency enhances up to 20.23%. Despite the significant study, limited HTLs are
realized. In addition, the impact of the various electron transport layer on the PV

performance is also not reported by the authors[45].

Baig et al. numerically modelled the solar cell by considering Cdi-xZnxS and MASnBr3 as
ETL and HTL respectively. Further study includes the effect of HTL, perovskite
thickness, and absorber layer doping concentration[46]. The HTLs are optimized by
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using the band offset technique and has reported that MASnBr3; as an HTL exhibits the
spike, due to which the E, (activation energy) is equivalent to the bandgap energy of the
solar cell and thus enhances the Voc. Later, the absorber layer thickness is altered from
0.1 um to 1 pm and the optimized thickness of the absorber is found to be 0.5um.
Moreover, the effect of ETL and the electron affinity is also realized. It is deduced from
the work that conduction band offset (CBO) shows a major influence on the PV
performance of the solar cell. Due to the Eg tunability, the bandgap of CdS is altered by
adding Zn on it and the CBO effect is studied. It is obtained that CBO directly relates the
PCE of the solar cell as the positive CBO resulted in the increase in the PCE. However,
the negative CBO reduces the PCE of the solar cell due to the formation of the spike in
between the ETL and absorber layer interface, which impedes the carrier collection,
thereby reduces the overall photovoltaic performance of the solar cell. The resulted
optimized PV performance enhances up to 18.71%. In this article, the optimized ETL is a
cadmium-based layer that is toxic in nature. Hence the reported paper opens a window to

find some other non-toxic ETL to realize non-toxic perovskite solar cells [46].

Kumari et al. proposed an experiment and simulation of CH3NH3Snl3 based perovskite
solar cell with ZnTe as an HTL[47]. The ZnTe is an inorganic hole transport layer that
belongs to the II-VI group of the periodic table. The bandgap of the ZnTe layer is 2.26
eV, with high hole mobility i.e., 80-100 cm?/Vs. The density of states value for ZnTe is
considered as 1.17x10'/cm?. It is found from the simulation that the solar cell with ZnTe
as an HTL, and TiO; as an ETL shows the device efficiency of 22.96%. Later, in
simulation, the absorber layer thickness is found to be 0.400 um, doping density of HTL
is optimized which is found to be 10'°/cm?, resulted in the PCE to elevates up to 22.96%.
The ZnTe is deposited in a form of nanoflower as HTL which leads to the increase of the
surface area available for the absorption which in turn improve the device performance.
However, the same fabricated configuration depicts the 8.41 % PCE. Nonetheless finding
an alternative of HTL, no comparative analysis of the existing HTLs is performed.
Moreover, the effect of the other ETL alternatives is also not realized. In addition, no
significant study of the absorber layer thickness and its defects configuration is also not

realized in this work[47].
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2.1.2 Methyl Ammonium Germanium Halide (CH3NH3Gel3) Based PSC

In the perspective of the Pb-free alternatives, the Sn based PSC are widely explored.
However, the rapid oxidation of the Sn** to Sn*" causes structural instability in the tin-
based perovskite solar cells[48][49][41][42]. Hence, there is a requirement for the
exploration of any other viable alternative in place of Sn cation. Moreover, germanium-
based PSC proves to be a significant replacement of the tin alternative in the perspective

of Pb-free perovskite solar cell[50][51][52].

This is mainly due to the reason, as the germanium (Ge) shares the same group to that of
Pb and Sn in the periodic table and hence it depicts the analogous optoelectronic
properties to that of Pb and Sn along with high conductivity. However, limited literature
is available for the extensive exploration of methyl ammonium germanium perovskite,
hence there is a need to explore the methyl ammonium germanium perovskite to further
enhance the PV performance of the solar cell. In addition, the methyl ammonium
germanium halide perovskite solar cell depicts the wide bandgap[50] and hence it can be
considered as a promising alternative for the perspective of wide-bandgap perovskite

layer in the application of lead-free APTSC.

Foremost, Stompus et al. proposed the synthesis of Pb-free germanium halide perovskite.
The variety of germanium halide based structures with diverse bandgap is studied using
the solution processing method. The device structural configuration, non-linear optical
properties, second harmonic generation properties for the series of structures are explored
in this paper. The optical absorption properties of various structures are explored and it is
reported that due to the molecular vibration of organic cations some of the structures are

suitable for nonlinear optical properties[50].

Krishnamoorthy et al. performed computational screening based DFT first principle
calculation to reveal that Ge can be considered as a potential candidate as a B site for Pb-
free ABX3 based perovskite structure. Nine different structures are studied, and it has
been found that three candidates namely RbSbBr3;, CsSnBr3, CsGels are predicted to be
stable. However, experimentally MAGel;, FAGel; CsGels, based structure are

explored[51]. Among the three synthesized structures, the CsGels is stable whereas
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MAGels is easily decomposed in a single step and FAGels exhibits unstable nature. The
estimated value of the bandgap is obtained as 1.63 eV, 2.0 eV and 2.35 eV for CsGels
MAGels, and FAGels based solar cell. These bandgap value proves to be suitable for the
application of Pb-free tandem solar cell. The CBM and VBM values are also obtained for
these compounds using photoemission spectroscopy. Further, the fabrication of the
CsGels, MAGels, and FAGels based solar cell is performed and the PV performance is
measured with TiO, and spiroOMeTAD is considered as ETL and HTL respectively. The
resulted PV performance suggested that due to the poor film quality of FAGel; based
solar cells no photocurrent is attained. However, photocurrent of 5.7 mA/cm? and 4
mA/cm? is obtained for CsGel; and MAGel; based solar cells, respectively. Therefore, it
is deduced from the computational screening that Ge based perovskite solar cell can be

considered as a future candidate for Pb-free PSC[51].

Sun et al. studied the optoelectronic, structural properties of Pb-free Ge-based perovskite
solar cells using DFT calculations. Various lead-free alternatives are explored such as
MASnI;, MAGels. MAGeBr;, MAGeCl;. The ideal range of tolerance factors for
perovskites lies in the range of 0.81-1.11. However, the tolerance factor of MAGels,
MAGeBr3;, MAGeCl; are obtained as 0.965, 0.988, 1.005 which closely matches with the
ideal perovskite tolerance factor (0.813<t<1.107) [52]. In terms of bond length and bond
angle, MAGels shows similar characteristics to that of MAPbI; and MASnI; based solar
cells. The order of formation energy for different perovskite is found to be MAPbIz>
MAGel3>MASnI;:>MAGeCl;>MAGeBr3;. Mainly, a minute difference is obtained in the
stability of MAPbI; and MAGel; and thus, MAGels is considered as a suitable candidate
for Pb-free PSC. However, MAGel; based perovskite depicts better carrier transport
properties than MAPbI3; and MASnI3 based solar cells. Further, the optical properties of
several considered perovskites are explored. In the case of MAGels, unlike MAPDI;3 it
shows weak absorption in the UV spectrum range. However, good absorption in the

visible range is obtained[52].

Kanoun et al. simulated the lead-free methyl ammonium germanium iodide
(CH3NH3Gels) based PSC using SCAPS 1D[53]. The effect of diverse hole transport
layers (HTLs) is realized on the effect of PV performance. Based on the charge carrier
mobility and the band alignment the optimized HTL obtained is Cu2O. The influence of

the variation of perovskite thickness is varied for various HTLs. It is thus obtained from

21



the simulation, that the device shows better PV performance if the thickness is kept in the
range of 600 nm to 700 nm. Later, the influence of defect density on the PV performance
is also investigated. It is obtained that as the defect density enhances the device
performance decreases due to the creation of recombination centres at the absorber layer.
The defect density is varied between 1x10' cm™ to 1x10'® cm™ and the optimized value
attained is 1x10'* cm™. However, as the defect density of the absorber layer increases the
overall device performance degrades [53]. It is recommended, that the noble metal
electrodes show the best device performance as compared to others. Moreover, the effect
of the operating temperature of solar cells is studied, and the optimized temperature is

found to be 300K [53].

Lakhdar ef al. numerically simulated the MAGels based perovskite solar cell using
SCAPS 1D. The effect of different kind of ETLs, the thickness of ETLs, the thickness of
the perovskite layer is investigated[54]. The device simulation structure considered is
ITO/PEDOT:PSS/MAGelz/ETL/Ag with the charge transport layer (CTL) thickness and
absorber layer thickness considered as 30 nm and 400 nm respectively. The initial
simulated device structure depicts the 11.6% PCE. The optimized ETL was found to be
C60 and the optimized thickness of CTL and perovskite absorber layer is found to be 50
nm and 650 nm. Upon optimization, the PCE enhances up to 13.5% [54].

Hima et al. reported a numerical simulation of lead-free methyl germanium halide based
PSC. The simulation mainly focuses to improve the device efficiency by exploring the
diverse HTLs[55]. The simulated device configuration considered is a p-i-n based PSC in
which C60 and PEDOT: PSS is considered as an initial HTL and ETL. Several HTL
incorporated such as PEDOT: PSS, CuSCN, CuSbS,, NiO out of which CuSbS; exhibits
the highest device efficiency of 23.58 % and the reported Voc, Jsc and FF is found to be
1.66 V, 23.59 mA/cm?, 60.29%[55].

2.1.3 Cesium Tin Germanium Triiodide (CsSnGel3) Based PSC

In the context of the Pb-free alternative, the demand for stable perovskite solar cells grabs
wide attention among researchers [56][57][58]. Despite showing the progressive
achievement of tin halide and the germanium perovskite solar cell the need for the air-

stable perovskite alternative is raising rapidly [59][60][61]. To attain this instability,
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initially, CsSnlz is considered as a promising alternative still the photovoltaic
performance is inadequate along with the instability[62][63][64]. Hence, it is found that
mixing Ge with the Sn to form CsSnGel; as a perovskite layer depicts a promising
strategy as it exhibits ultrahigh stability along with better air tolerance[65]. Still, the
CsSnGels based perovskite layer is not widely explored. Also, it shows a promising
narrow bandgap and solution processing compatibility due to which it proves to be a
considerable candidate for the application of narrow bandgap layer in tandem perovskite

solar cell application[66].

Chen.M. et al. mainly focuses on the removal of perovskite toxicity and stability issues.
For this perspective, they demonstrate the lead-free all-inorganic perovskite absorber
layer that depicts high stability and fabricate via the solution-processed method.
Surprisingly, it was obtained that by addition of Ge on CsSnlz i.e., CsSnGels based
perovskite layer resulted a highly stable, air tolerant, perovskite solar cell. Because of the
high oxidation of Ge, a stable native oxide layer of ultrathin <5nm is formed. The
CsSnGels based PSC shows better optical absorption, bandgap of 1.50 eV. As the
perovskite is exposed to air a stable oxide layer is formed shows it higher air stability. In
addition, the device degradation is less even after 500 h as the PCE reduces from 6.79 %
to 6.23%. Moreover, the presence of Sn also increases its moisture stability. The PSC
with CsSnGel; as an absorber layer depicts 7.11% PCE. Therefore, CsSnGels is
considered a promising candidate for the progress of Pb-free PSC [65].

Raghvendra et al. proposed a drift-diffusion model for Pb-free CsSnGel; based PSC
using Sentarus TCAD. The device structure considered for the simulation consists of
CsSnGels as a perovskite absorber layer, SpiroOMeTAD, PCBM as an HTL and ETL
layer respectively[66].

The device performance after the simulation is obtained as Voc = 0.61 V, Jsc=18.45
mA/cm?, FF= 69.50, n= 7.81% which meticulously resembles the experimental result
reported by Chen.M. et.al.,. Further, the influence of defect density, interface defect
density, the influence of absorber layer thickness and the impact of ETL and HTLs are
carefully examined[66]. The influence of perovskite thickness and the doping density is
also studied. The perovskite thickness altered from 100 nm to 600 nm and the optimum

thickness of CsSnGels is obtained as 300 nm.
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The influence of absorber doping concentration is also examined by varying the doping
concentration of the absorber layer from 1x10' cm™ to 1x10'7 cm™. The optimized Na
obtained is found to be 4x10'® cm™ resulted the enhancement of PCE to 9.01%.

Moreover, the defect density of CsSnGels based perovskite layer is altered from 1x10'
cm™ to 1x10'™ ecm™ . It is obtained from the simulation study that as the defect density
reduces the photovoltaic performance enhances up to 10.18%. Later, the effect of several
HTL is also observed. Among various HTL, CuzO shows the best device performance

reaches the PCE up to 13.29% which is a promising efficiency for Pb-free PSC[66].

Islam et al. simulated a c-Si/perovskite tandem based structure and compare the device
performance with the lead and lead-free based PSC. The CsSnGels is considered as a
perovskite absorber layer for the top subcell configuration. The current matching
condition for the 2T (two-terminal) tandem solar cell is obtained by changing the
thickness of the absorber layers. The optimum thickness for the CsSnGel; and MAPDI;
based PSC was found to be 1.3 um and 1.8 um that depicts the PCE of 15.84% to
24.21%[67].

The influence of defect density and interface defect density is also studied. The optimized
defect density is found to be 10* ¢cm™. The optimum interface defect density for
HTL/perovskite interface is 10'* ¢cm™ and for perovskite/ETL interface is 10" cm™.
However, with optimized parameters, the overall PCE of tandem based solar cells is
found to be 28.53%. In comparison, it is found that CsSnGels; proves to be a suitable
perovskite layer for lead-free tandem solar cell application. As the device performance is

found to be comparable to MAPbI; based solar cells [68].

2.1.4 FA0.7sMA0.255n0.25Geosls (FAMASnGels) Based Perovskite Solar Cells

To further enhance the device efficiency of Pb-free PSC the mixed Sn-Ge based
perovskite layers shows a significant role. It is obtained from the literature that the mixed
Sn-Ge based perovskite layers exhibit the high air stability attributed to the doping of the
Ge cation [69][70]. Moreover, the mixed Sn-Ge based perovskite layers show high charge
carrier mobility. However, the mixed FAMASnGels based perovskite layer exhibits better

device numerical parameters, hence it has the potential to further elevate the photovoltaic
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performance by using some band offset, and charge transport layer engineering, Despite
having significant properties of FAMASnGels based perovskite layer, extremely limited
literature is available [69][70]. Also, due to its low bandgap, it exhibits a promising
candidate for the application of a narrow bandgap layer in APMJSC applications.

Ito. et al. fabricated a lead-free mixed Sn-Ge based perovskite material. The
FAMASNGels based material shows a promising bandgap of 1.4 eV to 1.5 eV which is an
ideal range of bandgap for the solar cell application [69]. In addition, XRD analysis,
optical properties, surface morphology studies are done. It is obtained from the PYS
measurement that the upshift of the valence band is obtained by adding the Ge into the
FAMASNI; based perovskite. It had been found from the surface roughness technique that
the roughness is initially decreasing with the increasing Ge concentration. Later, an
increase in the surface roughness trend is obtained with respect to the varying
concentration. Further, the PV performance of the FAMASnI; and FAMASnGels based
PSC is measured and it has been obtained that FAMASnGels depicts better performance
than FAMASnI; based perovskite solar cell. The high Jsc of FAMASnGels is mainly due
to better photon absorption [69].

Minemoto et al. numerically investigated the Pb-free mixed Ge-Sn based perovskite solar
cell with PCBM and PEDOT: PSS is considered as an ETL and HTL respectively.
Initially they theoretically analyse the built-in potential to attain high Voc. Later, the
effect of conduction band offset and impact of the difference between CB of perovskite
and back contact work function (Ec pvk-®pc) is analysed. Primarily, four different
combinations are realized by altering the Ev nt and ®sc of the perovskite solar cell.
Initially, the relation between the built-in potential and Voc is examined [70].

The further investigation includes the outcome of CBO of PVK/ETL and Ec pvk- ®Bc on
the perovskite photovoltaic performance. This investigation consists of mainly two cases

viz (xeTL> ®Bc) and (xeTL < PBC).

In the case of yrrL< ®pc the Vy; variates from -0.50 eV to 0.10 eV. In this condition, the
Vbi is primarily influenced by Ec gri-Ev nro which shows the minor changes in Voc.
However, on the contrary in the condition of xgrL.> ®pc Vi elevates with Ec pvk- ®pc and

is mainly governed by ®gc-Ev n1L [70].
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2.1.5 Lead-Free Double Perovskite Solar Cell

Double perovskite solar cell proves to be a compatible candidate with the current state-of-
art for the Pb-free PSC alternatives [71]. To improve the structural stability of ABX3
based perovskite structure, the divalent cation is replaced with the monovalent cation and
trivalent cation. In general, the double-perovskite solar cell exhibits A:M!"M**Xe
structure where A represents a small cation such as caesium (Cs), M'" represents
monovalent metal ions (such as Na*, K*) and M*" represents a trivalent metal cation (such
as Bi**, Sb*") and X represents anions (such as Br, I, CN"). Moreover, the double
perovskite solar cell depicts a better optical bandgap, large absorption coefficient, large
lifetime of charge recombination and variable optoelectronic properties[68][71]. In
particular, Cs,AgBiBrs based double perovskite solar cells (DPSC) are extensively
explored and considered as a viable option for solar cell application[71]. Nevertheless, the
PCE of the Cs>AgBiBrs based PSC is limited i.e.,~ 5%[68][71]. This limited PV
performance of Cs2AgBiBrgs is due to its wide bandgap of 2.2 eV which proves to be an
inadequate bandgap for optoelectronic application [72]. Further, various strategy is
introduced to reduce the bandgap by incorporating the (T1**, Sb®") cations. It is acquired
from the literature, that by replacing Bi with 25 % of Sb to make Cs2AgBio.75Sbo.2sBrs
based perovskite layer the bandgap is reduced to ~ 1.6 eV which is considered as a better

alternative bandgap for solar cell application [73].

2.1.5.1 Mixed Antimony and Bismuth Based Double Perovskite Solar Cell
(Cs2AgBio.75Sbo.25Brs)

Pantaler et al. fabricate the lead-free mixed antimony bismuth (Sb-Bi) based double
perovskite solar cell using the solution-processed technique. The effect of the PV
performance on the different compositions of Sb is investigated. The structural
composition, optical properties and electronic structure are determined. The presence of
Sb on the CsyAgBio.75Sbo25Brs is confirmed by X-ray diffraction (XRD) analysis. With
the help of the UV-vis measurement technique, the optical bandgap and the transmittance
of the double-perovskite is determined. In addition, the chemical composition is obtained
by XPS and EDX measurements. It is determined that the energy band shift is obtained

upon the addition of the Sb cation. However, it is recommended that a further
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investigation on the defect analysis of Cs2AgBio.75Sbo.2sBrs based solar cells needs to be

investigated [73].

Madan et al. simulate the two-terminal (2T) all-perovskite tandem solar cells by
considering CsxAgBio.75Sbo2sBrs as the top subcell having 1.8 eV bandgap and
FACsPbo.sSno 513 as the bottom subcell with a bandgap of 1.2 eV are considered. Primary,
each standalone structure is simulated and the device photovoltaic performance is
measured. Both the standalone structure are optimized based on their thickness and the
optimized thickness of 380 nm and 400 nm is obtained for the top and bottom subcell

[40].

Hossain. A. et al. realize the lead-free tandem solar cell with Cs2AgBio.75Sbo.25Brs as top
subcell having 1.8 eV bandgap and CH3NH3Snl3 as bottom subcell of 1.3 eV. They
presented a complete non-lead-based perovskite solar cell with a tandem configuration.

The wide and narrow bandgap perovskite solar cell shows 15.55 mA/cm? and 30.13
mA/cm?. However, the obtained Voc is attained 1.13 V and 0.84 V for wide and narrow
bandgap perovskite solar cells. It is obtained from the analysis, that the optimized
thickness of the wide band gap layer is 400 nm and the narrow band gap layer is 426 nm
is achieved. The wide band gap perovskite layer shows the PCE of 10.32% and the
narrow bandgap perovskite layer shows the PCE of 14.54%. In addition, the tandem
configuration shows the device PV performance depicts 24.86% power conversion

efficiency [74].

2.1.6 Current State of Art for the Perovskite, Electron and Hole Transport Layers in
Perovskite Solar Cell Technology

It is obtained from Table 2.1 and Table 2.2 that the PV performance of the solar cell
mainly depends on the hole and electron transport layer. Hence, to realize an efficient
solar cell the charge transport layer should be carefully chosen. Moreover, it has resulted
from Table 2.1 and Table 2.2 that there is an extensive study performed using the various
ETL and HTL is mainly on the lead-based perovskite solar cell. However, the toxicity of
the lead material is the major roadblock towards the commercialization of these solar
cells. To remove the toxicity issue, there is a stringent requirement to explore the effect of

various charge transport layers on the PV performance of Pb-free PSC.
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Table 2.1 Current state of the art for the various hole transport layer for perovskite solar

cells

HTM Type Device Structure Voc Jsc FF n References

SpiroOMeTAD ITO/SnO./PVSK/PEAI 1.160  1.16 81.40 23.56 [75]
/spiro-OMeTAD/Au

SpiroOMeTAD ITO/SnO2/PVSK/spiro- 1.120  23.86  80.60 21.64 [76]
OMeTAD/Au

SpiroOMeTAD FTO/c-TiO2/CHI- 1.110  20.23  82.00 18.40 [77]
CsPbls/spiro-
OMeTAD/Ag

SpiroOMeTAD ITO/SnO2/CsPbl:Br/Sp 1.120 1540  81.50 14.05 [78]
iro-
OMeTAD/Mo0Os/Ag

SpiroOMeTAD FTO/cp-TiO2/mp- 1.162 23.78 78.80 22.00 [79]
TiO2/PVSK/spiro-
OMeTAD/Au

SpiroOMeTAD FTO/cp-TiO2/mp- 1.120 2398 79.62 21.38 [80]
TiO2/PVSK/spiro-
OMeTAD/Au

PEDOT:PSS ITO/PEDOT:PSS/PTA 1.070 21.58 82.59 19.04 [81]
A/PVSK/PCBM/Ag

PEDOT:PSS ITO/PEDOT:PSS/PVS  1.040 2222  80.00 18.46 [82]
K/PC61BM/Ag

PEDOT:PSS ITO/PEDOT:PSS/PVS  1.100 2090  79.00 18.20 [83]
K/PCBM/Au

PEDOT:PSS ITO/PEDOT:GO/PVS  1.02 21.55 82.30 18.09 [84]
K/PCBM/ZnO/Ag

PEDOT:PSS ITO/PEDOT:PSS/PVS  1.020 21.93  76.00 17.22 [85]
K/PCBM/BCP/Ag

P3HT FTO/cp-TiO2/mp- 1.024  23.19 68.60 16.27 [86]
TiO2/PVSK/P3HT/Au

P3HT FTO/cp-TiO2/mp- 0970 2390 62.00 14.40 [87]
Ti02/PVSK/P3HT/Au
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Cul FTO/Cu@Cul/PVSK/P 1.060 2331 76.10 18.80 [88]
CBM/ZnO/Ag

Cul FTO/Cul/PVSK/PCBM 1.040 21.06 62.00 13.58 [89]
/Al

Cul FTO/TiO2/PVSK/Cul/  0.780  16.70  57.00 7.50 [90]
Au

Cul FTO/cp-TiO2/mp- 0.550 17.80 62.00 6.00 [91]
Ti02/PVSK/Cul/Au

WS, ITO/WS,2/PVSK/C60/B  0.970 21.22  73.00 15.00 [92]
CP/Al

CuSCN FTO/cp-TiO2/mp- 1.112 2324 78.20 20.40 [93]
Ti02/PVSK/CuSCN/rG
O/Au

CuSCN FTO/cp-TiO2/mp- 1.071 2349 76.21 19.17 [94]
TiO2/PVSK/Pr-ITC ?
Ph-DITC/ CuSCN/Au

CuSCN FTO/cp-TiO2/mp- 1.040 23.10 75.30 18.00 [95]
Ti02/PVSK/CuSCN/A
u

CuSCN ITO/SnO2/PVSK/PDM  1.017 2390 7830 19.04 [96]
S/CuSCN/Au

CuSCN ITO/SnO2/PVSK/PDM  1.000 2190 75.80 15.60 [97]
S/CuSCN/Au

Table 2.2 Current state of the art for the various electron transport layer for perovskite
solar cell

ETM Type Device Structure Voc  Jsc FF n References

STO FTO / STO/Cso0.07 FAo.73 1.14  23.021 72.10 19.0 [98]
MAy.70 Pbl 53
Bro.47/SpiroOMeTAD/Au

STO FTO/c-TiO2/mp- 093 1485 54.60 7.55 [99]
STO/CH3NH;3Pbl;.

xClx/Spiro-OMeTAD/Au
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SnO;

SnO»

1GZO

IGZO

PCBM

PCBM

WS»

ZnSe

7/nSe

TiO>

TiO;

TiO»
Zn0O

Zn0O

Zn0O

FTO/SnO, / CH3NH;3Pbls.

xClx/SpiroOMeTAD /Au
FTO/SnO,/(FAPbI3)(MA
PbBr3)0.15/SpiroOMeTAD
/Au
ITO/IGZO/Perovskite/Spi
ro-OMeTAD/Au
ITO/IGZO/Perovskite/Spi
ro-OMeTAD/Au
ITO/PEDOT:PSS/
CH3NH3Pbls.
«Cl/PCBM/Ag
ITO/PEDOT:PSS/CH3N
H3Pbls/PCBM/ZnO/ITO
ITO/WS2/perovskite/Spir
oOMeTAD
FTO/ZnO/ZnSe/CH3NH3
PbI3/SpiroOMeTAD/Au
ITO/PTAA/perovskite/C6
0/ZnSe/Ag[108]

FTO/bl- TiO2/mp- TiO;
/FAPbI3/SpiroOMeTAD/
Au

FTO/bl- TiO2/mp- TiO2
/perovskite/PTAA/Au
TiO2 /MAPDI;/PTAA/Au
ITO/ZnO/CsPbl,Br/Spiro
OMeTAD/Ag
FTO/ZnO/perovskite/Spir
oOMeTAD/Ag
ITO/PEDOT:PSS/perovs
kite/ZnO

1.13

1.14

1.14

1.10

0.95

0.87

1.12

0.94

1.09

1.08

1.06

1.10
1.20

1.13

0.81

22.34

21.30

22.70

20.47

17.08

11.20

22.24

20.75

21.89

23.83

24.70

20.40
14.77

17.29

10.40

76.00

0.74

66.82

67.04

61.80

67

0.73

0.57

0.72

76.00

77.50

75.00
78.53

66.92
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2.1.7 All-Perovskite Tandem/Multijunction Solar Cell

The multijunction solar cell consists of the combination of wide and narrow bandgap
material that allows the effective absorption of wider (high energy photons and low
energy photons) portion of visible spectrum eventually leads to the enhancement of the
device photovoltaic performance. However, the charge recombination layer is also
considered as one of the most crucial constraints to effectively realize all-perovskite
multijunction solar cells. To effectively utilize the function of multijunction solar cells it
should possess low fabrication cost, compatibility with the adjacent layers, better optical
management as well as wide-scale manufacturing ability. For a constructive realization of
the solar cell, several strategies are utilized such as bulk passivation strategy [37], halide
alloying [35], mixed cation engineering [36][38], use of nucleation layer etc [115]. A

detailed literature survey adopting these strategies are mentioned below.

Madan et al. simulate the two-terminal all-perovskite tandem solar cells by considering
Cs2AgBi0.75Sbo.25sBr6 as the top subcell having 1.8 eV bandgap and FACsPbo.sSnosls as
the bottom subcell with a bandgap of 1.2 eV are considered. Primary, each standalone
structure is simulated and the device photovoltaic performance is measured. Both the
standalone structure are optimized based on their thickness and the optimized thickness of

380 nm and 400 nm is obtained for the top and bottom subcell [40].

Jiang et al. synthesized the charge recombination layer (CRL) for two-terminal
perovskite-perovskite tandem solar cells using the solution processing method. The
proposed CRL comprises Spiro-OMeTAD/PEDOT:PSS/PEI/PCBM:PEI which permits
efficient recombination of charges. In addition, the proposed CRL prevent the perovskites
layer from degradation as the processing of the perovskite layer is crucial [40].

Noteworthy, to maintain the Jsc of the solar cell the bottom subcell fabrication should be
smooth and non-porous in nature. Moreover, the device performance is compared based
on the different electrodes such as Ag and highly conductive (hc)-PEDOT:PSS electrode,
in which the hc-PEDOT:PSS show inferior Jsc as compare to the Ag based electrode. In
the case of single-junction solar cell, the Ag and highly conductive (hc)-PEDOT:PSS
exhibits 11.7% PCE and 10.1% PCE. Further, the ETM is changed from PCBM to
PEI:PCBM and the device performance improves significantly and reaches up to 11.4%

and 8.3% in the case of the top subcell. Further, the tandem perovskite solar cell is
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explored which depicts the PCE of 7 % with the open-circuit voltage of 1.89 V which is
the addition of the two sub-cell of the perovskite solar cell [46].

Im et al. realized a perovskite-perovskite tandem structure by laminating and pressing
technique of the top and bottom subcells. The tandem device configuration consists of
FTO/bl-Ti02/MAPbBr3/hole conductor/PCBM/MAPDI; perovskite/PEDOT:PSS/ITO. To
the efficient realization of the series tandem cell, a recombination layer is considered as
the tandem solar cell mainly influenced by effective charge carrier transportation and
recombination. Moreover, the HTL with some additives exhibits better photovoltaic
performance as compare to the HTL without additives. For this purpose, they considered
the HTM with Li-TFSi and t-BP as a conductive layer additive that enhances hole
conductivity and allows high transportation of holes resulted to the improvement in the
device photovoltaic performance. The tandem solar cell shows Voc and Jsc of 2.25 Volts,
8.3 mA/cm? respectively. However, the FF and 1 obtained for a tandem solar cell are 56%
and 10%. Surprisingly, it is obtained that the tandem cell shows high Voc but exhibit less
efficiency as compare to their standalone perovskite structure. This is basically due to the
improper working of the recombination layer and lesser hole conductivity of the hole

transport layer [34].

Rajagopal ef al. investigated an integrated perspective to improve the tandem solar cell
open-circuit voltage by bandgap engineering optimization along with smaller loss in Voc.
For the suitability of tandem structure initially, the wide (1.8 eV) and narrow (1.2 eV)
bandgap layers are studied and optimized. The MAPbSnosl; based perovskite layer is
considered for the application of a narrow bandgap perovskite layer with a bandgap of 1.2
eV. In the case of the narrow bandgap perovskite solar cell, Cso is considered as an ETL
which provide the PCE even less than 10 %. To alleviate the PV performance of
MAPDSnosIz based perovskite layer, the Cso layer is replaced with another fullerene
based indene-Cgo-bis-adduct IC¢oBA as an ETL layer and PEDOT:PSS as an HTL layer is
considered [35].

Eperon et al. fabricate two-terminal (2T) and four-terminal (4T) perovskite solar cells. In
the realization of two-terminal tandem solar cell, the narrow bandgap absorber layer
(FA0.75Cs0.25Sn0.5Pbo 513) possess a bandgap of 1.2 eV with 14.8% PCE. In the case for
wide bandgap absorber layer (FAo.83Cso.17Pb(l0.5Bro.5)3), it exhibits the bandgap of 1.8 eV
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which depicts the PCE of 17.5% in a standalone configuration. Further, using these
combinations the tandem perovskite solar cell is implemented with the device efficiency

of 20.3% [36].

Zhao et al. propose an opportunity to reduce the electronic disorder of low bandgap
perovskite layer (FASnI3)o.s(MAPDbI3.xClx)o4 by incorporation of the chlorine (CI) using
bulk passivation strategy. This bulk passivation strategy allows the facile fabrication of a
low bandgap (1.25 eV) perovskite layer without the suffering of the voltage and fill factor
loss. Further, the proposed low bandgap perovskite layer is combined with the top
perovskite layer along with the interconnecting layer between to realize a mixed Sn-Pb

based tandem solar cell which depicts the 21% PCE [37].

Later, the all-perovskite 2T tandem solar cell is fabricated with 1.75 eV and 1.25 eV
(2.5% of Cl) top and bottom subcell. The obtained tandem solar cell presents the 21%
PCE. The limited PCE is attained due to the open-circuit voltage loss on the top subcell
and the limited short circuit current density of the bottom subcell. This is mainly due to
the halide segregation of the wide bandgap absorber layer. Hence it is concluded by the
author’s that the presented work opens a new opportunity for the development of highly

efficient all-perovskite tandem solar cells [37].

Tong et al. perform an attempt to enhance the device performance of PCE of tandem solar
cells greater than 30% for Pb and Sn based PSC. To enhance the device performance, the
GauSCN is incorporated as an additive in the low Dbandgap sub cell
((FASnl3)o.6(MAPbI3)0.4) of the tandem solar cell. It is revealed from the analysis that
with the addition of GauSCN the structural, electrical, optical properties are improved due
to the reduction of defect density of the absorber layer of around 10 times. This reduction
of defect density of the low bandgap perovskite allows the enhancement of the PCE (at
least > 20%) of the perovskite solar cell [38].

Palmstrom et al. propose an opportunity to overcome the major challenges occurs in the
fabrication of all-perovskite tandem solar cell. These challenges include the formation of
a facile recombination layer which prevents the damage of top cells while fabricating the
bottom subcell[115]. The second challenge includes attaining the high open-circuit

voltage from the wide bandgap perovskite layer. To overcome these challenges, they
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develop a novel strategy that includes improvement of the nucleation properties of buffer
layer prepared via atomic layer deposition (ALD). For the low bandgap perovskite
FACsPbl; layer is considered with the bandgap of 1.27 eV. Generally, the range of wide-
bandgap perovskite lies in the range of 1.7 eV to 1.85 eV along with the inclusion of
halide content such as Br in it. It is obtained from the literature that the presence of Br
content led to the halide segregation of the perovskite layer which in turn reduces the
open-circuit voltage and degrades the stability of the solar cell. To mitigate these issues,
the bandgap widening method is introduced by mixing the dimethylammonium
formamidinium and cesium (DMA and Cs) to form 1.7eV FAo.6Csos DMAo.1 Pbo.4 Broe
perovskite layer. Further, using these combinations of layers (DMA modified perovskite)

the tandem solar cell is fabricated which enhance the PCE up to 23.1% [115].

Singh et al. investigated the drift-diffusion model based all-perovskite tandem solar cell
by optimizing the thickness and bandgap of top and bottom subcell. The cell architecture
consists of C60 (ETL)/bottom cell perovskite/ HTL (PEDOT:PSS)/recombination
layer/ETL (PCBM)/top cell perovskite/HTL (NiO).By using drift-diffusion simulation
model, the effect of interface and bulk defects, effect of the mobility of the perovskite
layer is studied. In addition, the doping of the charge carriers, the effect of contact work
function is investigated. It is obtained from the theoretical calculations, that with the
thickness of 350 nm of each layer the maximum efficiency of 36.6% is achieved with the
corresponding bandgap of top and bottom cell is 1.5 eV and 0.95 eV. Further, the traps
are introduced between the perovskite /ETL and perovskite /HTL interface as well as in
the bulk of the perovskite. The increment of traps leads to the reduction of the device
performance. The optimized trap time of 10? s is obtained for the interface and for the
bulk 5x107s trap time is achieved. These combinations of trap time will eventually

enhance the PCE, reaches up to 29.8% [116].

2.2 Research Gaps

e Regardless of the progressive achievement of the perovskite solar cell, toxicity
remains a primary concern. Hence, the demand for lead-free perovskite solar cells

attracted wide attention among researchers.
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e Moreover, despite perovskite absorber layers, the charge transport layers also play a
significant role in the perovskite performance. Depend on the band alignment,
different charge transport layers possess different photovoltaic characteristics. Thus,
there is a stringent requirement for the investigation of various charge transport
layers on less explored perovskite layers.

e For the application of lead-free all-perovskite tandem solar cells, limited wide and
narrow bandgap perovskite layers are explored. Hence there is a requirement to
explore several other wide and narrow band gap perovskite alternatives for the
application of lead-free tandem solar cells.

e Also, no literature is available to investigate the effect of charge transport layers on

the all-perovskite tandem solar cell performance.

2.3 Research Objectives

e Design and simulation of perovskite solar cells using different high/low bandgap
perovskite layers.

e Design and simulation of perovskite solar cells using different electron/hole
transport layer combinations.

¢ Proposing a multijunction lead-free perovskite solar cell using a simulated structure.

2.4 Organization of Thesis

The thesis is summarized into the following chapters and the chapter wise summary is

given below.

Chapter 1 includes the basic theoretical concepts of the solar cell. The different

generation of the solar cell is presented in this chapter.

Chapter 2 presents a detailed literature review of the lead-free perovskite solar cell based
on different perovskite layers. The chapter divides into subparts such as (i)
Methylammonium tin halide (CH3NH3Snl3) based perovskite solar cell (i)

Methylammonium germanium halide (CH3NH3Gels) based perovskite solar cell (iii)
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Cesium tin-germanium triiodide (CsSnGelz) based perovskite solar cell (iv) Mixed
germanium and tin halide (FAMASnGels) based perovskite solar cell (v) Double-
perovskite i.e., mixed antimony bismuth halide (Cs2AgBio.75Sbo.2sBrs) based perovskite
solar cell is presented. Moreover, the literature based on the all-perovskite tandem solar
cell is also included in this chapter. In addition, the need for the study of lead-free
perovskite solar cells, the identified research gaps, research objectives and the

organization of the thesis is also documented in the chapter.

Chapter 3 presents the basic introduction of the software and further, the numerical
simulation of lead-free wide and narrow bandgap perovskite layers for the application of
perovskite solar cells. Further study includes the effect of several hole transport layers on
standalone lead-free perovskite layers. In addition, the effect of each absorber layer defect
density is studied. Moreover, the effect of the back electrode metal work function of the
standalone structure is also explored. Additionally, the effect of temperature on

standalone perovskite structure is studied.

Chapter 4 consists of a numerical simulation of the lead-free double-perovskite solar cell.
In this study, the effect of different electron transport layers and the effect of the hole
transport layer is realized by correlating the built-in potential with the open-circuit
voltage. Later, the effect of lead-free double-perovskite absorber layer thickness is

optimized to attain the optimum device efficiency of perovskite solar cells.

Chapter 5 includes the numerical simulation of the lead-free all-perovskite multijunction
solar cell. The proposed study includes the effect of the electron transport layer on the
photovoltaic performance of the solar cell. In addition, the effect of perovskite absorber
layer thickness is also explored and optimized for multijunction perovskite solar cells.
Moreover, the effect of absorber layers defects density on the photovoltaic performance is
realized. Later, the effect of the front electrode work function is also explored. Our
proposed work depicts all-perovskite multijunction solar cells with improved photovoltaic

performance.

Lastly, in chapter 6 the concluding remarks and the future scope of the proposed work are

presented.
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2.5 Contribution of the Research Work

Depend on the proposed objectives the original contribution of the research work is listed

below:

¢ This thesis provides an extensive simulation of the effect of different parameters of

the various layers on lead-free perovskite solar cells performance.

e This thesis also suggests the different combinations of low and high band gap layers

for high-efficiency multi-junction solar cells.

e The best possible charge transport layers for various perovskite layers based on

extensive band alignment engineering is also a major contribution of this thesis.
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CHAPTER 33

NUMERICAL SIMULATION OF HIGHLY EFFICIENT LEAD-FREE
PEROVSKITE SOLAR CELLS

Numerical simulation plays a crucial role in the expansion of the photovoltaic industry as
it allows the implementation of the complex mathematical model, provides an analytical
solution as well as is desirable for a thorough understanding of the device performance. It
is quite complicated to fabricate numerous combinations of the charge transport layer,
perovskite absorber layers and hence the simulation of numerous layers is an efficient
way to attain higher device performance. The numerical simulation method allows the
researchers to save their fabrication cost and time at the same time allows it to pave a new
path that will emphasize computer-based learning. The SCAPS 1D (solar cell capacitance
simulator) is a one-dimensional tool, developed by Prof. Marc Bulgerman from the
Department of Electronics and Information System, University of Ghent, Belgium (ELIS,
Belgium). The SCAPS software is a window-oriented application program usually written
in C code also freely and easily available [117][118]. The SCAPS was originally
developed for CIGS (copper indium gallium arsenide) and CdTe (cadmium telluride)
solar cells. Later, it was upgraded and made compatible to simulate other solar cell
structures[119]. The SCAPS utilizes finite difference method to solve the differential
equations. The software provides the analysis of semiconductor properties such as current
density, carrier density, occupation probability of deep defects of carriers, energy band
diagram analysis. Additionally, it also calculates the I-V (current-voltage) characteristics,
solar cell photovoltaic parameters, QE (quantum efficiency) calculations. To analyze
these basic semiconducting properties the material parameters are provided such as
bandgap, electron affinity, conduction band density of states, valence band density of
states, electron/hole thermal velocity, electron/hole mobility ezc. It allows the calculation
of current in both dark and light conditions. Several spectrums are provided for
illumination purposes such as A.M 1.5G (Air mass 1.5 global), A.M 0, A.M.1.5 D, etc.

The SCAPS solves the basic semiconducting equations which are discussed below:
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(1) Current density equation:
It is well evident that the current conduction inside the semiconductor mainly
consists of two basic phenomena i.e., drift current and diffusion current. The drift
current is caused due to the electric field within a device and the concentration
gradient present inside the semiconductor leading to the diffusion current as given

by Eq. 3.1 and Eq. 3.2.

dn KTdn
]n = annE + ana = q}un(E + q dx)
Eq. 3.1
_ dp KTdp
Ip = aupPE + aDy- = quyE + W)
Eq. 3.2

where,

E is defined as the electric field,

Ln,lp are mobilities of electron and hole,

Ju, Jp are current densities for electron and hole,

Dn,D,, are diffusion constant for electron and hole, respectively.

(2) Continuity equation:

The semiconductor includes several transport mechanisms. The continuity
equation is the time-dependent mechanism that includes the generation and
recombination of charge carriers under low-level injection. Due to the drift,
diffusion, direct and indirect generation and recombination mechanism, the carrier
concentration varies with respect to time. The continuity equation is also
explained as the net charge carrier concentration of the semiconductor is defined
as the difference between the generation and recombination rate and the net
current flowing inward and outward for a particular region. The continuity

equation of the semiconductor is given by Eq. 3.3 and Eq. 3.4

Eq.3.3

39



Eq. 3.4
where,

G is defined as the generation rate, and Uy,

U, are recombination rates for electron/holes
(3) Poisson’s equation:

Poisson’s equation correlates the space charge distribution with the electrostatic

potential. The Poisson’s equation is given in Eq. 3.5

d*p dE  Ps
—2=——=——=—q(p—n+ND—NA)
dx dx €

Eq. 3.5
® is the electrostatic potential, Np and Na are the donor and acceptor

carrier concentration.

3.1 Results and Discussion

This chapter includes the simulation study of perovskite solar cells using two standalone
lead-free perovskite layers (i.e., CH3NH3Gel; and CsSnGels based perovskites). Further
investigation includes, the studies of the effect of different hole transport layers, absorber
defect density, metal work function and the effect of temperature for both CH3NH3Gels
and CsSnGels based perovskite layers. However, initially, to optimize the performance of
Pb-free , the numerical simulation is validated by regenerating the experimental results
performed by Zhou.et al. as shown in Fig. 3.1[120]. The result shows the close match

between the simulated results and the experimental ones.
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Fig. 3.1. Verification of simulated results to the experimental results[120]

3.2 Device Structure

For simulation, the device parameters chosen are given in Table 3.1- 3.2. Initially, the
simulations of CH3NH3Gels and CsSnGels based perovskite structures have been carried
out and their performance parameter have been measured. The device structure of

CH3NH;3Gels and CsSnGels based perovskite structures are shown in Fig. 3.2(a-b).

Au Au
(CH3;NH;Gel3)400nm (CsSnGel3)400nm
(TiO2)70nm (TiO2)70nm
(FTO)200nm (FTO)200nm
(a) (b)

Fig. 3.2. Structures of the simulated configuration (a) CH3NH3Gels based (b) CsSnGels
based perovskite solar cells
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Table 3.1 Device material parameters of the hole transport layer, absorber layers, electron

transport layer and transparent conductive oxide

Parameters Cu0 CH3NH;3Gels CsSnGels Ti0O2 TCO
Thickness 0.350 0.400 0.400 0.070 0.200
(um)

Band gap(eV)  2.17 1.900 1.5 3.200 3.500
Electron 3.2 3.98 3.9 3.9 4.00
affinity (eV)

Dielectric 7.11 10.00 28 32.00 9.00
Permittivity

Conduction 2.02<10'7  1x10' 3.1x10" 1x10"  2.2x10'8
Band Density

of States (N¢)

(cm?)

Valence Band 1.1x10" 1x10' 3.1x10" 1x10"  1.8x10"
Density of

States (Ny)

(cm?)

Electron 1x107 1x107 1x107 1x107 1x107
thermal

velocity (cm/s)

Hole Thermal 1x10’ 1x107 1x107 1x107 1x107
Velocity (cm/s)

Electron 200 1.62x10° 974 20 20
mobility

(cm?/Vs)

Hole mobility 80 1.01x10° 213 10 10
(cm?/Vs)

Np (cm™) 0 1x10° 0 1x1017 1x10'8
Na (cm™) 1x10'3 1x10° 1 x10' 0 0
Ni(cm™) 1 x10' 1 x10%° 1 x10'® - -
References [121] [53] [66] [53] [122]
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Table 3.2 Numerical parameters taken for different HTM

Parameters Spiro- PEDOT:PSS  NiO Cul CZTSe P3HT
OMeTAD

Thickness 0.350 0.350 0.350 0.350 0.350 0.350

(um)

Eq(eV) 3.06 2.2 3.8 2.98 1.4 1.85

q (eV) 245 2.9 1.46 2.1 4.1 3.1

Dielectric 3 3 10.70 6.5 9 34

Permittivity

Ne(em™) 2.2x10"8  2.2x10" 2.8x10"  2.8x10" 2.2x10"  1x10*

Ny (cm™) 1.8x10"°  2.2x10" 1x10" 1x10" 1.8x10"  1x10*

Electron 1x10’ 1x107 1x107 1x107 1x107 1x10’

Thermal

Velocity

(cm/s)

Hole Thermal 1x10’ 1x107 1x107 1x107 1x107 1x10’

Velocity

(cm/s)

Electron 2x10* 2 12 1.7x10% 100 1x10™

mobility

(cm?/Vs)

Hole mobility 2x10* 2 2.8 2x104 12.5 1x1073

(cm?/Vs)

Na (cm™) 2x10'8 1x10'7 1 x10"®  1x10"®  1x10Y 3.17
%1013

References [53] [122] [123] [122] [123] [124]

Initially, the simulation of perovskite solar cells using individual layer CsSnGel; with low
band gap and CH3NH3Gels having high band gap have been performed. The perovskite
absorber thickness is kept constant at 400 nm during the simulation. However, the

absorber defect density of CH3NH3Gel; and CsSnGels perovskite layers have been
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considered as 1x10'® cm™ as shown in Table 3.1. Fig. 3.3 shows the J-V characteristics of
the simulated PSC. It has been elucidated from the J-V curve of both the structure that
organic CsSnGel; based devices exhibit better device performance than CH3NH3Gels
perovskite solar cells. As shown in Fig. 3.3a, using methyl ammonium germanium halide
the device achieves maximum efficiency of 18.01% (Voc =1.34 V, Jsc= 15.55 mA/cm?,
fill factor (FF) =82.73%). However, tin-based configuration achieved efficiency of
20.58% (Voc =1.00 V, Jsc= 25.75 mA/cm? and FF =79.21%) as shown in Fig. 3.3b. The
Voc value for CH3NH3Gels is 1.34 V whereas 1 V of Voc is obtained for CsSnGels based
perovskite solar cells. This is mainly due to the fact, that CH3NH3Gels has a higher band
gap as compared to the CsSnGelsz. However, the Jsc value is very less for CH3NH3Gels as
compare to the CsSnGels based PSC. This is mainly due to the fact, that the CH3;NH3Gels
based perovskite solar cells absorb less solar spectrum as compare to the CsSnGels based

perovskite solar cells.
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Fig. 3.3. J-V curve of (a) CH3NH3Gels based solar cell (b) CsSnGels based solar cell

Further, the PV performance of the different PSCs (CH3NH3Gels and CsSnGels) has been
explored in terms of the different HTL (hole transport layer), the defect density of

perovskite layers, metal work function, and the temperature.
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3.3 Effect of Different HTL (Hole Transport Layer) on the Photovoltaic
Performance of Perovskite Solar Cells

The different HTLs have been taken to further simulate the individual CH3;NH3Gels and
CsSnGels based PSC as given in Fig. 3.4(a-f) and Fig. 3.8(a-f). The layers are arranged
according to their electron affinity and band gap. The energy band alignment diagram for
CH3NH3Gels based PSC is shown in Fig. 3.4(a-f). However, the obtained EBD from
simulation for CH3NH3Gelz based PSC is shown in Fig. 3.5(a-f). However, Table 3.3
shows the obtained photovoltaic parameters of different HTLs for CH3NH3Gels based
perovskite solar cells. Fig. 3.6 (a-b) shows the obtained photovoltaic parameters for
CH3NH3Gels based perovskite solar cell whereas Fig. 3.7 shows the J-V curve of the
different HTL for CH3NH3Gels based PSC.
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Table 3.3 Effect of Ec err- Ev n1L, dBc-Ec ETL, Vi, VoOC, Jsc, FF, n on the device

photovoltaic performance on CH3NH3Gels based perovskite solar cell

Different Ec el — ®pc- Vi Voc Isc FF n
HTL layers  Ev urL Ec ETL (V) (Volts) (mA/cmz) (%) (%)
(eV) (eV)
P3HT 1.05 1.20 0.80 0.87 15.40 47.44 6.61
PEDOT:PSS 1.20 1.20 0.90 1.11 15.54 81.77 14.74
Spiro- 1.41 1.20 1.21 1.39 15.55 78.82 17.79
OMeTAD
CZTSe 1.60 1.20 1.29 1.14 15.51 83.22 15.33
Cul 1.18 1.20 0.96 1.05 15.55 81.23 13.90
Cu0 1.47 1.20 1.38 1.34 15.55 82.73 18.01
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The hole transport layers are optimized by correlating the built-in potential (Vyi) to the
open-circuit voltage (Voc), where Vi is defined as the energy level difference between
conduction band energy level between perovskite and ETL interface to the perovskite and
HTL interfaces (Ec pvk/EtL —Ec pvknrL) divided by elementary charge q. It has been
obtained from Table 3.3 that for CH3NH3Gelz based perovskite layer, P3HT shows the
lowest photovoltaic performance whereas Cu;O depicts the highest photovoltaic
performance which elevates the efficiency from 6.61% to 18.01% for CH3NH3Gels based
perovskite layer as given in Table 3.3. The lowest PV performance of P3HT is due to the
Ec erL-Ev ure = 1.05 eV which shows Vi up to 0.8 eV and thus reduces the Voc to 0.87
eV. However, the obtained result for P3HT is the worst among all hole transport layers.
The poor device performance of P3HT is due to the non-linear behaviour of its
conductivity versus doping concentration[125]. One cannot enhance the doping
concentration of P3HT from a certain value as it decreases the conductivity of the film
which will reduce the PV performance of the solar cell[126]. Apart from the doping
concentration, low charge carrier mobility (electron mobility: 1x10*cm?/Vs and hole
mobility: 1x10°cm?/Vs) is another reason which limits its Voc up to 0.81 Volts. In the
case of Cux0, the highest Vy; is attained i.e., 1.38 eV which increases the Voc to 1.34
Volts. In addition, spiro-OMeTAD shows the highest Voc of 1.39 eV but less power
conversion efficiency (n) 17.79 % is attained as compare to Cu,0O based hole transport

layer (n = 18.01%). This is mainly because of the low charge carrier mobility of spiro-
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OMeTAD (2x 10 cm?/Vs) as compare to CuzO as the carrier gets lost before reaching
the destination electrodes. However, the highest Voc of spiro-OMeTAD is mainly
because it created a very good barrier for electron as it restricts the electron travel towards
HTL. The limited photovoltaic performance of PEDOT:PSS is due to the barrier between
HTL/¢Bc interface. As compared to CuO, Cul and CZTSe shows poor photovoltaic
performance due to their lower Vy; and thus reducing its Voc and efficiency. It is obtained
from Fig. 3.5 and Table 3.3 that CuxO shows the better Vyi, as well as good charge carrier
mobility for CH3NH3Gels based perovskite solar cell and hence, shows comparatively

better PV performance as compare to other HTLs.

Furthermore, the effect of different hole transport layers on the photovoltaic performance
of CsSnGels based PSC is also explored. The energy band alignment diagram for
CsSnGels based PSC is shown in Fig. 3.8(a-f). However, the obtained energy band
diagram from simulation for CsSnGelsz based PSC is shown in Fig. 3.9(a-f). However,
Table 3.4 shows the obtained photovoltaic parameters of different HTLs for CsSnGels
based perovskite solar cells. Fig. 3.10(a-b) shows the obtained photovoltaic parameters
for CsSnGels based perovskite solar cell whereas Fig. 3.11 shows the J-V curve of the
different HTL for CsSnGels based PSC. It has been obtained from the simulation when
CsSnGel; based perovskite layer is used for perovskite solar cell the final device
photovoltaic performance is enhanced. This is mainly attributed to the suitable bandgap
of CsSnGels based perovskite solar cell which is 1.4eV, which is considered almost an
ideal bandgap for absorber layers. A detailed study using different hole transport layers is
presented in this section. Similar to CH3NH3Gels, in the case of CsSnGels as well, the
P3HT shows the worst device performance, which is mainly due to its non-linear
behaviour of its conductivity versus doping concentration as mentioned in the case of
CH3NH3Gelz based perovskite solar cell[126]. Also, it has been explored from the
literature, that one cannot enhance the doping concentration of P3HT from a certain value
as it decreases the conductivity of the film which will reduce the PV performance of the
solar cell[126]. Apart from the doping concentration, low charge carrier mobility
(electron mobility: 1x10™* cm?/Vs and hole mobility: 1x10- cm?/Vs) of P3HT is another
reason which limits its Voc to 0.81 Volts. In addition, the limited device performance of
PEDOT:PSS on CsSnGels based PSC is due to its low charge carrier mobility, which
impedes the carrier to get collected at the electrodes. As given in Table 3.4,

spiroOMeTAD and CZTSe show almost analogous Vi and hence similar Voc are
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obtained. However, the photovoltaic performance of spiro-OMeTAD is inferior to that of
CZTSe mainly due to its smaller hole and electron mobility (2x10* ¢m?/Vs). From the
correlation between the Vi and Voc, it is expected that Cul shows similar photovoltaic
performance (i.e., power conversion efficiency) to that of CZTSe, but the photovoltaic
performance of Cul based HTL layer is quite less as compare to the CZTSe hole transport
layer. The low photovoltaic performance of Cul is due to the lower charge carrier
mobility of Cul (~10* cm?/Vs) which limits the overall device performance. The hole
transport layer that shows better device photovoltaic performance of CsSnGels based
layer is also Cu2O as shown in Fig. 3.10 and Fig. 3.11, which is due to its higher V; as
given in Table 3.4 and thus resulted in Voc of 1.00 Volts. The CuxO depicts better
photovoltaic performance among all other HTLs because of its better band alignment with
the perovskite layer and back contact, and high charge carrier mobility. Hence, Cuz0O is
considered as a hole transport layer for both CH3NH3Gels as well as CsSnGelz based
perovskite solar cells. However, it is already shown in the literature that the CuxO layer
can be compatible with low—temperature solution-processed method [127] and thus CuxO

as an HTM is taken further to study perovskite layers.
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Table 3.4 Effect of Ec err- Ev nrr, dsc-Ec etL, Vi, Voc, Jsc, FF, 1 on the device
photovoltaic performance on CsSnGels based perovskite solar cell

Different Ec er.-  ®se- Vbi Voc Jsc FF n
HTL layers  Ev urL Ec ETL (V) (Volts) (mA/ cm2) (%) (%)
(V) (V)
P3HT 1.05 1.20 0.78 0.83 19.68 48.02 7.90
PEDOT:PSS 1.20 1.20 0.88 0.96 25.66 78.48 19.37
Spiro- 1.61 1.20 1.00 0.98 25.77 70.84 17.98
OMeTAD
CZTSe 1.60 1.20 0.99 1.00 25.69 79.92 20.61
Cul 1.18 1.20 0.96 0.96 25.74 75.21 18.70
Cu0 1.47 1.20 1.30 1.00 25.75 79.22 20.58
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Fig. 3.10. Simulated result for CsSnGels based perovskite solar cell (a) Voc and Jsc (b)
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3.4 Effect of Absorber Defect Density on Lead-Free (CH3:NH3Gels and
CsSnGels) Perovskite Solar Cells

The defect density of the individual layers play a significant role in the performance of
the solar cells as it increases the recombination centre in the layer. The Schockley—Read—
Hall (SRH) recombination model has been employed to study the effect of defect density

of the absorber layer on the performance of solar cells as given in Eq. 3.6 and Eq. 3.7.

2
np - nj

RSRH = Tp(" +n)+1,(p+p;)

Eq. 3.6

1
T = —
and np TV np N,

Eq. 3.7
where,

Rsit i the Schockley—Read—-Hall recombination rate,
n and p are the concentration of electron and hole,

Tp,Tn are the lifetime of hole and electron.

The influence of defect density on the device photovoltaic performance on two different
configurations, i.e., (CH3NH3Gelz and CsSnGels) is studied. The initial defect density of
both the perovskite layer is considered as 1x10'® cm™ as shown in Table 3.1. Initially, the
defect density of CH3NH3Gel; based perovskite solar cell is altered from 1x10'* cm™ to
1x10" ecm™ as shown in Fig. 3.12a and Fig. 3.12b. It has been observed that as the defect
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density of CH3NH3Gels based perovskite absorber layer has been increased from 1x10'
cm” to 1x10" cm™, the Voc has been decreased from 1.35 V to 1.30 V, and Jsc is more
or less constant at 15.55 mA/cm?. However, the FF and n (efficiency) of CH3;NH3Gels
based perovskite solar cell has been reduced from 83.19 % to 67.97 % and 18.16 % to
14.30 % respectively as illustrated in Fig. 3.12a and Fig. 3.12b.
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Fig. 3.12. Simulated result for varying CH3NH3Gels defect density (a) Voc and Jsc (b) FF
and n

Likewise, the defect density of CsSnGels based perovskite layer is varied from 1x10'*
cm™ to 1x10' ecm™. The device photovoltaic performance of CsSnGels based perovskite
layer is shown in Fig. 3.13a and Fig. 3.13b. As the defect density increases from 1x10'
cm™ to 1x10' ecm™ the Voc reduces from 1.10 V to 0.79 V, Jsc decreases slightly from
25.76 mA/cm? to 25.15 mA/cm?. Though FF reduces from 84.64 % to 67.12 % and a
corresponding decrease of 1 is observed from 24.13 % to 13.42 % as illustrated in Fig.

3.13a and Fig. 3.13b.
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As the defect density of the absorber layer increases, it creates more recombination
centres due to which more carriers are getting recombined within the absorber layer.
Also, as the defect density of the absorber layer increases it will reduce the lifetime of
carriers which degrades the overall device performance of solar cells as per the Eq. 3.6
and Eq. 3.7. Moreover, with the increase in defect density, recombination centres also
increase which decreases the shunt resistance of the device which in turn reduce the open-
circuit voltage (Voc). Hence, it can be concluded from the above analysis that for better
device performance of the solar cell, the defect density of the perovskite layers should be
controlled to the order of ~1x10'* cm™ as with the increase of defect density of the

absorber layer, the photovoltaic performance has been reduced.

3.5 Effect of Metal Work Function on Lead-Free (CH3NH3Gels and
CsSnGels) Based PSC

The metal electrode is deposited over the HTM to collect holes from the external circuit.
To facilitate the proper collection of majority charge carriers i.e., a hole through the back
contact, the formation of an ohmic contact is an essential condition. To understand the
effect of metal work function on the photovoltaic performance of all-perovskite
multijunction solar cell different metal electrodes configuration has been studied. The
metal work function has been increased from 4.65 eV to 5.65 eV (4.65 eV (Cu), 4.70 eV
(Ag), 5.00 eV (Ni,C), 5.1 eV(Au), 5.30 eV(Pd), 5.65 eV (Pt)).
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Fig. 3.14(a-b) and Fig. 3.16 (a-b) demonstrates the effect of metal work function on the
performance of CH3NH3Gels and CsSnGels based perovskite solar cells. As observed,
when the work function increases till 5.0 eV, the Voc, FF and r increase and get saturated
when the metal work function is increased further. In the case of CH3NH3Gelz based
PSC, when the metal work function increased from 4.65 eV to 5.65 eV the Voc increased
from 1.22 V to 1.34 V, FF increased from 78.28% to 82.74% and n enhances from 15.53
% to 18.02% as shown in Fig. 3.14(a-b). However, no significant change in Jsc is
obtained. A similar trend is obtained in the CsSnGel; based perovskite solar cell. With the
increase of metal work function in case of CsSnGels based perovskite solar cell from
4.65eV to 5.65 eV, the Voc increases from 0.89 V to 1 V, whereas FF and n elevates from
69.65% to 79.22% and 16.07% to 20.60 % respectively as shown in Fig. 3.16a and Fig.
3.16b. From the obtained results, it can be easily depicted that, as the work function of
metal increases the efficiency enhances correspondingly which in turn improve the device
performance.

It is observed from Fig. 3.15a and Fig. 3.17a, that a barrier exists between the back
contact and HTM layer when the metal work function is 4.65 eV however as the metal
work function increases till 5.0 eV the majority carrier barrier height reduces. When the
work function of back contact is equal to the valence band maximum (VBM) of HTM or
smaller than that of HTM, it will create a barrier for holes as shown in Fig. 3.15a and Fig.

3.17a.
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Fig. 3.14. Simulated results for metal work function for CH3;NH3Gels solar cell (a) Voc
and Jsc (b) FF and n
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However, when the 5.0 eV, metal work function is used, it matches with the Fermi level
of the HTM layer and the barrier will get depleted and hence the power conversion
efficiency is saturated as shown in Fig. 3.15b and Fig. 3.17b. On further increasing the
metal work function, the device performance gets saturated as it gets restricted by the
number of charge carriers available for the collection. Therefore, Voc and PCE increase
to 5.0 eV and on further increasing the metal work function the device performance gets

saturated.

From the obtained results, it can be concluded that, to achieve higher photovoltaic
performance, the metal work function should not be less than 5.0 eV [128] as far as Cu2O
is considered as an HTM. Due to the 5.0 eV work function of graphene, it is also
considered as a prominent choice for the application of back contact electrode for the

application of CH3NH3Gels solar cell and CsSnGels based perovskite solar cell [128].

3.6 Effect of Temperature on Lead-Free (CH3NH3Gel; and CsSnGels)
Based PSC

Due to the continuous touch with the sunlight, it will increase the cell temperature (>400
K) even higher than the room temperature (300 K). Hence, there is a need to understand

the device performance parameters with varying the temperature. The device operating
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temperature is varied from 250 K to 550 K under constant illumination. The photovoltaic
performance with respect to the temperature for CH3NH3Gel; and CsSnGels based
perovskite solar cells has been shown in Fig. 3.18(a-b) and Fig. 3.19(a-b).

It can be observed that as the temperature increases from 250 K to 550 K on CH3NH3Gels
based perovskite layer the Voc has been reduced from 1.36 V to 1.22 V, FF reduces from
83.34% to 75.69% and efficiency has been decreased from 18.33% to 15.00 %. However,
Jsc has been observed as more or less constant at 15.55 mA/cm?. Moreover, as the
temperature changes for CsSnGels based perovskite from 250 K to 550 K the Voc
reduces from 1.06 V to 0.49 V, FF drops from 80.71% to 59.24% and n decreases from
22.15% to 7.53% and a very slight increase in Jsc is obtained i.e., 25.74 mA/cm? to
25.77mA/cm? as shown in Fig. 3.19a and Fig. 3.19b. The band gap was reduced at a
higher temperature, due to which more recombination of electrons and holes will occur,
resulting in the reduction of Voc. Also, the increase in temperature is directly related to
the increase in defects and thus reduces Voc. Furthermore, the lowering of FF and n with

the increase of temperature can be explained due to the decrement of shunt resistance.

84
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Fig. 3.18. Simulated results for the effect of temperature for CH3NH3Gels solar cells (a)
Voc and Jsc (b) FF and n
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Fig. 3.19. Simulated results for the effect of temperature for CsSnGels solar cells (a) Voc
and Jsc (b) FF and n

It can be obtained from the simulation analysis that the proposed lead-free perovskite
materials show a promising efficiency for PSC development. It can be illustrated from the
above analysis that the proposed optimized wide band gap and low band gap perovskite
solar cell possess (CH;NH3Gels) Voc= 1.34 V, Jsc=15.55 mA/cm?, FF=83.34% and n=
18.33% whereas the CsSnGels based perovskite shows the device photovoltaic
performance Voc= 1.00 V, Jsc=24.79 mA/cm?, FF=80.71 % and n= 22.15% at 300 K

temperature.

3.7 Conclusion

This chapter comprises of the simulations of Pb-free PSC (CH3NH3Gels, CsSnGels) using
SCAPS 1D simulation software. It is observed that, as compared to the CH3NH3Gelz
based structure, CsSnGelz based structure shows better photovoltaic performance
parameters. Further, to achieve better photovoltaic performance, the device Voc is
correlated by Vpi. It is obtained that CuxO as an HTL shows higher Voc in both
CH3NH3Gels and CsSnGels based perovskite structures. In addition, it has been revealed
that the photovoltaic performance of the device mainly depends on the defect density,
metal work function as well as temperature. It can be illustrated from the above analysis

that the proposed optimized wide band gap and low band gap perovskite solar cell possess
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(CH3NH3Gelz) Voc= 1.34 V, Jsc=15.55 mA/cm?, FF=83.34% and n= 18.33% whereas
the CsSnGels based perovskite shows the device photovoltaic performance Voc=1.00 V,
Jsc=24.79 mA/cm?, FF=80.71 % and n= 22.15%. It has been obtained that CsSnGels
based perovskite solar cell depicts much better performance as compare to the
CH3NH3Gels perovskite solar cell, also CsSnGels based perovskite solar cell shows more
significant changes by varying defect density as compare to the CH3NH3Gels perovskite
solar cell. It has been found that at 1x10'* cm™ defect density the device efficiency
increases up to 4% in the case of CsSnGelz based perovskite solar cell, however, no
significant changes are obtained for CH3;NH3Gel; based perovskite solar cell.
Furthermore, it has been elucidated that for better device performance the back contact
work function for both CH3NH3Gels and CsSnGels based perovskite layers should be
greater than 5.0 eV. As the device temperature increases the overall PV performance of
the PSC starts degrading. The proposed optimized wide band gap and low band gap
perovskite solar cell possess (CH3NH3Gels) Voc= 1.34 V, Jsc=15.55 mA/cm?,
FF=83.34% and n= 18.33% whereas the CsSnGelz based perovskite shows the device
photovoltaic performance Voc= 1.00 Volt, Jsc=24.79 mA/cm?, FF=80.71 % and n=
22.15%.
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CHAPTER 4

EFFECT OF CHARGE TRANSPORT LAYERS ON THE
PERFORMANCE OF LEAD-FREE DOUBLE-PEROVSKITE SOLAR
CELL

4.1 Introduction

Double halide perovskite such as Cs2AgBiBrs proves to be a viable alternative for the
non-toxic perovskite solar cells due to its excellent physical and optoelectronic properties
but its PCE is still limited up to ~5% due to its low visible light absorption [71][72].
Moreover, Cs»AgBiBrs shows a bandgap up to 2.2 eV, which is unsuitable for absorber
layers of PSC. Several strategies are explored to reduce its bandgap such as the addition
of metal cation e.g. (TI**, Sb®"). It is obtained from literature that by substituting 25% of
Sb** (antimony) along with the Bi** (Bismuth) on Cs;AgBiBrs to form
Cs2AgBio.75Sbo2sBrs there is an increase in a red shift at the absorption spectra due to
which the E; reduces up to ~1.6 eV. In addition, Hutter et al. prepared the mixed Sb-Bi
(Cs2AgBii1xSbxBrs) based perovskite film using wet chemical processing [135]. Despite
the limited efficiency, it raises the potential to develop a more efficient mixed halide
double-perovskite solar cell. Madan et al. reported a lead—free all-perovskite tandem
structure in which Cs»AgBi1xSbxBrs as a wide bandgap perovskite layer has been
introduced[40]. Despite having a tandem configuration based on the Cs>AgBiixSbxBrs
structure, it has been elucidated from the literature that comparatively limited analogous
study has been reported based on lead-free double—perovskite (Pb-free DPSC) (Cs2AgBii-
xSbxBre) solar cells. The only study based on CsxAgBio.75Sbo.25Brs is done by Pantaler et
al. and the study depicts the device efficiency limited up to ~ 1%[73]. However, the effect
of ETLs and HTLs have not been studied which could impact the device efficiency
significantly. For high device performance, ETL should have high electron mobility, a
wide bandgap and should be transparent so that it can permit a maximum portion of the
light to get transmitted through it and absorbed in the perovskite absorber layer. Though,
various hole and electron transport layers have been explored within a decade.
Nevertheless, due to these stringent requirements high-performance charge transport

layers are still limited. However, due to the complexity and limitation of the deposition
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methods the simulation routes are considered as a promising approach for understanding
the effects of the different hole and electron transport layer on the lead-free double-
perovskite solar cell performance. This chapter reports the studies on the numerical
simulation of the standalone lead-free bismuth-antimony based mixed double-perovskite
solar cell and the effect of different charge transport layers and their thickness.
Additionally, the present investigation correlates the Voc with the Vi which clarifies the
selection of the best ETLs and HTLs to enhance the efficiency of the device. This chapter
includes studies to suggest the possible way of enhancing the device efficiency of Pb-free

DPSC (Cs2AgBio.75Sbo.25sBr¢) solar cell structure.

4.2 Device Structure and Simulation Parameters

The device structure of the Pb-free DPSC has been shown in Fig. 4.1. It consists of the

Cs2AgBi0.75Sbo.2sBre layer as a perovskite absorber layer whereas spiro-OMeTAD as an

HTL and ZnO as an ETL.

Au
Spiro-OMeTAD I 350 nm
Cs2AgBio.75Sbo.25Br6 I 400 nm
ZnO I 70 nm
FTO I 500 nm

Fig. 4.1. Device structure for Pb-free DPSC

The parameters taken for the double-perovskite absorber layer, different HTLs and ETLs
are shown in Table 4.1, Table 4.2 and Table 4.3.

Table 4.1 Numerical parameters considered for double—perovskite absorber layer,
electron and hole transport layer and transparent conductive oxide layer

Parameters SpiroOMeTAD  Cs2AgBio.75Sbo.25Bre6 ZnO FTO

Thickness (um) 0.350 0.400 0.070 0.500
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Eg (eV) 3.00 1.8 33 3.5
Electron affinity (eV) 2.45 3.58 4.00 4.00
Dielectric permittivity 3.00 6.5 9.00 9.00
Nc (cm™) 2.2x10'8 2.2x10'8 3.7x1018 2.2x10'8
Ny (cm™) 1.8x10" 1.8x10" 1.8x10" 1.8x10"
Electron thermal 1x107 1x107 1x107 1x107
velocity (cm/s)

Hole thermal velocity 1x10’ 1x107 1x107 1x107
(cm/s)

Electron mobility 2x10 2 100 20
(cm?/Vs)

Hole mobility 2x10* 2 25 10
(cm?/Vs)

Np (cm™) 0 10" 5x10" 108
Na (cm™) 2x1018 10" 0 0
N¢(cm™) 10" 10 10" 10"
References [53] [40] [127] [122]
Table 4.2 Numerical parameters considered for hole transport layers (HTLs)

Parameters Cu20 Cul CuSbS: NiO PEDOT:PSS
Thickness (um) 0.350 0.350 0.350 0.350 0.350
Bandgap (eV) 2.17 2.98 1.58 3.80 2.2
Electron affinity 2.1 4.20 1.46 2.9
(eV)

Dielectric 6.5 14.60 10.70 3
permittivity

N; (cm™) 2.02x10"7  2.8x10" 2x10'8 2.8x10" 2.2x10"
Ny (cm™) 1.10x10" 1x10" 1x10%° 1x10" 2.2x10"7
Electron thermal 1x107 1x107 1x107 1x107 1x107

velocity (cm/s)
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Hole thermal 1x107

velocity (cm/s)

Electron mobility 200
(cm?/Vs)

Hole mobility 80
(cm?/Vs)

Na (cm™) 9x10%!
References [121]

1x107

1.7x10*

2x10™

1x10'8
[122]

1x107

49

49

1.38x10'®
[129]

1x107

12

2.8

1x10'8
[125]

1x107

2x1073

2x1073

1x10"7
[122]

Table 4.3 Numerical parameters considered for electron transport layers (ETLs)

Parameters STO WS: 1GZ0O ZnSe Zn0OS
Thickness (um) 0.070 0.070 0.070 0.070 0.070
Eg (eV) 3.2 1.8 3.05 2.81 2.83
Electron affinity 4.00 3.95 4.16 4.09 3.6
(eV)

Dielectric 8.70 13.60 10.00 8.6 9
permittivity

Conduction 1.7x10"  1x10" 5%10'8 2.2x10'"  2.2x10'
Band Density of

States (N¢)(cm™)

Valence band 2x10%° 1x10'8 5x10!% 1.8x10'8 1.8x10'8
density of states

(Ny) (em™)

Electron thermal 1x107 1x107 1x107 1x107 1x107
velocity (cm/s)

Hole thermal 1x107 1x107 1x107 1x107 1x107
velocity (cm/s)

Electron 5.3x10° 50 15 4x10? 100
mobility

(cm?/Vs)

Hole mobility 6.6x10? 50 0.1 1.1x10? 25
(cm?/Vs)

Np (cm™) 2x101'6 1x10'8 1x10'8 1x101® 2x1018
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References [130] [131] [124] [132] [133]

The Pb-free DPSC (Cs2AgBio.75Sbo25Br16) solar cell is designed as shown in Fig. 4.1. The
device structure for Pb-free DPSC and the proposed solar cell is simulated using SCAPS
ID. Fig. 4.2(a) and Fig. 4.2(b) present the current-voltage (J-V) characteristic and
quantum  efficiency (QE) characteristics. The Pb-frere DPSC based on
Cs2AgBi0.75Sbo.2sBrs as a perovskite absorber layer exhibits power conversion efficiency

n= 11.35%, Voc= 0.94 Volts, Jsc=15.95 mA/cm?, and FF= 72.65%.

18 100
& 16 ——Jtotal 90-
E i 80
- 70 -
g 12
— - — 60 4
*? 10 V()(. =0.94 Volt S <
2] — -

2

g, 8 I = 15.95 mA/em ‘5’ 404
= °1 FF=72.65% 30
= 41 n=1135% 20 :
5 2 10 4 .—QE.

0 r r x x 0 T T T T

0.0 0.2 0.4 0.6 0.8 1.0 300 400 500 600 700
Voltage (Volts) Wavelength (nm)

Fig. 4.2. Characteristics of Pb-free DPSC structure (a) J-V curve (b) QE curve

4.3 Hole Transport Layer Effects on the PV Performance of Pb-Free
DPSC

To examine the impact of various HTLs on the performance of DPSC various HTLs are
analyzed. Depending upon the conduction band and valence band energy levels different
HTLs are arranged as shown in Fig. 4.3(a-f).

To efficiently optimize the hole transport layers, the Vi which is generated across the
perovskite layer is correlated with the open-circuit voltage (Voc). The band diagram
obtained from simulation for different HTLs is shown in Fig. 4.4(a-f). The J-V curve and
QE curve as obtained is shown in Fig. 4.5a and Fig. 4.5b. The resulted parameters for
different hole transport layers are listed in Table 4.5. It is observed that there is a
relationship between Vy; and Voc as the higher Vy,; is attributed to higher Voc as given in

Table 4.5. It is obtained from Table 4.5 that the lowest open-circuit voltage (Voc) is

68



obtained by CuSbS, and the highest open-circuit voltage (Voc) is obtained by CuxO
which significantly increase its n from 8.74 % to 12.67%. In the case of CuSbS; as an
HTL, even the Ec gri-Ev urL = 1.78 eV which is quite high, but still shows lower Vy; of
0.78 eV as compare to the other HTLs and thus the photovoltaic performance degrades
significantly. The lower photovoltaic performance with CuSbS; is mainly because of the
band misalignment between the perovskite/HTL interface as shown in Fig. 4.3d. In
addition, in the case of CuSbS,, a barrier cliff is created between the perovskite and HTL
interface, which hinders carrier transport between perovskite and HTL as shown in Fig.
4.4d and thus reduce overall photovoltaic performance. However, the Ev urL level of
Cuz0 1s 5.37 eV which is almost similar to the Ev pyvk level of the perovskite layer and
shows the best efficiency. However, it is obtained from Table 4.5 that NiO, Cul and
PEDOT:PSS shows similar Voc, but the highest value of PCE is obtained by Cu20. This
is mainly attributed because of higher Vy; value obtained by the Cu,O which resulted in
its higher Voc and PCE.

From Table 4.6, it is seen that when Ec grL-Ev nL < ®c-Ec ETL, Vbi 1s mainly influenced
by Ec eri-Ev ure. In addition, when ®pc-Ec et < Ec gtL-Ev 1L, the Vii is mainly
influenced by ®pc-Ec grL. In the HTL simulation analysis, as Vi is closed to ®pc-Ec EtL,
hence Vyi is mainly affected by ®pc-Ec gL therefore the obtained Voc is corresponding to
®pc-Ec gr. Furthermore, it is also obtained from Table 4.5 that even Ec gri-Ev urr is
varied from 1.10 V to 1.78 V still Vy,; is limited to 0.99 eV as Vy,; is mainly influenced by
®pc-Ec gr.-Moreover, it is also recommended that to obtain higher Voc and PCE, the

Ev urL and ®pc should not be deeper than the Ev pvk to prevent Vy,; loss.
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Table 4.4 Effect of different HTL on the photovoltaic performance of the lead-free
double-perovskite solar cell

Hole Transport Ec grL- Dpc- qVei Voc Jsc FF n
Layers (HTL ) Ev nrL Ec etL (eV) (Volts) (mA/cm?) (%) (%)
(eV) (eV)
Spiro-OMeTAD 1.45 1.10 093 0.94 15.95 72.65 11.35
Cu20 1.37 1.10 0.99 0.96 15.91 79.18 12.67
Cul 1.48 1.10 0.88 0.88 15.92 69.83 10.26
CuSbS; 1.78 1.10 0.78 0.84 13.67 72.86 8.74
NiO 1.26 1.10 0.96 0.96 15.85 7890 12.58
PEDOT:PSS 1.10 1.10 0.96 0.96 14.84 77.16 11.48
18
16 100 4 (b)
14- """" 80-
] TT——ervereeTeT—
"“E —a— SpiroOMeTAD — 60 -
2 10- —e—Cu,0 X —a— Spiro-OMeTAD
< g 2 ;40_ ——Cu,0
g 6l M o —a—Cul
7 —v—CuSbs, 204 —v—CuShS,
= 44
—4— NiO —4—NiO
21 5 PEDOT:PSS 0- —— PEDOT:PSS
%9 82 o1  Gc o8 is 300 400 500 600 700
Voltage (Volts) Wavelength (nm)

Fig. 4.5. (a) J-V curve and (b) QE curves for different HTLs on lead-free double-
perovskite solar cells

Fig. 4.5a shows the resulted J-V curve of the hole transport layers of Pb-free DPSC. It is
evident from the J-V curve that Cu,O shows the higher Voc as well as Jsc. On the
contrary, CuSbS; shows the lowest Jsc and Voc. The highest Voc and Jsc of CuO is
attributed to the better band alignment with the corresponding layers as well as it shows
higher Vy; i.e., up to 0.99 eV. It can be observed from Fig. 4.5b that a quite low QE is
observed for CuSbS; and PEDOT:PSS HTL layers. The prime reason for CuSbS; to show
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low QE is because of the band misalignment between perovskite/HTL interface which
limits carrier collection from the absorber layer to the electrode. In addition, the lower QE
of CuSbS; is due to its lower bandgap (E,) as most of the carriers are absorbed in the hole
transport layer instead of the absorber layer. Due to this the absorption of photons, as well
as carrier generation, decreases in the absorber layer resulted in the lower QE in the case
of CuSbS,. However, PEDOT:PSS shows low photovoltaic performance due to the low
charge carrier mobility which in turn reduce the carrier collection to the electrodes. On
the other hand, no significant changes are obtained by changing HTL on the quantum
efficiency curve. As it is obtained from Fig. 4.5a and Fig. 4.5b that Cu,O shows higher

photovoltaic performance hence CuyO is preferred as a hole transport layer.

4.4 Electron Transport Layer Effects on the PV Performance of Pb-Free
DPSC

In this section, Cu20O is taken as the HTL and ETL has been varied. The ETLs are
organized based on their conduction and valence band energy level as shown in Fig.

4.6(a-f). The band diagrams for different ETLs layers are shown in Fig. 4.7(a-f).

The resulted photovoltaic performance is given in Table 4.5. In case of STO, the value of
Ec et-Ev ure =1.37 eV which exhibits lesser built-in potential Vy; =0.43 eV. The lower
Vi corresponds to the lower Voc i.e., 0.85 V. On the other hand, the highest Voc is
obtained for ZnOS which helps to increase its PCE from 10.50 % to 18.18%. The highest
Voc is achieved in the case of ZnOS is attributed to its higher Vpii.e.,, 1.62 eV. In the case
of IGZO, the limited PCE is obtained due to the low charge carrier mobility of electrons
and holes (pe = 15 cm?/Vs and pp=0.1 cm?/Vs) the photovoltaic performance gets limited
as carriers are lost before reaching to the contacts. It can be suggested that Ec grr, ®rc,

should not be much higher than Ec pyk to avoid Vy; loss.
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Fig. 4.7. Energy band diagram of ETL on the photovoltaic performance of Pb-free DPSC
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Fig. 4.8a and Fig. 4.8b shows the J-V curve and QE curve by varying different ETL on
Pb-free DPSC. It is obtained from the current-voltage (J-V) and QE graph that STO
shows comparatively less device power conversion efficiency as compared to other ETLs.
In addition, ZnOS proves to be the best ETL among various ETL. However, different
ETLs show variation in photovoltaic parameters as well as QE but comparatively less
variations on QE curve is obtained for different ETLs. This is mainly attributed to the
suitable electron and hole mobility as well as suitable band alignment which allows
proper facilitation of electrons from perovskite to contacts via electron transport layer as

depicted in Fig. 4.7(a-f).

Thus, from the resulted EBD as shown in Fig. 4.7f, and from Table 4.5 it is suggested that
for better device photovoltaic performance ZnOS is proving to be the best alternative
among all other ETLs and hence for making Pb-free double-perovskite solar cells, ZnOS

as an ETL and CuyO as an HTL are chosen.

Table 4.5 Impact of various ETL on the device performance of Pb free DPSC

Electron Transport Ec ErL- Opc- qVei Voc Jsc FF n
Layers (ETL) Ev nrL Ev nrL (eV) (Volts) (mA/ecm?) (%) (%)
(eV) (eV)

ZnO 1.37 1.07 1.05 0.96 15.91 79.19 12.68
STO 1.37 1.07 0.83 0.85 15.62 75.68 10.50
WS, 1.42 1.07 1.06 1.09 15.98 80.00 14.49
1GZO 1.21 1.07 1.10  0.83 15.88 79.15 1091
ZnSe 1.28 1.07 0.99 0.92 15.92 79.46 12.14
ZnOS 1.77 1.07 1.62 1.39 16.04 78.34 18.18
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Fig. 4.8. (a) J-V and (b) Quantum Efficiency (QE) curve for different electron transport
layers for Pb-free DPSC

4.5 Impact of Thickness of the Double—Perovskite Layer on the Device
Performance

To understand the effect of varying thickness on the double-perovskite solar cell, the
perovskite layer thickness is altered from 200 nm to 600 nm and the obtained PV
performance is illustrated in Fig. 4.9 a and Fig. 4.9 b.

It is depicted from Fig. 4.9a and Fig. 4.9b that as the device thickness is varied from 200
nm to 600 nm a slight decrement of Voc is observed, whereas Jsc increases from 14.88
mA/cm? to 16.04 mA/cm? up to 400 nm thickness after that it reduces and drops to 15.77
mA/cm?. However, the FF drops slightly from 79.33% to 77.24%. As the thickness is
increased to 400 nm the efficiency increases from 17.15% to 18.18% and after that, it
reduces slightly to 17.55 % as shown in Fig. 4.9b.
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Fig. 4.9. Simulated results for the effect of thickness on Pb-free DPSC(a) Voc and Jsc (b)
FF and n

A slight decrement of Voc with the increasing thickness is ascribed to the increment of Jo
which allows higher carrier recombination. The increment of Jo will reduce the Voc of the

device with the increment of thickness as given in Eq. 4.1

v kT [n (ﬂ + 1)
oc =nq ]0

Eq. 4.1
In addition, an increase in Jsc with the increase in thickness is mainly because of thicker
absorber layer which allows more generation of electron and hole pairs helping increase
the Jsc of the double-perovskite solar cell. Further, increasing in thickness beyond 500 nm
slightly reduces the Jsc. This slight decrement of Jsc may be due to the mismatch between
the diffusion length of carriers and absorber layer thickness. Moreover, as the thickness
increases up to 400 nm a slight increase in FF is observed afterwards it starts decreasing
significantly. The decrease in FF is mainly due to an increase of series resistance with the
thickness. It can be seen from the Fig. 4.9b that PCE first increase and then decrease with
respect to the thickness. When the thickness of the perovskite layer increases, it will
enhance the photon absorption and more carriers are generated which helps to increase
the PCE. Also, with the increase in thickness, it will make a long transfer route for photo-
generated carriers and hence carrier transportation is limited due to the enhanced

recombination which in turn reduce the PCE of the device.
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Fig. 4.11 shows the QE curve of double-perovskite solar cell with respect to varying
thickness and Fig. 4.10 shows the optimized device structure of the solar cell. The QE of
the double-perovskite solar cell enhanced remarkably till 400 nm to 500 nm after that it
reduces. The increase in QE with respect to thickness corresponds to the increased
absorption and carrier generation. However, the QE curve reduces considerably after 500
nm thickness, due to the increase of thickness beyond diffusion length of charge carriers
i.e.,, 0.510 um, so the carriers are lost before reaching the back and front electrodes. As it
is well evident that, the absorber layer thickness can be increased only up to the diffusion
length of carriers. Thus, the optimized thickness for lead-free double—perovskite is
considered 400 nm as slightly higher photovoltaic performance is attained as compared to
500 nm. At 400 nm the device photovoltaic parameters are given as open-circuit voltage
(Voc) = 1.39 V, short circuit current density (Jsc) = 16.03 mA/cm? Fill factor (FF)
=78.37% and efficiency (n) = 18.18%. The optimized double-perovskite solar cell
structure is given in Fig. 4.11. In addition, Fig. 4.12 represents the optimized J-V curve of
the lead—free double-perovskite structure. The optimized parameter at each case is given

in Table 4.6.

Au
Cu,0 I 350 nm
Cs2AgBio 75Sbo 25Brs I 400 nm
ZnOS i 70 nm
FTO i 500 nm

Fig. 4.10. Optimized lead—free double perovskite solar cell structure
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Fig. 4.11. The QE curve with varied thickness from 100 nm to 600 nm

Table 4.6 The final device photovoltaic performance obtained after each parameter
optimization

Device Voc (Volts) Jsc (mA/cm?) FF M (%)
Parameters (%)

Initial Solar cell ~ 0.94 15.95 72.65 11.35
Structure

After HTL 0.96 16.00 79.19 12.74
optimization

After ETL and 1.39 16.03 78.37 18.18
thickness

optimization
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Fig. 4.12. Optimized J-V curve of Pb-free DPSC

4.6 Conclusion

This study brings forth the numerical simulation of Pb—free DPSC. Primarily, various
potential HTL and ETL layers are studied. The optimization of ETLs and HTLs are
performed by correlating the built-in voltage (Vi) with the open-circuit voltage (Voc). It
is figured out from the obtained results, that the layer which shows higher Vy; leads to
higher Voc. It is revealed from the results that, Cu,O shows promising results as a HTLs.
On the other hand, ZnOS shows better device photovoltaic performance as an ETLs. It is
found that to attain higher Voc and PCE the proper selection of HTLs and ETLs is a
crucial factor. For the proper selection of HTL, the Ev nrL and ¢sc should not be much
deeper than the Ev pyk to avoid Vpi loss. On the other hand, for proper selection of ETL,
Ec EtL, @Fc, should not be much higher than Ec pvk to avoid built-in potential loss.
Furthermore, it is concluded that the optimized thickness of the lead-free double—
perovskite absorber layer is 400 nm. After comprehensive optimization, the device
photovoltaic performance elevates up to Voc = 1.39V, Jsc = 16.04 mA/cm? , FF=78.34%
and n= 18.18%. Due to the wide bandgap of the double-perovskite layer, this simulation

study will help to design lead-free perovskite-based multijunction solar cells.
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CHAPTER 5

NUMERICAL SIMULATION OF LEAD-FREE ALL-PEROVSKITE
MULTIJUNCTION SOLAR CELL

There are numerous studied reported on multijunction solar cells, nevertheless there is a
shortage of studies of Pb-free all-perovskite multijunction solar cells (APMIJSC).
Thus, this chapter aims to propose the Pb-free APMIJSC using CsSnGels and
FAMASnGel; as a smaller band gap layer and CH3;NH3Gels as a wider band gap
perovskite absorber layer. This chapter includes the study of the two Pb-free APMJSC
configurations (CH3NH3Gel3-CsSnGels) and (CH3NH3;Gel;-FAMASnGel;) based

perovskite solar cells.

5.1 Device Structure

This study includes two different all-perovskite multijunction solar cells which are as

follows:

A) CH3NH;3Gel; and CsSnGelsbased all-perovskite multijunction solar cell
B) CH3NH3Gel; and FAMASnGelzbased multi-junction solar cells

The standalone structure of (CH3:NH3Gel3-CsSnGels) based all-perovskite multi-
junction perovskite solar cell is already explored in chapter 3. However, the
configuration of (CH3NH3Gelz- CsSnGels) based multijunction solar cell is shown in

Fig. 5.1. Table 5.1, depicts the numerical parameters considered for the simulation.
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Fig. 5.1. Schematic of Pb-free all-perovskite multijunction solar cell

Table 5.1 Input simulation parameters of HTL, Pb-free perovskite layers, ETL,

transparent conductive oxide

Parameters Cu20 CH3NH3Gels CsSnGels GZO TCO
(FTO)

Material 0.350 0.400 0.400 0.070 0.200

Thickness

(um)

Na (cm™) 1x101® 1x10" 1 x10' 0 0

Eg (eV) 2.17 1.900 1.5 3.9 3.500

x(eV) 32 3.98 3.9 4.6 4.00

Np (cm™) 0 1x10° 0 5.2x10" 1x10'®

Dielectric 7.11 10.00 28 9 9.00

Permittivity

te(cm?/Vs) 200 1.62x10° 974 1.8x10' 20

Vinh & Vihe 1x107 1x107 1x107 1x107 1x107

(cm/s)

Nc (cm™) 2.02x10"7 1x10'6 3.1x10'® 2.2x10%  2.2x10'8

Ni(em™) 1 x10™ 1 x10'® 1 x10'° - -

un(cm?/Vs) 80 1.010x10° 213 1.8x10' 10
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Ny (cm™) 1.1x10" 1x10'6 3.1x10'® 1.8x10"  1.8x10"Y
References [121] [53] [66] [134] [122]

In addition, the simulation of lead-free all-perovskite multijunction solar cells
(APMJSC) based upon methyl ammonium germanium halide (CH3:NH3Gel;) and
mixed halide layers (FAMASNGels) is also included which has not been explored
yet in the literature. Moreover, it is obtained from the literature that, individual
CH;3NH3Gels and FAMASnGels based layers are compatible with low-temperature
and solution processing methodology [37][40]. Hence, this chapter includes the
standalone and all-perovskite multijunction solar cell study of the (CH3NH3Gels-
FAMASNGels) based perovskite solarcell as depicted in Fig. 5.2a, Fig. 5.2b, and Fig.
5.2c. The numerical parameters taken for the simulation of CH3;NH;3Gels-

FAMASnGel; based perovskite solar cell are given in Table 5.2.

(a) Au (b) Au
Cu20 350 nm Cu20

STO I 70 nm STO

FTO 200 nm FTO

© Au

350 nm Cuw0
400 nm FAMASNGel;

20 nmi n*

20 nm i P’

I CH;3NH;Gel;

400 nm
70 nm SO
200 nm FTO

Fig. 5.2 Simulated structure of (a) CH3NH3Gels based PSC (b) FAMASnGels based
PSC (c) Multijunction structure of PSC

84



Table 5.2 Device layer properties consider for the HTL, absorber layers, ETL and TCO

Parameters

CuO

CH:3NHsGels

FAMASNGels

STO

FTO

Thickness
(km)
Eq(eV)

qx (eV)
Dielectric
Permittivity
Conduction
Band
Density of
States
(Ne)(em™)
Valence
Band
Density of
States (Nv)
(cm™)
Electron
thermal
velocity
(cm/s)
Hole
Thermal
Velocity
(cm/s)
Electron
mobility
(cm?/Vs)
Hole
mobility
(cm?/Vs)

0.350

2.17
3.2
7.11

2.02x10"

1.1x10"

1x107

1x107

200

80

0.400

1.90
3.98
10.00

1x10'°

1x10'°

1x107

1x107

1.62x10°

1.010x10°

0.400

1.40
3.67
8.20

2.2x10'®

1.8x10"

1x107

1x107

0.070

3.20
4.00
8.70

1.7x10"

2x10%°

1x107

1x107

5.3x10°

6.6x10°

0.200

3.50
4.00
9.00

2.2x10'®

1.8x10"

1x107

1x107

20

10
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Np (cm™) 0 1x10° 1 x10"3 2x1016 1x10'®
Na (cm™) 1x10'8 1x10° 0 0 0
References [121] [53] [52] [130] [122]

Furthermore, this chapter also discusses the effect of ETL and HTLs, as these layers
play a substantial role in charge extraction from the perovskite absorber layer to the
contacts. Due to restraints of the fabrication methods and the expensive transport
layers, numerical simulation methodology is highly promising to comprehend the
impact of various charge transport layers on the PV performance of Pb-free
APMISC. Further, to enhance the device efficiency the defect density of the
perovskite layer is also explored. In addition, the effect of ®gc on APMJSC is also

discussed.

5.2 Simulation Results

The simulated results obtained for the Pb-free APMISC (CH3NH;3Gel;-CsSnGels) and
(CH3NH;3Gel3-FAMASNnGels) is documented here.

5.2.1 CH3NH3Gels and CsSnGels Based All-Perovskite Multijunction Solar Cell

The numerical parameters considered for HTM and ETM in the numerical
simulation are given in Table 5.3, Table 5.4. The schematic diagram of APMIJSC is
given in Fig. 5.1. To provide an optoelectronic interconnection between the top and
bottom sub cells a tunnel junction (n+/ p+ also called recombination layer) is
introduced in such a way that it possesses negligible optical absorption and should
have low series resistance as shown in Fig. 5.1. The simulated J-V curve for Pb-free

(CH3NH3Gel3-CsSnGels) APMJSC configuration is plotted in Fig. 5.3.
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Fig. 5.3 Simulated J-V for Pb-free (CH3NH3Gelz- CsSnGel3) APMJSC configuration

Table 5.3 Input parameters considered for different HTM

Parameters CuGaO; CZTSe SpiroOMeTAD  Cul
Thickness 0.350 0.350 0.350 0.350
(m)

Bandgap (eV) 3.58 1.4 3.06 2.98
Electron affinity  1.71 4.1 2.05 2.1

(eV)

tn(cm?/Vs) 1x1072 1.25x10! 2x10* 1.69x10*
Electron thermal  1x107 1x107 1x107 1x107
velocity (cm/s)

Dielectric 33 9.00 3.00 6.5
Permittivity

Na (cm™) 1x10'® 1x10" 1x10'® 1x10'®
Ny (cm™) 4.38x10" 1.8x10% 1x10% 1x10"
He(cm?/Vs) 1x1072 1x10? 1x10* 1.69x10*
Nc (cm™) 4.38x10" 2.2x10"® 2.8x10" 2.8x10%
Hole thermal 1x107 1x107 1x107 1x107
velocity (cm/s)

References [135] [123] [53] [136]
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Table 5.4 Input parameters considered for different ETM

Parameters Ti0O, STO C60 SnO;
Thickness 0.070 0.070 0.070 0.070
(um)

Bandgap (V) 3.200 3.2 1.7 3.6
Electron mobility 20 5.3x10° 110! 1x102
(cm?/Vs)

Hole thermal velocity ~ 1x107 1x107 1x107 1x107
(cm/s)

Dielectric Permittivity  32.00 8.7 10 9

Nc (cm™) 1x10" 1.7x10" 2.2x10'8 2.2x1018
Vin,e (CM/S) 1x107 1x107 1x107 1x107
Valence band density ~ 1x10" 2x10%° 1.8x10" 1.8x10"
of states

Ny (cm™)

7 (V) 3.9 4.0 45 45
Hole mobility 10 6.6x10° 1x10! 2.5x10°!
(cm?/Vs)

Na (cm™) 1x10"7 2x10'6 1x10'® 1x10%°
References [53] [128] [40] [40]

The all-perovskite multijunction solar cell allows maximum photons absorption.
Hence, asignificant improvement in the photovoltaic performance of APMJSC is
obtained. With GZO as an ETL layer, the proposed all-perovskite multijunction
solar cell shows 14.91% of PCE as shown in Fig. 5.3, is considered as a significant

improvement in all-perovskite multijunction solar cell technology with GZO as an

ETL.
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5.2.1.1 Impact of HTL on the PV performance of Pb-free APMJSC

This section includes the impact of different HTL on PV performance of Pb-free
APMIJSC. Depend on the bandgap and electron affinity different HTL layers are
arranged as given in Fig. 5.4(a-e). The energy band diagram for each HTL layer is
shown in Fig. 5.5(a-e). Fig. 5.6a, Fig. 5.6b and Table 5.5 presents the obtained PV
parameters of the simulated HTL for Pb-free APMJSC. The obtained J-V curve of
various HTL for Pb-free APMIJSC is given in Fig. 5.7. For effective transport of
positive charge carriers (i.e., holes) from perovskite to HTL, the Ev uri (i.e., valence
band maximum (VBM) of HTL) should be above the Ey pvk (i.e., VBM of
perovskitelayer). To analyse the effect of HTL on PV performance the open-circuit
voltage (Voc) and built-in potential (Vy;) is correlated with Ec gri-Ev wr and ®@pc-
Ec gre. It is obtained from Table 5.5 that Vy; is primarily affected by Ec gri-Ev wre and
®pc- Ec gri. Table 5.5 revealed that when Ec gri-Ev wre is more than ®pc- Ec g
then Vy; is mainly influencedby ®pc- Ec grr. In contrast, when Ec gri-Ev nrr is lesser
than ®pc- Ec gri then Vy,; is nearer to Ec gri-Ev nrr. In the case of Cul and CZTSe,
the Vy; (built-in potential) is nearer to Ec gri-Ev urr as in both the cases, Ec gri-
Ev ure 18 lesser than ®pc- Ec gri. The obtained Vy,; is around 0.52 eV and hence low
Voc 1s obtained as compared to other HTLs. Also, despite having better Vi of
spiroOMeTAD i.e., 0.60 eV, which is similar to CuGaO,, spiroOMeTAD exhibits poor
photovoltaic performance. The comparatively less efficiency of spiroOMeTAD is
attained, because of its limited mobility of charge of the order of ~ 10* cm?/Vs.
However, spiroOMeTAD shows good Voc as a high barrier is created for electrons as
shown in Fig. 5.4d, which limits the propagation of electrons via HTL. Moreover, it
has been obtained from Fig. 5.4(a-b) and Fig. 5.5(a-b) that Cu,O and CuGaO; show
comparatively higher photovoltaic performance among other HTL alternatives.
This is mainly due to its better energy band alignment with the perovskite layer.
However, comparatively less efficiency is achieved for CuGaO; due to its lower
charge carrier mobility (i.e., 1x102 cm?/Vs). It is obtained from Fig. 5.6(a-b) and
Fig. 5.7 that, CuO shows the highest Voc (0.99 V) and efficiency (14.91%).This is
due to its proper band alignment as well as high electron and hole mobility, hence

Cu,0 is considered as the most suitable material among all other HTLs for the
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application of Pb-free APMJSC. It is also concluded that the highest Vy; corresponds
to the highest Voc.
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Table 5.5 The different parameters of APMJSC with different HTLs

Different HTL  Ec gri- Opc- Vi Voc Jsc FF n
Layers Ev urL Ec pro (Volts) (Volts) (mA/cm?) (%) (%)
Cu20 0.77 0.5 0.90 0.99 25.57 58.67 14.91
CuGaO» 0.69 0.5 0.60 0.97 24,94 56.62 13.70
CZTSe 0.5 0.5 0.53 0.94 23.26 5421 11.95
Spiro- 0.9 0.5 0.60 0.92 18.69 53.28 9.22
OMeTAD

Cul 0.48 0.5 0.52 0.94 23.47 54.12 12.05

1.00

ol & 126 59 v 15

0';)8- . 25 58 14
097 G 571 13
& U o . O g ~ P
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Fig. 5.6. Simulated results obtained from different HTL for APMJSC (a) Voc and Jsc
(b) FF and n
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Fig. 5.7. J-V curve of simulated hole transport layer for APMJSC

5.2.1.2 Impact of ETL on the PV performance of Pb-free APMJSC

This section discusses the impact of various ETLs on the PV performance of
APMISC. To inspect the impact of various ETLs, the layers are aligned depending
on their Ec and Ev levels, as well as their electron affinity and bandgap. The energy
band alignment diagrams and simulated energy band diagram for various ETL are
given in Fig. 5.8(a-e) and Fig. 5.9(a-e). The photovoltaic performance obtained for a
different electrontransport layer is summarized in Fig. 5.10(a-b). Table 5.6 consists
of the simulated photovoltaic parameters. Fig. 5.11 depicts the J-V characteristics of
different ETL for Pb-free APMIJSC. For the proper transport of electrons from the
perovskite absorber layer to the ETL, Ec erL should be lower than the Ec pvk. It is
obtained from Table 5.6, Fig. 5.10 and Fig. 5.11 that GZO shows the worst device
performance, whereas STO depicts the best device power conversion efficiency of
23.96 %. It is obtained from Table 5.6 that in the case of GZO, C60 and SnO: when
Ec etL-Ev nriis less than ®@rc- Ev urL and thus Vuiis mainly influenced by Ec eri-Ev L.
On the contrary, when Ec erL-Ev urL is greater than ®rc- Ev nrw (i.e.,, STO, TiO2) Vi is
nearer to ®rc- Ev urL. Table 5.6 shows that the trend of having the Voc is almost
similar to Vy; except for the case of C60. When C60 is used asan ETL layer it shows
low Vui and low Ec erL-Ev nrL, still comparatively highest Voc is attained with device

efficiency limited to 16.69%. This is mainly due to the reason that the C60 has a
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smaller band gap and since the light is entering from the ETL layer, C60 isthe light
facing layer, and thus absorbs most of the light spectrum. Because of the
increased absorption of photons at the C60 layer, the generated charge carriers
reaches very fast to the electrode as the electron need to travel a very small distance
to reach the electrode. However, the generated holes within the ETL layer are
recombined before getting collected at the electrodes and are unable to participate
in the conduction. This can beconfirmed by the S-shaped J-V curve obtained for the
C60 layer as depicted in Fig. 5.10. Moreover, for SnOz2, the performance is limited
due to its higher electron affinity than the ®rc which leads to the barrier for the
majority charge carrier and thus mainly affects the FF of the device. Moreover, the
lower electron mobility and the less Vui are also restricting the device performance.
Fig. 5.10, Fig. 5.11 and Table 5.6 illustrates that TiO2 and STO show the best device
performance among all the ETL layer used. This is mainly due to the fact, that these
layers show the highest Vi along with its better energy band alignment with
perovskite as well as front contact. This led to the high Voc and better FF and thus
the overall device performance. Hence, both STO and TiO: are considered eminent
layers for ETL in Pb-free APMJSC applications. Despite having a slightly better
photovoltaic performance of STO, still, it is very challenging to obtain low-
temperature solution processing STO that exhibits good hole blocking capability
[141][142]. Hence, Cu20 and TiO: are considered as charge transport layers for the

present study.

Table 5.6 Impact of various ETL on the PV performance of APMJSC

Different Ec gr-  ®rc- Vi Voc Jsc FF n
ETL Ev HrL Ev HrL (Volts)  (Volts)  (mA/cm?) (%) (%)
GZO 0.77 1.07 0.90 0.99 25.65 59.03 15.15
STO 1.37 1.07 1.11 1.11 25.84 83.51 23.96
C60 0.87 1.07 0.69 1.57 25.66 41.14 16.69
SnO2 0.87 1.07 0.98 1.09 25.63 77.08 21.54
TiO2 1.47 1.07 1.10 1.10 25.84 83.02 23.69
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5.2.1.3 Impact of perovskite defect density on the PV performance of Pb-free
APMJSC

The PV performance of the APMJSC expects a great deal on the defects associated with
the absorber layers. The study of recombination mechanisms due to defects also make a
crucial contribution to the device performance. In this study, to investigate the impact of
defect density on the absorber layer, the Shockley—Read—Hall (Rsru) recombination
model has been used as given in Eq. 5.1 and Eq. 5.2.
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np —n?

Repy =
,(n+n;)+1,(p+p;)
P pTp Eq. 5.1
1
Tpp = ————
v av thn,p N, t E 5 2
q. 5.

where,

Rsrri— Schockley—Read—Hall recombination rate,

tp'n = lifetime of hole and electron

This section includes the study of variation of defect density of narrow bandgap
perovskite layer (i.e., CsSnGels) from 1x10'* cm™ to 1x10'® cm™. The defect density of
the wide bandgap perovskite layer (i.e., CHsNH3Gels) remains unchanged at 1x10'6 cm’
3. It is illustrated in Fig. 5.12(a-b) that the increment of defect density of CsSnGels from
1x10™ ¢cm™ to 1x10'8 cm™ led to the reduction in Voc and Jsc from 1.20 Vto 1.02 V &
25.99 mA/cm? to 19.71 mA/cm?, respectively as shown in Fig. 5.12a. However, the FF
and n drop from 84.85 % to 71.14 % and 26.47 % to 14.41%, respectively as depicted
in Fig. 5.12b.
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Fig. 5.12. Effect of the variation of defect density of CsSnGels perovskite with constant
defect density at 1 x 10'® cm™ for CH3;NH3Gels (a) Voc & Jsc (b) FF & 1

Fig. 5.13 (a-b) corresponds to the study of variations in defect density of wide bandgap
perovskite layer (CH3NH3Gels) from 1x10' cm™ to 1x10'® cm?, by keeping the

narrow bandgap perovskite layer (CsSnGels) defect density, constant at 1x10'* cm™. It
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is illustrated from Fig. 5.13a, that with the variation of the defect density from 1x10'
cm to 1x10'® ecm™, Voc is reduced from 1.20 V to 1.18 V but almost constant Jsc is
obtained. Correspondingly, the FF and n drop from 85.31% to 69.42% and 26.64% to
21.29%, respectively as depicted in Fig. 5.13b. Hence, it is concluded that there is a
significant impact of defect density on the overall device performance as high defect

density leads to inadequate device performance.
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Fig. 5.13. Effect of the variation of defect density of CH3NH3Gels perovskite with
constant defect density at 1 x 10'* ¢cm™ for CsSnGels constant at (a) Voc & Jsc (b) FF &

n

The reduction of photovoltaic performance by increasing defect density is due to the
creation of more recombination centres within the absorber layer. The increased
recombination centres led to the reduction of diffusion length of generated carriers as
well as the reduced lifetimes of the photogenerated carriers, and hence the overall
device performance degrades as given in Eq. 5.1 and Eq. 5.2. Furthermore, the extreme
defects of the perovskite layer limit the shunt resistance of the device which degrades

the Voc of the device.

It is obtained from Fig. 5.12 and Fig. 5.13 that 1x10'* cm™ defect density is considered
as an optimum value for perovskite layers in Pb-free APMJSC, which will effectively
improve the overall device efficiency. The Voc, Jsc, FF and efficiency of the APMIJSC
are found to be 1.20V, 25.99 mA/cm?, 85.31 % and 26.64 % respectively. The results
show that the defect density of individual layers. To obtain a better result of

multijunction solar cells it is advisable to have defect density ~1x 10'* cm™.
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5.2.1.4 Impact of bottom contact work function (®sc) on the PV performance of
APMJSC

The back electrode metal work function shows a profound effect on the device
performance. The ohmic contact between the HTL and back contact is an essential
condition to effectively transport the charge carrier from HTL to back contact. The
proposed study includes the effect of different metal electrodes is explored for
APMISC.The metal work function considered for the simulation is varied from 4.65

eV to5.65¢eV.

Fig. 5.14a and Fig. 5.14b shows the impact of ®pc on the photovoltaic performance
of APMJSC. It is seen that with the increase of ®gc till 5.0 eV, the Voc, FF and n
increases and reach maximum values and saturates thereafter. The optimized PCE
of APMIJSC is surmounted to 26.64% i.e., (Voc=1.20 V, Jsc= 25.99 mA/cm?, FF
=85.31 % and nN=26.64 %) at 5.0 eV. Fig. 5.14a and Fig. 5.14b shows the significant
improvement in the overall device photovoltaic performance, with the enhancement

of ®pc.

At 4.65 eV of ®pc, the device efficiency reaches up to 22.00%. However, the
device efficiency increases up to 26.64 % as the @gc increases from 4.65 eV to 5.00
eV. This is mainly due to the presence of a barrier between the bottom electrode
and hole transport layer at 4.65 eV work function, however with the further
increment of ®pc till 5.0 eV the barrier height of the majority carriers gets
diminished. A barrier for the hole is created between the HTM and back contact

interface when the ®g¢ < Ev prr1s shown in Fig. 5.15a.
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Moreover, with the further increase in @y from 4.65 eV to 5.00 eV, it coincides with

the fermi level of HTM and hence, a barrier-less contact is formed between the

HTM/®gc interface as shown in Fig. 5.15b.

Further increase of the ®gc above 5.0 eV, the photovoltaic performance gets saturated
due to the restriction of charge carrier collection. This is due to the creation of a
barrier for electrons between HTM layer/back contact as the hole collection is
dominated at the HTM/back contact interface, resulting in no significant

improvement of the photovoltaic performance.

Hence, it is suggested that when Cu,O and TiO; are taken as a charge transport layers,
the ®pc should not be less than 5.0 eV to attain the high PV performance of
APMISC. Also, Pb-free APMIJSC exhibits far more efficient PV performance as
compare to standalone CH3NH;3Gels and CsSnGel; based Pb-free PSC.

From the above study using the optimized parameters of the HTL, ETL, defect
density, and metal work function, the final J-V curve of CHsNH3Gels and CsSnGels
APMIJSC is indicated in Fig. 5.16. It is illustrated from Fig. 5.16 that the proposed
APMISC possesses Voc= 1.20 V, Jsc=25.99 mA/cm?, n= 26.64% and FF=85.31%
which is far better than that of standalone CsSnGel; and CHs;NH3Gels based
perovskite solar cells. Table 5.7 depicts the optimized parameters obtained after each
step. Table 5.8 compares the PSC performance of the proposed multijunction solar

cell with the reported ones so far in the literature.
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Fig. 5.16.Simulated optimized J-V curve of CH3NH3Gels and CsSnGels APMJSC

Table 5.7 Device photovoltaic performance attained by optimizing each parameter

Device Primary After charge Final

photovoltaic multijunction transport optimized

parameters structure layer parameters
optimization

Voc (Volts) 0.99 1.10 1.20

Jsc 25.57 25.84 25.99

(mA/cm?)

FF (%) 58.67 83.02 85.31

n (%) 14.91 23.69 26.64

Table 5.8 Comparison of proposed work with other layer configurations of tandem
perovskite solar cell

Layer arrangement Voc Jsc FF n References
V) (mA/cm?®) (%) (%)

F.Jianget.al., 1.89 6.61 56.00 7.00 [33]

J H.Heoet.al, 1.95 8.40 66 10.80 [34]
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G.E.Eperon et.al., 1.60 14.50 70 16.90 [36]

A.Rajagopal et.al, 1.98 12.70 73 18.40  [35]
D.Zhao et.al., 192 14.00 78.10 21.00 [37]
A.F. Palmstrom et.al, 1.88  16.00 77.00 2130  [115]
J.Tonget.al., 191 1499 79.76  22.90  [38]
Au/Cu;0/CsSnGely/ 120 2599 8531 26.64  [This
CH3NH;3Gely/ TiOo/FTO Work]

5.2.2 CH3:NH3Gel; and FAMASNnGel; Based All-Perovskite Multi-Junction Solar
Cells

To understand the PV performance of the lead-free all-perovskite multijunction solar cell,
initially, the device performance of single-layer PSC based on CH3NH3Gels and
FAMASNGels layers have been investigated. The device structures for single layer and
multijunction perovskite solar cells have been shown in Fig. 5.2a, Fig. 5.2b and Fig. 5.2c.
The numerical parameters considered for different ETLs is given in Table 5.9. The
standalone Pb-free (CH3NH3Gel; and FAMASnGels perovskites) configuration J-V curve
is given in Fig. 5.17a and Fig. 5.17b. However, the J-V curve of the multijunction solar

cell configuration is depicted in Fig. 5.18.
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Table 5.9 Numerical parameters taken for different ETLs

Parameters SnO; 1GZO PCBM Ti02 ZnO
Thickness 0.070 0.070 0.070 0.070 0.070
(um)

Band-gap(eV) 3.6 3.05 2.1 3.26 33
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Electron 4.5 4.16 3.9 4.2 4.0

affinity (eV)

Dielectric 9 10 3.9 10 9.0
Permittivity

No)em™) 2.2x10'8 5x10'8 2.2x10Y  2.2x10'%  3.7x10'®
Ny (cm™) 1.8x10" 5x10'8 2.2x10Y  1.8x10"  1.8x10"
Electron 1x107 1x107 1x107 1x107 1x107
thermal

velocity (cm/s)

Hole Thermal ~ 1x10’ 1x107 1x107 1x107 1x107
Velocity

(cm/s)

Electron 100 15 1x1073 100 100
mobility

(cm?/Vs)

Hole mobility 25 0.1 2x1073 25 25
(cm?Vs)

Np (cm™) 1x10% 1 x10'8 1x10% 1x10" 5x10"
References [137] [54] [122] [121] [138]

5.2.2.1 Effect of different electron transport layers (ETLs) on lead-free all-

perovskite multijunction solar cells

The optimization of the ETLs have been done based on the analysis of built-in potential
(Vui) which is generated across the perovskite layers and finally, the Vy; is correlated with
the obtained Voc. The Vy, is determined by the difference between the Ec etr/cH3NH3Ge
interface and Ec ramasncerzutL interface. The energy band alignment diagrams of the
different ETL on all-perovskite multijunction solar cell are given in Fig. 5.19a, Fig.
5.19b, Fig. 5.19¢ and Fig. 5.19d. The band diagrams of multijunction solar cells with
different ETLs has been shown in Fig. 5.20a, Fig. 5.20b, Fig. 5.20c and Fig. 5.20d. The
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resulting Vy; of the different ETLs is shown in Table 5.10. Based on band alignment four

different cases of ETLs are studied and their J-V curve is obtained as shown in Fig. 5.21.

-7.21

FTO
-4.3

(d)

Fig. 5.19. Energy band alignment of different electron transport layers used in all-
perovskite multijunction solar cell (a) SnO2 (b IGZO (¢) PCBM (d) ZnO
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Table 5.10 Effect of Ec grL-Ev nreand ®Orc-Ev urr, Vi, Voc , Jsc, FF and n of

different ETLs on photovoltaic performance

Different Ecern  ®rc- Vi Voc Jsc FF n
ETL - Ev HrL
. V) V) (mA/cm?) (%) (%)
combination E v nurL
(eV)
SnO; 0.87 1.07 0.83 0.860  28.68 62.85 16.13
1GZ0O 1.21 1.07 1.10 0.927 28.85 69.70 19.39
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PCBM 1.47 1.07 1.39 0.945 27.78 78.68 21.47

Zn0O 1.37 1.07 1.18 0.944 28.87 77.83 22.04
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Fig. 5.21. Simulated J-V curve of different ETL on all-perovskite multijunction solar cell

In the case of SnO:2 the Ec . —Ev_ntL = 0.87 ¢V shows a lower Vi as compared to
other ETLs. In the case of IGZO, the Vui value increases to 1.1 V. On the other hand,
for PCBM and ZnO the Ec et is -3.9 eV and -4.0 eV, respectively which is
approximately equal to the Ec level of the wide bandgap perovskite layer. Thus, the Vi
increases inthe case of PCBM and ZnO and reaches the value of 1.39 V and 1.18 V
respectively. The current-voltage curve of all-perovskite multijunction solar cells with
different ETL layers have been shown in Fig. 5.21. It can be seen from Table 5.12 that
the lowest Voc is found for SnO2 whereas the highest Voc is obtained for PCBM which
significantly increases the PCE from 16.13% to 21.47%. Additionally, it is depicted
from Fig. 5.19a, Fig. 5.19b, Fig. 5.19¢c, Fig. 5.19d and Table 5.10 that there is an
important relationship is found between the Voc and Vbui. This is attributed to the fact
that the highest Vbi shows the highest Voc. Moreover, it is found that to achieve high
Voc and PCE, Ec_erL should not bedeeper than Ec_pvks to avoid Vuiloss. Hence, it can
be revealed from the band alignment that the poor device performance of SnO:2 and
IGZO is due to the lesser Vui. It was expected from the band diagram, that PCBM and
ZnO show similar device performance but PCBM has a low charge carrier’s mobility

which limits its performance. However, due to the higher Vui =1.18 eV and higher
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Ec er-Ev et =1.37 eV, the ZnO shows the best photovoltaic performance with a

PCE 0f 22.04% as shown in Fig. 5.21 and Table 5.10.

5.2.2.2 Effect of absorber layer thickness on the photovoltaic performance of
all-perovskite multijunction solar cell

The absorber layer plays a significant role in the photovoltaic performance of solar
cells. To understand the effect of thickness of the perovskite absorber layer on the
solar cell performance, the thickness of the wide bandgap absorber and low bandgap
absorber layer have been changed from 100 nm to 800 nm. Initially, the thickness of
FAMASnNGel; based layer has been changed from 100 nm to 800 nm consequently
Voc has been reduced from 1.01 V to 0.93 V and a significant increment of Jsc is
observed from 25.10 mA /cm? to 29.51 mA/cm?, whereas FF drops from 79.65 % to
73.18 % and efficiency reduces from 21.17 % to 20.37 % as given in Fig. 5.22a and
Fig. 5.22b. The decrease in Voc with respect to the thickness is attributed to the

increase in Jo which will enhance therecombination of charge carriers as given in Eq.

53
30 225
1.02 4 Hll{.\
1.00 4 (a) 1% 1 FAMASnGel, = 300 nm 22.0
784
70 < 4 [
@ 098 28£ (b) 1 215
= FAMASHG = 300 nm ; =~ 771
S 096 : g = =
Z 27 < 2 3
: > m 20
] S~ ¥
094+ ¢ = - FF =
> {= B, =
! :
0,92 74 n 20.5
25
0.90-{ -
T T T T T T T T T T T T T T T T 20.0
100 200 300 400 500 GO0 700 800 100 200 300 400 500 600 700 800
Thickness (nm) Thickness (nm)

Fig. 5.22. Simulated results for FAMASnGel; thickness keeping CH3NH3Gels thickness
constant at 400 nm (a) Voc and Jsc (b) FF and n
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Fig. 5.23. Simulated results for CH3NH3Gels thickness keeping FAMASnGels
thickness constant at 300 nm (a) Voc and Jsc (b) FF and

This increase in Jsc is mainly due to the fact that the thick perovskite absorber layer
allows more absorption of photons of high wavelength which will enhance carrier
generation. The fill factor (FF) drops with the increase in thickness because as
thicknessincreases it will increase the overall series resistance of the device. From Fig.
5.22b it hasbeen obtained that after 300 nm thickness of FAMASnGel; based layer,
slight decrementof efficiency has been obtained. The maximum efficiency of 22.3% is
achieved at the 300nm thickness of FAMASnGels;. Hence, the optimum thickness for
the FAMASNGels based perovskite layer is taken as 300 nm. Further, the thickness
of CH3NH3Gels based perovskite layer has been varied from 100 nm to 800 nm and
the photovoltaic performance is measured. It is obtained from Fig. 5.23a that with the
increase in thicknessthe Voc decreases slightly however, a constant Jsc has been
observed. Also, the slight decrement of FF and n is obtained as shown in Fig. 5.23b.
It can be concluded from the results that as the thickness of the wide bandgap layer
increases the performance of thedevice degrades. This is mainly due to the fact that as
the thickness of the wide bandgap layer increases, the absorption in this layer
increases and thus degrades the performanceof the device. The thickness of the wide

bandgap layer is thus kept at 200 nm for the rest of the studies shown in the chapter

112



VOC — tﬂiil (J}S‘_OC‘I’ 1)

Eq.5.3

5.2.2.3 Effect of absorber defect density on the photovoltaic performance of all-
perovskite multijunction solar cell

Initially, the defect density of FAMASnGel; based layer is varied from 1x10'* cm™
to 1x10'™ cm™ keeping the defect density of CH3NH;3Gels constant at 1x10'® cm™ as
shownin Fig. 5.24a and Fig. 5.24b. It is obtained from Fig. 5.24a that as the defect
density has been varied from 1x10™ cm™ to 1x10'® cm™ of FAMASNnGel; based
layer the Voc is reduced from 1.07 V to 0.85 V however, Jsc reduces from 28.32
mA/cm? to 24.74 mA/cm?. Similarly, the FF and m have been decreased from
83.04 % to 54.80 % and 26.21 % to 12.08 % as shown in Fig. 5.24b. Hence, it can
be concluded that as the defect density of the FAMASNnGel; layer increases, the

device performance degrades significantly.

To obtain better device performance one should always keep the absorber layer defect
density as low as possible. The defect density of the FAMASnGel; layer is kept as

1x10' ¢cm for the rest of the studies in the chapter.

90 30

854

-b_‘——_\_‘_ T
804 (b)
754
= 04 \
= —e—FF
= 654
- n
il 4
554
"0 4 2 4 ' - 14 i T i : ::
" 1" 10" 1"’ 10" 10 10 10 10 10
-3 @ i -3
Defect Density (em Y Defect Density (em ™)

Fig. 5.24. Simulated results of FAMASnGels based defect density keeping the defect
density of CH3NH3Gels constant at 1x10'¢ cm™
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Further, the defect density of the CH;NH;Gels based layer is varied from 1x10'* cm™
to 1x10'® cm™ keeping the defect density of FAMASnGel; constant at 1x10'* cm™ as
shownin Fig. 5.25a and Fig. 5.25b. It is observed from Fig. 5.25a that as the defect
density of CH;NH;Gel; is varied from 1x10' ¢cm™ to 1x10'® ¢cm™ the Voc does not
degrade much however the Jsc decreases from 28.33 mA/cm? to 24.59 mA/cm?.
Consequently, the FF reduces from 84.46% to 58.72% and the PCE decreases from
26.72% to 15.91%. It is figured out that as the defect density is increased it will
create more recombination centres which will enhance the recombination of carriers
within the absorber layer as wellas reduce the lifetime of the carriers which degrades
the device performance of the solar cell. The increase in recombination centres leads
to a decrease in shunt resistance which reduces the Voc of the device. It is found
from the above study that when both the absorber layers have defect density is of the
order of 1x10' cm™ the overall photovoltaic parameters improved to Voc = 1.07 V,

Jsc = 28.33 mA/cm? FF= 84.46 % and n = 26.72%.
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Fig. 5.25. Simulated results of CH3NH3Gels based defect density keeping the defect
density of FAMASnGel; constant at 1x10'* cm™

5.2.2.4 Effect of front electrode work function on the device performance of all —
perovskite multijunction solar cells

To the efficient collection of electrons from the absorber layer, the front contact

plays a very important role. To facilitate the proper collection of electrons from the
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front contact,the formation of an ohmic contact is crucial. To investigate the effect of
front contact on the photovoltaic performance, the work function of the front

electrode is varied from 3.8eV to 4.6 eV.

It is elucidated from Fig. 5.26a and Fig. 5.26b that as the front electrode metal work
function increases up to 4.4 eV the photovoltaic parameters show good performance
however on further increasing the work function of front contact, the device
performance degrades rapidly as shown in Fig. 5.26aand Fig. 5.26b. The decrease in
device performance with the work function of the front electrode can be explained

using the band diagram as shown in Fig. 5.27a.

It is clear from the Fig. 5.27b that when the work function of front electrode is 4.4 eV, there
exists a very small barrier, however, on further increasing the work function, the

barrier increases which degrades the performance of the device as shown in Fig. 5.27c.

The Voc, FF and n start degrading and reaches up to 1.02 V, 76.75% and 23.06 %,
respectively. This is mainly due to the barrier created for electron transfer at the
ETL/front electrode interface and will increase as the work function increases and in
turn will degrade the photovoltaic performance. Hence, it is concluded that for the
selection of front electrode material the work function of the frontelectrode should

not exceed above 4.4 eV.
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Fig. 5.26. Simulated results of front electrode work function on lead—free all-perovskite
multi junction solar cells (a) Voc and Jsc (b) FF and n
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The final J-V curve of Pb-free all-perovskite multijunction solar cell obtained using

the optimized parameters is shown in Fig. 5.28. Withthe introduction of optimized

ETL i.e., ZnO, the thickness of the absorber layer i.e., 300nm for FAMASnGel; and

200 nm for CH3;NH;3Gels, defect density of both absorber layerset to 1x10'* cm™ and

keeping the front electrode work function as 4.3 eV the final optimized parameters

for all-perovskite multijunction solar cell is obtained as, Voc =1.07 V, Jsc = 28.36

mA/cm?, FF = 84.46 % and n = 26.72 % as shown in Table 5.11.
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Fig. 5.28. Simulated J-V curve of optimized all-perovskite multijunction solar cell

Table 5.11 Final optimized device parameters obtained from simulation

Device parameters Initial After ETL Final optimized
multijunction optimization structure
structure
Voc (Volts) 0.93 0.94 1.07
Jsc (mA/cm?) 28.85 28.87 28.36
FF (%) 72.40 77.83 84.46
N (%) 20.20 22.04 26.72

Table 5.12 shows the comparison of the simulated structure to the photovoltaic

performance of APMIJSC reported so far in the literature.
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Table 5.12 Fabricated and simulated results of all -perovskite multijunction solar cell

Device Structure

Voc
V)

Jsc

(mA/cm?)

FF
(%0)

n
(%0)

References

ITO/SnO,/C60/LiF/
perovskite/spiro-OMeTAD/nc-
Si:H/ncSiC,/SiOy C-
Si/SiO4/ITO/Ag
Si/nc-Si04:H/Perovskite/1Z0
ITO/PEI/ETL/CH3sNH;Pbls/
Spiro-OMeTAD/Ag/FTO/c-
TiO2/mp-TiOy/
CH3;NH;Pbls/Spiro-
OMeTAD/Ag
ITO/PEDOT:PSS/MAPbI;/PC
BM/P3HT/MAPbBr3/bl-
TiOL/FTO

ITO/NiOx/MAPD, xSnyI3/C60/
BisC60/ITO/PEDOT:PSS/
MAPb(Io6Bro4 )3
Ag/BCP/C60/

FA.75Cs0.25 Sng s Pby sIs/PEDOT
:PSS/ITO/PCBM/ FAy 83 Cso.17
Pb(Iy sBros); /NiO/ITO
Ag/C60BCP/(FASnI3)o «(MAPD
13)0.4:CI/PEDOT:PSS/Ag/MoOx
/ITO/C60/BCP/ FAgs Csp2
Pb(lp7 Bro3)3/PTAA/ITO/glass
1.75eV(Wide),1.25¢V(Low)
ITO/polyPFN/ FAy .75 Cso.2s
Sng.s Pbos I3
/LiF/C60/AZO/1ZO/PEDOT:PS

1.741

1.76
1.89

1.95

1.98

1.60

1.92

1.91
1.88

19.50

19.40
6.61

8.40

12.70

14.50

14.00

14.99
16.00

74.70

76.70
56.00

66

73

70

78.10

79.76
77.00

25.41

26.30
7.00

10.80

18.40

16.90

21.00

22.90
21.30

[144]

[145]
[46]

[47]

[48]

[49]

[50]

[51]
[52]

118



S/ FA0.725(1-xCS 0.2(1-x)+0.5x

DMA, s« Pbl3/C60/BCP/Au

NiO/Top layer - - - 29.8 [53]

perovskite/PCBM/Recombina
tion layer/PEDOT:PSS/Botto

m layer perovskite/C60
Au/Cu,O/FAMASNGels/ 1.07  28.36 84.46 26.72 [This
CH3NH3Gels/ZnO/FTO Work]

Table 5.12 demonstrates the fabricated and simulated results based on the tandem
perovskite solar cell reported in the literature. This table reveals that there is a lot of
potential for exploring all-perovskite multijunction solar cell to improve its
photovoltaic performance. Also, the photovoltaic performance of all — perovskite
multijunction solar cells is greatly dependent on the fabrication processing of charge
recombination layers, additives used for hole transport layers, the technique through
which layers are deposited. It can be viewed from the Table 5.12 that the proposed
multijunction solar cell structure shows comparatively better PV performance than the other
solar cell structures. Hence, by considering these fabrication constraints one can attain the

highly efficient all-perovskite multijunction solar cell.

5.3 Conclusion

This section concludes that, as compared to the wide bandgap lead-free CH3;NH3Gels
based perovskite structure, the narrow bandgap lead-free CsSnGels based perovskite
structure shows superior PV performance. However, still, there is a limitation with
respect to the S-Q limit owing to its lesser mobility of charge carriers of CsSnGels
perovskite. It has been observed from the simulation results, that APMJSC exhibits
superior PV performance as compare to standalone CsSnGelz; and CH3NH3zGels
based perovskite solar cells. Moreover, the impact of defect density of absorbers on
the PV performance of APMJSC has also been studied. It is elucidated that an
increment of ~ 3 % PCE is achieved at the defect density of 1x10' cm?.
Additionally, to acquire better PV performance the ®pc should be beyond 5 eV. The
proposed multijunction perovskite solar cell possesses Voc=1.20 V, Jsc=25.99
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mA/cm?, FF=85.31% and n= 26.64% which is far better than that of CsSnGel; and
CH3NH;3Gels based perovskite solar cell.

Furthermore, another all-perovskite multijunction solar cell with CH3NH;3Gels as
wide bandgap layer and FAMASnGel; as a narrow bandgap perovskite layer is also
explored with STO as an initial ETL. Moreover, the device Voc has been correlated
with built-in potential with different electron transport layers. It is observed that ZnO
shows better device efficiency as compare to STO as an electron transport layer.
This is because ZnO provides better built-in voltage than that of STO which
enhances the Voc significantly. To further optimize the PV parameters the effect of
thickness of the absorber layer is studied. The optimized thickness of CH3;NH;Gels
and FAMASnGel; based layer is found to be 200 nm and 300 nm respectively.
Moreover, the optimized defect density of the perovskite absorber layer is 1x 10
cm is obtained. Also, it has been found that the device PV parameters depend on the
selection of the front electrode as well. In this study,the optimized work function of
the front electrode is 4.3 eV. Hence, it can beconcluded that the multijunction device
structure shows better photovoltaic performance as compare to the individual

structure.
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CHAPTER 6

CONCLUSION AND FUTURE SCOPE

CONCLUSION

This chapter discusses the significant conclusions drawn after analyzing the various Pb-
free PSC structure. To optimize the performance of lead-free perovskite solar cells the
numerical simulation method is adopted using SCAPS 1D. To design an effective solar
cell, the impact of various material parameters on the perovskite solar cell performance is
extremely essential. In the proposed work the lead-free methylammonium germanium
halide (CH3NH3Gels) perovskite layer as a wide band gap layer is extensively used for
the application of high efficiency multijunction solar cells. Similarly, CsSnGel; and
FAMASNnGelz as narrow bandgap perovskite layers are thoroughly used for high

efficiency multijunction solar cells.

Initially, the optimization of standalone perovskite layers is performed by employing
various charge transport layer. Further, the perovskite absorber layer defect density and
the back contact electrode are optimized to achieve high device photovoltaic
performance. The proposed research work provides the alternatives of lead-free wide and
narrow bandgap perovskite layer, that will prove to be an efficient layer to achieve high
device efficiency. For the wide bandgap applications, a lead-free double perovskite solar
is also realized and optimized based on the charge transport layers and the thickness of

the double perovskite solar cell.

Furthermore, the different hole transport layers are analyzed for wide and narrow
bandgap perovskite layer combinations by correlating the built-in potential with the open
circuit voltage of the solar cell. Using a similar concept, the suitable electron transport
layer is also obtained. By optimizing these parameters, an efficient lead-free double-

perovskite solar cell is realized.

To further improve the device performance of solar cell, a novel lead-free all-perovskite

multijunction solar cell is also realized for the first time. In addition, the multijunction
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solar cell is optimized based on the electron transport layer, hole transport layer and the
thickness of the perovskite absorber layer. Further, the defect density and the front
electrode work function of the all-perovskite multijunction solar cell are also optimized.
The two different multijunction solar cell configurations are also proposed. The first
multijunction configuration consists of a lead-free wide bandgap CH3NH3Gel; based
perovskite structure, narrow bandgap lead-free CsSnGelz based perovskite structure
shows superior PV performance. It is observed that the all-perovskite multijunction solar
cell exhibits superior photovoltaic performance as compare to their standalone
counterparts. The multijunction solar cell is further optimized based on the defect density
and it is elucidated that an increment of ~ 3 % PCE is achieved at the defect density of
1x10' ¢cm™. Additionally, to acquire a better PV performance the ®gc should be beyond
5 eV. The proposed multijunction perovskite solar cell possesses Voc= 1.20 V, Jsc=25.99
mA/cm?, FF=85.31% and n= 26.64% which is far better than that of CsSnGels and
CH3NH3Gels based and other perovskite solar cells.

The second lead- free all- perovskite multijunction solar cell is proposed and analysed
with CH3NH3Gel; as wide bandgap perovskite layer and FAMASnGel; as narrow
bandgap perovskite layer. The effect of charge transport layer is also realized in which the
Cu20 as an HTL and ZnO as an ETL is obtained as an optimized charge transport layer.
Further, the effect of thickness of both the perovskite absorber layer is studied and the
optimized thickness of CH3NH3Gel; and FAMASnGels based layer is found to be 200
nm and 300 nm, respectively. The optimized value of defect density of the perovskite
absorber layer is 1x 10'* cm™. Also, it has been found that the device PV parameters
depend on the selection of front electrode as well. In this study, the optimized work
function of front electrode is found to be 4.3 eV. Hence, it is concluded that the
multijunction solar cell device efficiency greatly depends on the selection of suitable
charge transport layer, absorber layer thickness and its defect density, contacts work
function and temperature of the solar cell. Hence, it is suggested that by optimizing these
parameters one can attain highly efficient lead-free non-toxic solar cells. The results
provide a significant insight for experimentalists to design an efficient lead-free

perovskite solar cell.
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FUTURE SCOPE OF THE WORK

In future, to further improve the device efficiency of lead-free perovskite solar cell the
back surface field and interface recombination analysis can be analyzed. Since, the
current lead-free double perovskite absorber layer CsxAgBio75Sbo2sBrs material is
extremely less explored in the literature, hence one can perform some other analysis such
as by implementing the interfacial and compositional engineering to surpass the device
performance of CsxAgBio.75Sbo2sBrs based perovskite layer beyond 20%. The numerical
simulation method extended to some two-dimensional (2D) and three-dimensional (3D)
platforms for the better understanding of the recombination mechanism, effect of grain
boundaries and light scattering mechanisms on the device performance of lead-free
perovskite solar cells. The role of crystallinity of the film in the perovskite structure is

also determined by using nanowires, grain size and quantum dots configurations.
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