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ABSTRACT

One of the renewable energy technologies is Photovoltaics (PV), the technology
that directly converts daylight into electricity. Organic solar cells (OSCs) have been
showing promise as a way of producing renewable energy with the help of effective
organic materials. The efficiencies and lifetimes reached in organic solar cells have
steadily been increasing over the years as more research in the field is being conducted.

OSCs are one of the emerging photovoltaic technologies and are classified as third-
generation solar cells with organic material as the light absorbing photoactive layer. In

recent years, OSCs have shown a great promise of delivering cost effective, flexible, light
weight, large area and easy processable solar cells. Power conversion efficiency (PCE) ~
14-15% have already been realized in polymer solar cells based on donor-acceptor
interpenetrating bulk heterojunction. More recently international R & D efforts are
focused towards the development of ternary blend based polymer solar cells (TPSCs)
employing a blend of two or three absorption complementary components, comprising of
either two-electron donors and one electron acceptor (D1:D2:A) or one electron donor and
two-electron acceptors (D:A1:Az) systems, offering not only enhanced light-harvesting
ability of the photoactive layer but also enhanced exciton dissociation and charge
transfer. The state-of-the-art PCE of approx. 16-17% have been realized in TPSCs.
However, both high PCE and good stability are simultaneously required for commercial
applications. Accordingly, several efforts have been devoted to the development of
TPSCs, especially the proper selection of both the photoactive layer and charge transport
layers are notably crucial. So far, different hole transport materials (HTLS) such as
poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS),
MoOs, V205, WOs3, NiO etc. However, instability of TPSCs using these HTLs has been
still a serious isssue. In this direction, more recently, TPSCs using 2D materials such as
graphene and graphene oxide have gained much attention as it holds a further promise
due to high carrier mobilities (due to inorganic nature), better charge transport, better

physical and chemical stability, cost effectiveness etc.



There is wide scope in this field of ternary blend especially using 2D Materials
for further improvement. Hence, the present work is focused on achieving simultaneously
good efficiency and stability in the ternary solar cell devices. The present thesis addresses
the main scientific issues in improving the performance of such 2D materials and ternary-
blend based solar cells is, (i) Optimization the Morphology of the active layer for better
charge dissociation, carrier mobilities, and charge transport , (ii) Recombination in the
active layer and at the HTL/Active layer interface need to be controlled for enhanced
carrier collection, and (iii) improving the device stability. Therefore, the thesis work
probes and broadens the understanding of the fundamental photovoltaic properties of
both binary and ternary blended organic solar cells. Also, carbon based 2D Materials
have been explored and investigate how they can be successfully incorporated into the
TPSCs to enhance their performances. The studies related to photophysics and charge
carrier dynamics have been investigated in-depth.

This thesis mainly comprises of synthesis of Graphene Oxide(GO) and
Fluorinated Graphene Oxide(FGO) by modified Hummer's method. Here, GO and F-rGO
nanosheets have been successfully utilized for improving the properties of HTL and
active layer, respectively. Subsequently, preparation of HTLs [PEDOT:PSS, GO, and
PEDOT:PSS -GO composite films] have been carried out and optimized their thin films
by spin coating technique. It is found that, PEDOT:PSS-GO(1:1) composite provides
beneficial hole transport properties over PEDOT:PSS. Hence, it is an potential alternative
HTL. On the other hand, preparation of ternary blend active layers [(P3HT (D,): PTB7-
th (D1): PCBM(A1), and [PTB7-th (D): PCBM (A1): F-rGO (A2)], and (P3HT:PTB7-
th:PCBM) Ternary Blends have been optimized for solar cell applications. After
systematic structural and optical investigations, it is established that (P3HT:PTB7-
th:PCBM) (0.3:0.7:1) composition offer sensitized emission, and strong PL quenching
via FRET/charge transfer. Hence, enhanced exciton dissociation occur within the ternary
blend ensuring good photovoltaic properties, and hence, showed potential to use as active
layer. Further, TPSCs were fabricated using the ternary blends and different PEDOT:PSS
/GO/PEDOT:PSS -GO composite films HTLs, in typical device configuration, 1TO(¢ ~
4.8eV)/ HTL(~40nm) / ternary blend (~180nm) / LiF/Al (¢ ~4.3eV). Ternary solar cells,
ITO/ PEDOT:PSS-GO (1:1) / P3HT:PTB7-th:PCBM (0.3:0.7:1)/ LiF/Al, have showed
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the best and enhanced performance (PCE ~7.1% and stability~only10% loss after 500
hours) compared to other binary blend and other HTLs based devices.

In addition, The utilization of F-rGO as the electron acceptor material in PTB7-
th:PCBM bulk heterojunction photovoltaic devices has been demonstrated. The TPSC,
ITO / PEDOT:PSS / PTB7-th.PCBM + F-rGO(5wt.%)/ LiF / Al, yield a PCE
enhancement (~7.36%) compared to PTB7-th:PCBM (~3.54%) based devices. F-rGO
nanosheets not only enhance the charge dissociation by promoting the electron extraction
from PTB7-th polymer to PCBM, but also support charge transport by providing
conducting pathways. This results in improved PCE of (PTB7-th:PCBM:F-rGO) based
ternary devices. Also, good photo-stability of F-rGO significantly improved the overall
air-stability of [PTB7-th:PCBM + F-rGO] compared to binary [PTB7-th:PCBM] blend
devices

These in-depth studies open a new avenue for the potential commercialization of

low-cost and solution-processed TSCs.

Vii



TABLE OF CONTENTS

DECLERATION [

CERTIFICATE i
ACHNOWLEDGEMENTS ii
ABSTRACT v
TABLE OF CONTENTS viii
LIST OF FIGURES iii
LIST OF TABLES XXi
LIST OF ABBREVIATIONS AND SYMBOLS xxiii
CHAPTER1 INTRODUCTION 1-48

1.1  General Background and Motivation
1.2 Basics of Solar Cells
1.3 Different Generations of Solar Cells
1.3.1 First Generation Solar Cells
1.3.2 Second Generation Solar Cells
1.3.3 Third Generation Solar Cells
14 Polymer Solar Cells
1.4.1 Organic semiconductors
1.4.2 Applications of Organic semiconductors
1.4.3 Device Architecture of Polymer Solar Cells
1.4.3.1 Single Layer Solar Cells
1.4.3.2 Bilayer Planar Solar Cells
1.4.3.3 Polymer-Fullerene Bulk-heterojunction Devices
1.4.4  Polymer Solar Cell: Working Principle
1.45 Solar Cell Performance
1.4.6 Literature review of BHJ polymer solar cells

viii



1.4.7  Strategies to boost the performance of Solar Cells
1.4.7.1 Tandem solar cells
1.4.7.2 Ternary blend based polymer solar cells
1.4.7.3 Hole Transport Layers (HTL)
1.4.7.4 Engineering PEDOT:PSS HTL using 2D Materials
1.5  Motivation and scope of the current work
1.6 Objectives of the Present Thesis
1.7  Thesis outline

References

CHAPTER 2 EXPERIMENTAL DETAILS: PREPARATION,
CHARACTERIZATION AND MEASUREMENTS 49-80
2.1 Introduction
2.2 Synthesis of GO, FGO, and F-rGO
2.2.1 Materials Used
2.2.2 Synthesis of GO and FGO
(i) Synthesis of GO
(i) Synthesis of FGO
(iii) Synthesis of F-rGO
2.2.3 Preparation of HTL: PEDOT:PSS, GO and PEDOT:PSS-GO composites
2.2.4 Preparation of Photoactive Layer: Binary and Ternary blends
2.3 Fabrication of Polymer Solar Cells
2.3.1 Materials Used
2.3.2 Steps involved in TSC device fabrication
(i) Patterning of ITO coated glass substrates
(i1) Cleaning of patterned ITO glass substrates
(iii) Deposition of HTL thin film on plasma treated ITO glass substrates
(iv) Deposition of Ternary blends for active layer thin films over the HTL layer
(v) Deposition of LiF/Al electrode over the Ternary blends for active layer thin

films



2.3.3 Device Preparation
2.4 Characterization techniques
2.4.1 Structural Characterization
2.4.1.1 X-ray Diffraction (XRD)
2.4.1.2 Field-Emission Scanning Electron Microscopy (FESEM)
2.4.1.3 Transmission Electron Microscope (TEM)
2.4.1.4 Atomic Force Microscope (AFM)
2.4.1.5 Fourier-transform infrared spectroscopy (FTIR)
2.4.2  Optical Characterization
2.4.2.1 UV-Vis absorption Spectroscopy
2.4.2.2 Photoluminescence Spectroscopy (PL) &Time-Resolved
Photoluminescence (TRPL) Photoluminescence Spectroscopy (PL)
2.4.2.3 Raman Spectroscopy
2.4.2.4 Photoelectron Spectroscopy
2.4.2.4.1 X-ray photoelectron Spectroscopy (XPS)
2.4.2.4.2 Ultraviolet Photoelectron Spectroscopy (UPS)
2.5 Measurement Techniques
2.5.1 Resistivity and conductivity measurements by Four-point probe technique
2.5.2 1-V measurement of Solar Cell Devices in Dark and under Illumination
2.5.3 External Quantum Efficiency (EQE) Measurements
2.5.4 Device Stability Measurements
2.6 Conclusion

References

CHAPTER 3 HOLE TRANSPORT LAYER: STRUCTURAL, OPTICAL
AND ELECTRICAL PROPERTIES OF GO, PEDOT:PSS AND
PEDOT:PSS-GO COMPOSITES 81-101
3.1 Introduction
3.2 Results and Discussion
3.2.1 GO: Structural and Optical Properties
3.2.2 FGO: Structural and Optical Properties



3.2.3 PEDOT:PSS-GO Composites: Structural, Optical and Electrical Properties
3.3 Conclusions

References

CHAPTER 4 PHOTO-PHYSICAL PRPERTIES OF (D1:D2:A1) - [P3HT:
PTB7-th: PCBM] TERNARY BLENDS FOR ACTIVE LAYER 102-117
4.1 Introduction
4.2  Results and Discussion
4.2.1 UV-Vis Absorption Spectra of ternary blend
4.2.2 Photo-excited carrier dynamics of ternary blend
4.3  Conclusion

References

CHAPTER5 PHOTOVOLTAIC PERFORMANCE OF [P3HT: PTB7-th:
PCBM] TERNARY SOLAR CELLS USING DIFFERENT HTLs 118-137

51 Introduction

5.2  Results and Discussion
5.2.1 Photovoltaic performance of TPSCs
5.2.2 Exciton Dissociation, Carrier Generation and Charge Extraction Properties
5.2.3  Stability Tests of TPSCs

53  Conclusions

References

CHAPTER 6 A COMPARISION OF [P3HT: PTB7-th: PCBM] TERNARY
SOLAR CELL WITH BINARY SOLAR CELLS 138-150

6.1 Introduction
6.2  Results and Discussion

6.2.1 Photovoltaic performance

6.2.2 Charge Extraction and Carrier Generation

6.2.3 Photocurrent Recombination dynamics

6.2.4 Stability of TPSCs

xi



6.3 Conclusions

References

CHAPTER 7 PHOTOVOLTAIC PERFORMANCE OF (D1:A1:A2) -[PTB7-th:
PCBM: F-rGO] TERNARY SOLAR CELLS 151-163
7.1 Introduction
7.2 Results and Discussion

7.2.1 Photo-excited carrier dynamics of ternary blend

7.2.2 Photovoltaic performance

7.2.3 Charge Transport mechanism in ternary blend
7.3 Conclusions

References

CHAPTER 8 SUMMARY, CONCLUSIONS AND SCOPE FOR FUTURE
WORK 164-169
8.1 Summary

8.2  Conclusions

8.3  Scope for Future Work

LIST OF PUBLICATIONS 170-171

BIODATA 172

xii



CHAPTER 1

Figure 1.1
Figure 1.2

Figure 1.3
Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure 1.10

Figure 1.11

Figure 1.12

Figure 1.13

Figure 1.14

LIST OF FIGURES

Renewable Energy Consumption in the World’s Energy Supply, 2020.
The increased world consumption of marketed energy from all fuel sources
over the 2006 to 2050 projection period.
Schematic of a typical p-n junction solar cell.

Evolution of record cell efficiencies of various solar cell technologies.
This graph is provided by the NREL.
Typical conjugated polymers and their chemical structure used in
preparation of polymer solar cells.
Schematic diagram of polymer solar cells in which HTL and active
material is sandwich in between ITO coated anode and aluminium
cathode.
Schematic diagrams of single layer solar cell device.
Schematic diagrams of bilayer hetero junction solar cell devices and its
energy level diagram.
Photograph of the photo-induced charge transfer in the PPV polymer to
the Ceo Or PCBM.
Bulk-heterojunction configuration in PSC along with donor(D)-

acceptor(A) and schematic representation of phase separated
interpenetrating polymer:fullerene bulk heterojunction.

(a) Energy level diagram, (b) Scheme of all the elementary physical
processes occurring in PSC.

(a) Equivalent circuit diagram of solar cell, and (b) I-V characteristic of
solar cell Voc, Isc, and Ivpp, Vmpp at MPP point.

Electrons moving downwards energy bands and holes moving upwards
energy bands via ETL and HTL, respectively.

Schematic representation of configuration, (a) binary PSCs, (b) tandem

xiii



PSCs, and (c) ternary OSCs.

Figure 1.15 Schematic of three fundamental mechanisms (charge transfer, energy
transfer, and parallel linkage) in ternary solar cells to boost the
performance of TSCs.

Figure 1.16 Schematic energy diagrams of different cascades of dual donor and
acceptor interfaces in ternary blends.

Figure 1.17 Graphene, Graphene Oxide and its derivatives are used in ETL and HTL,
respectively.

CHAPTER 2

Figure 2.1 Schematic diagram showing the steps undertaken for the synthesis of GO
by modified Hummer’s method.

Figure 2.2 Schematic structure of (a) a single graphene sheet; (b) graphene oxide
(GO).

Figure 2.3 Schematic diagram showing the steps undertaken for the synthesis of FGO
by modified Hummer’s method.

Figure 2.4 Schematic structure of (a) Fluorinated Graphite (b) Fluorinated
Graphene Oxide (FGO).

Figure 2.5 Schematic diagram showing the steps undertaken for the synthesis of F-
rGO by Chemical reduction method.

Figure 2.6 Schematic structure of (a) Fluorinated Graphene Oxide (FGO) (b)
Fluorinated Reduced Graphene Oxide (F-rGO).

Figure 2.7 Photograph of GO, PEDOT:PSS and adding GO in PEDOT:PSS in
different weight ratios (2:1), (1:1), and (1:2).

Figure 2.8 Photograph of solutions of Ternary blends: P3HT:PTB7-th:PCBM and
PTB7-th:PCBM:F-rGO.

Figure 2.9 The schematic of the polymer solar cell device showing the respective
layers.

Figure 2.10  ITO coated glass substrates before and after patterning the strip of 3mm
width.

Figure 2.11  Steps involved in cleaning the patterned ITO glass substrates.

Xiv



Figure 2.12

Figure 2.13
Figure 2.14

Figure 2.15
Figure 2.16
Figure 2.17
Figure 2.18
Figure 2.19
Figure 2.20
Figure 2.21
Figure 2.22
Figure 2.23
Figure 2.24
Figure 2.25
Figure 2.26
Figure 2.27

Figure 2.28
Figure 2.29

Figure 2.30
Figure 2.31

Photograph of Vacuum Oven and UV light cleaning of cleaned ITO glass
substrates.
Photograph of ITO coated glass substrates during plasma treatment.
Photograph of Spin Coating Unit used for the deposition of polymer thin
films.
Photograph of Inert Glove Box Coating Unit used for the deposition of
Ternary blends for active layer thin films.
Photograph of (a) Metallic Coating Unit used for the deposition of Lif
and Al thin films (b) Fabricated device.
Schematic of the TSC device using (D1:D2:A)-type ternary blend active
layer [P3HT:PTB7-th:PCBM].
Schematic of the TSC device using (D:A1:A2)-type ternary blend active
layer [PTB7-th:PCBM:F-rGO].
(a) Schematic illustration of Bragg’s Diffraction (b)PANalytical XRD
Diffractometer.

Schematic diagram of FESEM.

Field Emission Scanning Electron Microscope.

Schematic diagram of a Transmission Electron Microscope.

(a)Schematic diagram of AFM, (b)AFM setup used for sample structural

characterization.

Perkin Elmer 100SFTIR Spectrophotometer.

Schematic diagram of Fourier Transform Infrared spectrometer.

() Block diagram of UV-vis absorption spectroscopy. (b) UV-Vis

absorption spectroscopy.

Typical schematic diagram and experimental setup for PL measurements.

Photograph of spectrofluorimeter for PL mesuerements

(a) The schematic of Raman scattering effect, and (b). the instrumentation
of Raman spectroscopy.

Photograph of confocal Raman spectrometer used for the measurements

The schematics of (a, b) X-ray photoelectron spectroscopy.

XV



Figure 2.32  Four probe resistivity measurement setup.
Figure 2.33  Solar simulator showing the experimental set-up for J-V characteristics of

solar cell devices under illumination with Keithley 2400 source meter.

CHAPTER 3

Figure3.1  (a) and (b) FESEM of GO Nanosheets on ITO substrate. (¢) TEM of GO
Nanosheets. (d) SAED pattern of GO nanosheets indicating the spots
corresponding to the crystalline planes. (e) AFM image of GO on the ITO
substrate. The white line scan in the marked region shows the height of a
single GO nanosheet is ~ 1.1 nm within the marked portion.

Figure 3.2 (@) XRD spectra, (b) Raman Spectra of GO and (c) FTIR of GO.

Figure 3.3  (a) XPS spectra of GO. High resolution deconvoluted XPS spectra
(experimental and fitting) of C 1s [(b)] and O 1s [(c)].

Figure 3.4  FESEM and AFM images of F-rGO Nanosheets.

Figure 3.5  (a) XRD spectra of FGO and F-rGO, (b) Raman Spectra of FGO and F-
rGO and (c) FTIR of GO.

Figure3.6  (a-c) FESEM images of PEDOT:PSS-GO (2:1), PEDOT:PSS-GO (1:1),
and PEDOT:PSS-GO (1:2) composite film on ITO substrate, respectively.
(d-f) AFM images of PEDOT:PSS-GO (2:1), PEDOT:PSS-GO (1:1) and
PEDOT:PSS-GO (1:2) composite films deposited over ITO substrates,
respectively.

Figure3.7  (a) XRD patterns of GO, PEDOT:PSS and PEDOT:PSS:GO composite
films, (b) Raman spectra of GO, PEDOT:PSS, PEDOT:PSS:GO
composite films.

Figure 3.8  (a) Transmittance spectra of GO, PEDOT:PSS, PEDOT:PSS-GO
composite films (different weight ratios); (b) Sheet Resistance (film
thickness ~ 40 nm) and (c) Conductivity of pure PEDOT:PSS, GO, and
PEDOT:PSS-GO composite films (different weight ratios).

Figure 3.9  Tauc Plots to estimate the bandgap of GO, PEDOT:PSS, PEDOT:PSS-GO

composite films with increasing proportion of GO.

XVi



Figure 3.10 The UPS measurements of GO, PEDOT:PSS and PEDOT:GO composite
films (weight ratio of (2:1), (1:1), and (1:2); (a) secondary electron cutoff
regions and (b) Fermi edge (valence band edge) regions, respectively,
Source (hv = 21.2 eV).

Figure 3.11 The energy level diagram of different HTLs based on HOMO,LUMO and

work function of the respective layers.

CHAPTER 4

Figure 4.1  Schematic of Ternary blend of (P3HT:PTB7-th:PCBM) for active layer.

Figure 4.2  Absorption spectra of P3HT (D1) and PTB7-th (D), and P3HT: PTB7-th
showing complementary absorption.

Figure 4.3  Schematic energy diagrams of different cascades of dual donor and
acceptor interfaces; (a) (A-Type) [D1: D2 (low Eg): A] blend system: both
FRET & CT processes possible; (b) (B-Type) [D1: D2 (low Eg): A] blend
system: both FRET & CT processes possible; (c) (C-Type) [Di: D2 (high
Eg): A] blend system: only CT possible and FRET prohibited.

Figure 4.4 Steady-state PL spectra of P3HT, PTB7-th, P3HT:PTB7-th:PC7:BM films
at the excitation wavelength of 465 nm. PL curves show sensitized PL and
PL quenching in the mixed blends without and with PCBM.

Figure 45  Overlap of PL spectra of P3HT and absorption of PTB7-th, indicating non-
radiative FRET is occurring dominantly between P3HT and PTB7-th in
P3HT:PTB7-th blends causing PL quenching.

Figure 4.6  (a) The TRPL decay curve corresponding to pure P3HT and dual donor
P3HT:PTB7-th blends in different compositions (without and with PCBM).
(b) fitting of PL decay curve (solid lines) using bi-exponential and tri-
exponential decay equation where t represents is the photon-exciton

lifetime and the y2 value is ~1.1 in the numerical fitting parameter.

XVii



CHAPTER 5

Figure 5.1  Schematic of the device configuration of (P3HT:PTB7-th:PCBM) ternary
blend TPSC employing PEDOT:PSS-GO composite HTL.

Figure5.2 (a) J-V characteristics of TPSCs without and with HTLs: GO,
PEDOT:PSS, PEDOT:PSS-GO composite films with various compositions
under Air Mass 1.5 Solar illumination (Pin =100 mW/cm2). (b) J-V curves
in dark.

Figure 5.3  (a-d) Effect of different HTLs on PCE, Jsc, FF, and Voc, respectively for
Device 1-5; The corresponding PCE Jsc, FF, and Voc statistics is based
on 10 devices.

Figure 5.4  Energy level diagram of TPSCs using ternary blend P3HT:PTB7-th:PCBM
with different HTLs [PEDOT:PSS/GO/PEDOT:PSS-GO].

Figure5.5  (a) Steady-state PL spectra of P3HT:PTB7-th (0.3:0.7)blends with different
HTLs (excitation wavelength = 465 nm). PL quenching in the mixed
blends without and with different HTLs is monitored. (b) The PL decay
curve P3HT:PTB7-Th:PCBM (0.3:0.7:1) blends probed at peak 744 nm,
without and with different HTLs. (c) fitting of PL decay curve (solid lines)
using bi-exponential and single-exponential decay equation.

Figure 5.6  EQE spectra of devices with P3HT:PTB7-Th:PCBM (0.3:0.7:1) TPSCs
with different HTLs.

Figure 5.7  The photocurrent density (Jph) as a function of the effective voltage for
TPSC devices with different HTLs.

Figure 5.8  Stability characteristics of Device 4, Device 1, Device 2.

(@) Normalized PCE; (b) Normalized Jsc; (c) Normalized Voc; (d)
Normalized FF.
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Figure 6.1 (a) J-V characteristics of TPSC (Device 1) : ITO/ PEDOT:PSS-GO(1:1)/
P3HT:PTB7-th:PCBM  (0.3:0.7:1)/ LiF/Al, under Air Mass 1.5 Solar
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PEDOT:PSS-GO(1:1)/ P3HT:PCBM (1:1)/ LiF/Al, and Device 3: ITO/
PEDOT:PSS-GO(1:1)/ PTB7-th:PCBM (1:1)/ LiF/Al . (b) EQE spectra of
Device 1, Device 2 and Device 3.
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respective PEDOT:PSS and PEDOT:PSS-GO HTL.
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(a) Jpn vs Light Intensity, (b) Voc vs Light Intensity.

Stability characteristics of Device 1, Device 2 and Device 3. (a) Normalized
PCE. (b) Normalized Jsc. (c) Normalized Voc. (d) Normalized FF.

CHAPTER 7

Figure 7.1

Figure 7.2

Figure 7.3

(a) Steady state PL spectra of PTB7-th films without and with
incorporation of F-rGO nanosheets in different composition at the
excitation wavelength of 465 nm. PL emission quenching is observed with
increasing wt. % of F-rGO in PTB7-th. (b) The TRPL curves for PTB7-th
blends without and with addition of F-rGO nanosheets in different
composition (without and with acceptor PCBM). Fitting of PL decay curve
is shown by solid lines using bi-exponential and decay equation where t
represents is the photon-exciton life time and the x2 value is found to be
~1.1 in the numerical fitting parameter.

(@) J-V characteristics of TPSC (Device 1) : ITO/ PEDOT:PSS/ PTB7-
th:PCBM  (1:1)/ LiF/Al, and Device 2:ITO/ PEDOT:PSS/ PTB7-
th:PCBM:F-rGO (5wt. %)/ LiF/Al, under Air Mass 1.5 Solar illumination
(Pin =100 mW/cm2). (b) Comparison of EQE spectra of Device 1 and
Device 2.

(@) J-V characteristics in the dark for PTB7-th, and PTB7-th:F-rGO
(5wt.%) in hole-only device configuration, ITO/ PEDOT:PSS/ polymer/ Au,
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(b) J-V characteristics of electron-only devices in the dark for PC71BM,
Al/ PC71BM/AL. The measurements are taken at room temperature (288 K).
Figure 7.4  AFM of (a) PTB7-th:PCBM binary blend (b) PTB7-th:PCBM:F-rGO (5
wt. %) ternary blend.
Figure 7.5  The Energy level alignment of (PTB7-th:PCBM:F-rGO) TPSC.
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CHAPTER 1

INTRODUCTION

1.1 General Background and Motivation

The use of nonrenewable energy has caused serious environmental problems on
the earth. The amount of greenhouse gases produced going faster as the amount of fossil
fuels burned grew. As a result, the Earth is becoming increasingly hotter, and sea levels
are steadily rising. Renewable energy resources have been extensively investigated in
order to solve the problem. The sources of renewable energy such as biomass, hydro-
power, wind, geothermal and solar, play a significant role in world’s energy supply. The
percentage of all the energy sources contributing to the total world’s energy is revealed in

the pie chart shown below in Fig. 1.1.

TOTAL WORLD ENERGY CONSUMPTION BY SOURCE

Renewable
® Traditional biomass 9%
® Bio-heat 2.6%
Ethanol 0.34%
= Biodiesel 0.15%
’ ® Biopower generation 0.25%
Fossil Fuel 78.4% Hydropower 3.8%
® Wind 0.39%
Solar heating/cooling 0.16%
® Solar PV 0.077%
Petroleum Solar CSP 0.0039%
® Geothermal heat 0.061%
" Geothermal electricity 0.049%
= Ocean power 0.00078%

_
W Nuclear 2.6%

Natural Gas

Figure 1.1 Renewable Energy Consumption in the World’s Energy Supply, 2020.

Fortunately, we have renewable energy sources that will not run out and will not
have substantial negative environmental consequences. Solar photovoltaic (PV), onshore
wind, hydro, and offshore wind power facilities will produce 85 percent of global



electricity in 2050, and renewable energy will account for about half of the world's
energy mix. The increased world consumption of marketed energy from all fuel sources

over the 2006 to 2050 projection period is shown in Fig. 1.2.

WORLD ELECTRICITY GENERATION BY SOURCE
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Figure 1.2. The increased world consumption of marketed energy from all fuel
sources over the 2006 to 2050 projection period.

Photovoltaic (PV) technology, which harvests energy directly from the sun, is
widely acknowledged as a critical component of future global energy generation [63]. PV
technology, or solar cells that convert sunlight directly into electricity, is one of the most
rapidly increasing renewable energy technologies, if not the fastest expanding industry at
the moment. These PV devices are mainly fabricated from semiconductor materials PVs
can be made out of a number of semiconductor materials, such as silicon, copper indium
gallium diselenide (CIGS), cadmium telluride (CdTe), and sometimes even
organic semiconductors (OPV). Although PV conversion efficiency is crucial, for most
applications, cost efficiency—the cost per watt of power—is more significant. The main
advantage of solar cells involves their graceful procedure: just converting daylight into
electricity. No requirement of water and fuels, maintenance requirements is very less, no
by-product, no sound pollution or no requirement of transferring from one location to

other after installation. Although the initial cost is very high yet operation and
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maintenance cost is very low [1-6]. A great deal of research has gone into lowering the
initial cost, increasing efficiency, extending the longevity, and simplifying the
manufacturing process. As a result, continual research has been conducted in this field,
resulting in three generations of PV technology.

First generation solar cells were based on silicon (Si) which possess good
efficiency (>15%) and durability (>20 years). Si based solar cells are available in the
market but because of their high cost they are away from the reach of a common man of
the country. Therefore efforts are being made to reduce the cost and improve further the
performance of Si based solar cells or find out new materials to replace Si.

An alternative progress towards solar cells, presently intensive work is being
performed on organic solar cells (OSCs) using small molecules and polymers as active
layers which can be processed over large areas at relatively low temperatures, either
through thermal deposition of small molecules or by spin coating of solution processable
polymers. The energy consumption for fabrication of polymer solar cells (PSCs) are very
less compared to inorganic solar cells due to high throughput and low temperature
process which permits preparation through roll-to-roll printing technology. Due to
inexpensive and high absorption coefficients, these materials are allowed to make thin
film of thickness in nanometer order. Furthermore, because PSC construction works well
with flexible substrates, it has the potential to become the next generation of light weight
and low cost renewable energy resource. As a result, PSCs have grabbed the curiosity of
academia and industry researchers all around the globe. The state-of-the-art power
conversion efficiencies (PCE) of approx. 14-15% have been realized in single-junction
polymer bulk heterojunction (BHJ) in binary blend configurations which consist of one
electron-donor and one electron-acceptor [7-14]. However, both high PCE and good
stability are simultaneously required for commercial applications. As a result, new
electron-accepting and electron-donating organic materials, blend morphological
management, interface engineering, and the innovation of current device designs have
now been given priority [15-18]. Despite major attempts to develop binary blend polymer
BHJs based PSC devices, the fundamental restriction is the small absorption window
(100-200 nm) of polymer thin films (usually 100nm) compared to inorganic

semiconductors like silicon [19-21]. To overcome these limitations tandem PSCs have
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emerged, where multiple active layers with complementary absorption are stacked
vertically connected together by an interfacial buffer layer. Such a tandem configuration
not only improves the light-harvesting due to complementary absorption but also reduces
the thermalization losses as each active layer independently absorbs a specific segment of
the solar range. However, the complication of the fabrication process involved in tandem
PSC significantly increases its manufacturing cost [20, 21]. On the other hand, recently,
ternary blend based PSCs have attracted tremendous interest employing a blend of
two/three absorption complementary components, comprising of either two-electron
donors and one electron acceptor (D1:D2:A) or one electron donor and two-electron
acceptors (D:A1:A2) systems, offering enhanced light-harvesting ability of the
photoactive layer [22-24]. The ternary blend's distinct benefit is due to the simplicity of
the production methods used, which makes them more appealing than the sophisticated
tandem cells. Also, the third ternary additive in ternary blend acting either as a secondary
donor or acceptor material forms a charge cascade structure offering an extra interface for
exciton dissociation and charge transfer [25-28]. As a result, ternary blend PSCs have
demonstrated better performances with the state-of-the-art PCE ~16-17% [20-28].
Several groups have reported ternary blend active layers employing various electron
donor polymer materials such as "poly(3-hexyl-thiophene) (P3HT), poly[N-9' -
heptadecanyl-2,7-carbazole-alt-5,5-(4" ,7' -di-2-thienyl-2" ,1" 3" -benzothiadiazole)]
(PCDTBT), poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b’ ]dithiophene)-
alt-4,7(2,1,3-benzothiadiazole)] (PCPDTBT), poly[(ethylhexyloxy)-benzodithiophene-
(ethylhexyl)-thienothiophene] (PTB7), and poly[(5,6-dihydro-5-octyl-4,6-dioxo-4H-
thieno[3,4-c]pyrrole-1,3-diyl)[4,8-bis[(2 ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-
2,6-diyl] (PBDTTPD) blended with electron acceptors such as [6,6]-phenyl C7i-butyric
acid methyl ester (PC7:BM), and Indene-Ceo bisadduct (ICBA)". However, TPSCs show
relatively poor device stability to replace conventional thin film and Si solar cells which
are known to be high temperature and high cost photovoltaic technologies. Hence, there
remains a great challenge for further optimization and development of TPSCs for their
commercialization. This could be achieved by exploring their photo-physical activities in
detail through extensive studies. Furthermore, the charge transport layers between the

photoactive layer and electrodes, such as the hole transport layer (HTL) and electron
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transport layer (ETL), as well as the interfaces produced between the electrodes and
charge transport layers, as well as between charge transport layers and the photoactive
layer, play an important role in increasing the overall performance of TPSCs. Hence, the
proper selection of both the photoactive layer and charge transport layers is notably
crucial. So far, "poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate)
(PEDOT:PSS)" is the present major materials employed as HTL in conventional devices
which facilitate the hole extraction and significantly improve the surface morphology of
the interface between active layer/ITO anode [29-32]. It also offers high optical
transparency in the solar region, high electrical conductivity, and high work function
along with easy solution processing in an agueous medium. However, PEDOT:PSS is not
an ideal HTL as it exhibits inefficient electron blocking capability and high
hygroscopicity which results in instability of the PSC devices. Transition-metal-oxides
such as MoOs, V205, WO3, NiO etc. are as a substitute for PEDOT:PSS by numerous
organizations, based on favorable energy matching and increased device stability [29-32].
But, depositing these materials via the expensive high-temperature vacuum deposition
brings not only complicity, but also not suitable for large area roll to roll production.

As a cost-effective and easy processing alternative, recently, 2D carbon materials
such as graphene oxide (GO) and GO derivatives, have gained much attention for their
application not only in HTL but also in active layer, owing to their attractive optical and
electronic properties like excellent optical transparency (>97%), high conductivity,
ultrahigh carrier mobilities, and excellent thermal and chemical stability [33, 34]. Their
ability to deposit on flexible substrates via a roll-to-roll process using the simple solution
and room temperature processing has also been very impressive. Therefore, GO and GO
derivatives are regarded as promising candidates and reported to grantee high efficient
and high stable PSCs.



1.2 Basics of Solar Cells

Solar cells are essentially semiconductor junctions under illumination. A
traditional silicon solar cell, as shown in Fig.1.3, is made up of P- type and N-type
semiconductors forming a P-N junction, an anti-reflective coating, and metal

electrodes for collecting photo-generated charge carriers from the n-typeand p-
type layers [35-40].

Photons Photons

Metal PORLAES & db g ——» Negative contact

a

N-type semiconductor

Depletion region s

Voltage U

P-type semiconductor Current I

i

2 Positive contact

8

Metal contact v
Recombination

© Hole = positive charge
© Electron = negative charge

Figure 1.3 Schematic of a typical p-n junction solar cell.

When an N-type and P-type semiconductor are brought into contact, electrons and
holes are transported across the P-N junction until equilibrium is attained. When solar
radiation is incident, photons are absorbed leading to generation of electron-hole pairs in
both N-type and P-type semiconductor regions. The photo-generated electrons and holes
diffuse to the P-N junction and are transported by the built-in internal electric field,
resulting in electric current flowing across it. Hence, photocurrent is produced by a solar
cell. In fact, the operation of a PV cell can be generally divided into three basic steps:

1. Absorption of photons
2. Generation of carriers

3. Collection of carriers

Various types of solar cells and photovoltaic materials have different physical or
chemical mechanisms behind these key steps. The energy conversion efficiency cell is
determined by the efficiency of all the steps involved, and is optimized by selection of
materials, cell-design, and several other factors.
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1.3 Different Generations of Solar Cells

In 1839, Alexander Edmond Becquerel (French physicist) discovered the solar cells
effects during analyzing with a solid electrode in an electrolyte solution [41]. The first
solar cell, however, was created in 1883 by an American inventor "Charles Edgar Fritts",
who used selenium to cover a huge plate of copper and then capped it with an
extraordinarily thin film of gold leaf [42]. In 1954, Chaplin developed the first inorganic
solar cell based on crystalline silicon, with a PCE of roughly 6%, six years since Walther
H. Brattain, William B. Shockley, and John Bardeen, who were awarded the Nobel Prize
for the transistor, discovered the p-n junction [43]. Oil embargoes in the 1970s prompted
a surge in interest in alternative energies, and the first practical solar modules for global
use were built in 1976 [44]. The development of solar cells can be considered to be in
three generations. Figure 1.4 depicts the year-by-year evolution of the PCE of several

solar cell systems.
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Figure 1.4 Evolution of record cell efficiencies of various solar cell technologies. This
graph is provided by the NREL.



1.3.1 First Generation Solar Cells

I generation solar cells are fabricated from crystalline Si. This is most advanced
technology for the production of solar cells at industrial scale and has a share of more
than 90% in solar energy market [45].

These cells are single layer p-n junction diode with large-area and are capable of
generating functional electricity from solar radiation. The PCE of commercially available
Si solar cell is about 20% [46]. Although the efficiency achieved at laboratory is 25%
which is just closer to the theoretical efficiency of about 33% [47]. The main advantages
of c¢-Si solar cells are high carrier mobility, broad spectral absorption range, and high
efficiency [48,49]. The main drawback of crystalline Si solar cell is expensive production
cost [50]. Electricity production costs are often ten times greater than fossil fuel

generation costs.

1.3.2 Second Generation Solar Cells

The 11" generation solar cells include thin film semiconductors which solar cell
composed of amorphous-Si, polycrystalline-Si, CdTe, CIGS etc. They are much efficient
compared to I generation crystalline Si based solar cells. Amorphous Si solar cells have
an optical band gap of 1.1-1.5 eV and perform similarly to crystalline Si solar cells.
Polycrystalline Si is made up of pure Si grains and, due to its mobility, performs better
than earlier designs. CdTe cells are less expensive than silicon, however it is not as
efficient. CIGS cells are deposited on "glass" or "stainless steel" using complicated
techniques. This generation comprises all thin-film solar cell technologies and accounts
for 10 % of total solar cell manufacturing. The PCE of solar cells made from these
materials is around 15-20% [51-54].

1.3.3 Third Generation Photovoltaic Cells

To boost the performance of 11" generation solar cells and to reduce the cost of
production, 111" generation solar cells were introduced. A lot of research has been
approved internationally to develop organic materials based solar cells which come under
this generation of solar cells [55-70]. The main advantages of such technology are low

production cost, flexible devices, light weight, large area devices, and easy fabrication
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process which can be done either by spin coating or by printing technology of solution
processable polymers. PCEs for single, double, and triple junction based cells have been
reported in the scientific literature at roughly 12 percent [71], 14 percent [72], and 17
percent [72,7], respectively. PCE of devices, on the other hand, clearly lag behind those
of their inorganic first and second generation counterparts, restricting their practical
applicability. In order to consistently increase the performance of PSC devices, more
effort should be put into developing unique material systems, creative device structures,

and standardizing production procedures.

Table 1.1 shows the obtained conversion efficiencies? of single cell and module for
various types of solar cells.

Cell Module
PV Technology Conversion Conversion
Efficiency Efficiency

Crystalline Monocrystalline silicon (Si) 27.6% 24.4%
Multicrystalline Si 23.3% 20.4%

Multi-junction Gallium arsenide (GaAs) 47 1% 38.9%

Thin film Cadmium telluride (CdTe) 22.1% 19.0%
CIGS 23.4% 19.2%

Emerging Perovskite 25.2% 17.9%
Organic 17.4% 11.7%

1.4 Polymer Solar Cells

Organic Solar Cells (OSCs) have emerged as a promising candidate for
photovoltaic technology and have shown significant progress in the past few years.
Among the OSCs, especially polymer solar cells (PSCs) have shown great potential
owing to their low-cost, easy solution processing, flexible, lightweight, and ability for
bandgap engineering [1-7]. The state-of-the-art PCE of approx. 14-15% have been
realized in single-junction polymer bulk-heterojunction (BHJ) in binary blend
configurations which consist of one electron-donor and one electron-acceptor [7-14].
However, both high PCE and good stability are simultaneously required for commercial

applications. As a result, new electron-accepting and electron-donating organic materials,



optimization of blend morphologies, interface engineering, and the improvement of new

device topologies have all been emphasized [136-139].

1.4.1 Organic semiconductors

All organic semiconductors are comprised of alternated single and double carbon
bonds having a conjugated pi-electrons electrical structure. The conjugated organic
polymers or small molecules contain ¢-bond and n-bond along the length of molecular
structure. The m-electrons of all the carbon atoms overlap and form zn-band [referred as
Lowest Unoccupied Molecular Orbital (LUMO)] and =n*-band [referred as Highest
Occupied Molecular Orbital (HOMO)] along the conjugation path which causes the
wave functions to delocalize over the conjugated backbone. The energy band gap of
these conjugated organic materials fall in range 1-4 eV. The chemical structures. Of some
of the typical conjugated polymers are listed below in Figure 1.5. These m-electron
system posses all the crucial electronic features for solar light conversion into electricity:

light absorption, carrier generation and transport.

Donors: Conjugated Polymers

1 s

PCDTHT MEH-PPV MDMO-PPV P3HT

R = 2-ethylhexyl
PBDB-TF

PTB7 PDBT-T1

Acceptors: Organic molecules

Figure 1.5 Typical conjugated polymers and their chemical structure used in
preparation of polymer solar cells.
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1.4.2 Applications of Organic semiconductors

o

Appreciably lower production costs by deposition techniques under low temperature

L)

compared to conventional inorganic technologies

X/
X4

% Modules of OPV devices have low weight and mechanically flexible, that’s why
these devices can be used in mobile devices.

% Manufacturing of OPV in a continuous process using state of the art printing tools.

X/
*

% New market opportunities, e.g. wearable PV.
% Wide range of applications due to semi-transparent nature of devices.
% Non-toxicity and low consumption of abundant absorbing materials.

% Due to light weight, these devices can be easy integrated into other products.

1.4.3 Device Architecture of Polymer Solar Cells

The typical diagram of PSCs is illustrated in Figure 1.6, in which active materials,
hole transport layer (HTL) and electron transport layer (ETL) are sandwiched
systematically between indium tin oxide (ITO) acting as an anode and aluminium metal
(low work function) that acts as a cathode in conventional structure. Although there has
been a lot of research into polymer-based solar cells, these cells are not commercially
viable due to their low efficiency and short life span when compared to Si-based solar
cells. Investigating new donor and accepter materials, alternative HTL and ETL, altering
device architecture, new fabrication and processing methods, and seeking for optimal

encapsulation materials are the key challenges for PSCs.

-+
@
Cathode (Al) —— |
Active Material —

Hole Transport _

T.;l_\'cr (HTL) — Alll)dC(IT(_)l
Transparent
Substrate

Figure 1.6 Schematic diagram of polymer solar cells in which HTL and active material
is sandwich in between ITO coated anode and aluminium cathode.
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The device architecture of PSCs reported in the literature can be classified as
single layer, bilayer and bulk-heterojunction. The development of different
configurations be motivated by the desire to improve PCE by improving the PV

processes in conjugated polymer materials.

1.4.3.1 Single Layer Solar Cells

The first PSC was very simple where a single layer of polymer active layer is
sandwiched between two electrodes, usually a transparent conductive oxide (TCO) anode
and a metal cathode. Figure 1.7 illustrates the typical structure of single layer solar cell.
For example, a solution of P3HT polymer was inserted in between ITO electrode and
aluminium electrode. The efficiency was very less about only 0.1% which is the main
limitation of single layer solar cells. The electrical field generated at active material is
due to the difference in work function of two electrodes which is very less for efficient
exciton dissociation in polymers [73, 74]. Moreover, recombination losses are very high

due to movement of holes and electrons in the same material [75].

v G » Photoactive Layer

Anode

Figure 1.7 Schematic diagrams of single layer solar cell device [76].

1.4.3.2 Bilayer Solar Cells

The development in PSC took place further on by making the active layer via
depositing two semiconducting layer one composed of electron donor (D) and the other
one as electron acceptor (A). The energy level structure for this donor-acceptor (D-A)
bilayer device is depicted in Fig. 1.8. These bilayer devices showed improvement in the

exciton dissociation/separation process [76-87].
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electron
Bilayer cell transfer
Cathode ®
1
Acceptor absorption
Donor “
exciton dissociation into
Anode donor acceptor + and — charge carriers

Figure 1.8 Schematic diagrams of bilayer hetero junction solar cell devices and its
energy level diagram [76].

Charge transfer at a donor—acceptor interface is used to photogenerate charge
carriers in such devices. For an example this charge transfer process [76, 77] from a PPV
polymer (D) to PCBM (A) molecules has been represented in Fig. 1.9 shown below.
Because the donor and acceptor components have different relative energy levels, the
excitons can be separated at the D-A contact (shown in Fig. 1.8). The materials for the
donor and acceptor were previously stated in Fig.1.5. Charge generation occurs with
close efficiency 1% PCE if the exciton diffusion length is greater than the length to the

D-A contact interface.

A0
0 0\ PPV C;
&

&2

Figure 1.9 Photograph of the photo-induced charge transfer in the PPV polymer to the
Ceo0r PCBM.

For numerous reasons, the bilayer configuration is preferable to the single layer
structure: The D-A interface improves exciton splitting, the active zone is expanded to

both the D and A portions of the junction, almost doubling its dimension to around 20
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nm, and electron & hole transport is divided into different materials, which
substantially lower the recombination-losses [76]. Furthermore, the band gap can
theoretically modified to match well with the solar radiation by employing two distinct
semiconductors. For such bilayer devices, PCE of 1.5 % to 4 % were being observed [88-
90].

The disadvantage of both single and bi-layer architecture [77, 91] is that the
exciton dissociation occurs far from the collecting electrodes. Only excitons produced
within 10 - 20 nm of the electrodes (single-layer devices) and the DA interface (bi-layer
devices) can reach the electrodes and be collected in these devices. This results in low
quantum efficiencies. The notion of an inter penetrating network of donor and acceptor
was devised to solve this difficulty. Better efficiencies have been demonstrated in
PSC employing bulk-heterojunction (BHJ).

1.4.3.3 Polymer-Fullerene Bulk-heterojunction Devices

In BHJ devices, the photoactive layer comprise of interpenetrating phase
separated BHJ [92-99] blend of donor and acceptor where both the phases are intimately
intermixed such that the interface lie within the diffusion length of the photogenerated
excitons. The BHJ approach has significantly enlarged the interfacial region between the
D and A, resulting in higher efficiency [92-99]. Schematic representation of such a bulk-
heterojunction solar cell is shown in Fig.1.10.

BHJ Solar Cells

I Arode
F.

HTL

Donor
Active layer {

Acceptor

ETL
Cathode

Figure 1.10 Bulk-heterojunction configuration in PSC along with donor(D)-acceptor(A)
and schematic representation of phase separated interpenetrating polymer: fullerene
bulk heterojunction [76].



The efficiency of charge transfer in a D-A bulk heterojunction [77, 100, 101, 76] is
ultra fast because the separation time of the charge carriers at the D-A interface is in
femto-second range whereas their recombination time is in milli-seconds. Therefore, it
leads to almost 100% exciton dissociation efficiency. These charge carriers must now be
transferred to the appropriate electrodes. For this, the conception of phase separated
interpenetrating network of D-A components has shown promising results and efficiency
of polymer solar cells as high as ~ 10-12% have been reported [102]. However, still a lot
is desired to be done in these bulk heterojunction based polymer solar cells for improving
their efficiency and stability before one can think of commercializing this cost effective

technology.

1.4.4 Polymer Solar Cell: Working Principle

The typical device structures of PSC are schematically revealed in Fig. 1.8 and
Fig. 1.10. The photoactive layer consists of two organic semiconductor materials, one
serving as an electron donor and one serving as an electron acceptor. Light excites an
electron from the HOMO level of the donor materials to its LUMO level. After
excitation, electrons leave behind a positively charged hole. An exciton is a quasi-particle
made up of an electron and a hole that is bound together by Coulomb interactions. By
choosing materials with suitable work functions, one can create a driving force for the
exciton to split up and its components to drift towards each electrode. The principle is
illustrated in Figure 1.11.

The photovoltaic processes that occur in PSCs can be broken down into five steps,
Absorption of photons, Exciton generation, Diffusion and dissociation of exciton into
free charges, Transport of charge carriers to the electrodes and collection, as represented
in an energy diagram shown in Fig. 1.11.

Here, the processes of conversion of light into electricity by an organic solar cell
can be schematically described with the following steps:

1. Light absorption and Exciton Generation: Absorption of a photon leading to the
formation of an excited state, that is, the bound electron hole pair (exciton) creation.
2. Exciton Dissociation and Separation: Exciton diffusion to a region where exciton

dissociation, i.e., charge separation occurs.
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3. Charge Collection: Charge transport within the organic semiconductor to the respective

electrodes.
(@)
Vacuum Level
%o
LUMO_ ¢ LS 1P,
[l i .e
E LUMO
P
hv E,
Energy
E,'
v E 'h+
HOMO
HOMO
Donor Aceptor
(b)

Donor Acceptor Anode Donor Acceptor | Cathode

(a) (b)

Acceptor

(c) (d)

Figure 1.11 (a) Energy level diagram, (b) Scheme of all the elementary physical
processes occurring in PSC [103].
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1.4.5 Solar Cell Performance

A solar cell is a semiconductor device that turns light into electrical energy
directly. A solar cell's equivalent circuit in terms of a current generator and a diode can
be drawn. This is equivalent circuit and current-voltage (I-V) characteristic of a solar cell
under illumination is shown in Fig. 1.12 (a and b) [112]. At the maximum power point
(MPP), the current is lvpp and voltage is Vmep. It should be noted that at open cuiruit
voltage, Voc, the photo-current is zero, whereas at short-circuit current Jsc the photo-
voltage is zero.

A further significant feature of the solar cell characteristic is the "fill factor (FF)"
described as,

FE = Viuee X lpp (1)

Voe Xlse

L ]
N + Vie
Ng v | =

V (volts)|
1l ? ‘LID -O Tvpy MPP
L|
)

@

Figure 1.12 (a) Equivalent circuit diagram of solar cell, and (b) I-V characteristic of
solar cell Voc, Isc, and Ivep, Vmpe at MPP point [111].

Thus, the "maximum output power of the solar cell” is mentioned as,

Prox =Vuee X lypp = Jgc XV x FF, (2

At last, the PCE (#) of the solar cell is defined as "power produced by the cell (Pmax)
divided by the power incident (Piight) on the cell™:

p
— max’ 3
=5 3)

Light

Different solar cells compared with each other in terms of FF, Voc, and Isc. The
PEC of different solar cells is affected by the cell's temperature and, more crucially, the
quality of solar illumination, which includes total light intensity and spectral distribution
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[112]. As aresult, a standard measuring condition has been established to make solar cell

assessment more similar across labs.

The standard condition used for characterizing the solar cells:
(i) light intensity : 1000 W/m?
(ii) spectral distribution of the light source should match with AM1.5 global standard

solar spectrum. For standard measurements, specific solar simulator light sources are

employed in practice.

(iii) temperature of the cell: 25 °C.

1.4.6 Literature review of BHJ polymer solar cells

The reported values of PCE for different combinations of donor polymers and

acceptor in single junction or multiple junction architecture are presented in Table 1.2.

Table 1.2 Summary of recently reported efficiencies of different polymer BHJ solar cells

[113].
S.No | Donor polymer/ | Architecture Bandgap | Efficiency | Year | References
acceptor material (eV) (%)
1 PTPTB:PCesiBM Single junction 1.7-21 1 2004 | Winder and
Sariciftci, 2004
2 PEOPT:PCs1BM Single junction 1.75 0.02 2004 | Winder and
Sariciftci, 2004
3 PFDTBT:PCs:BM | Single junction 1.9 2 2004 | Winder and
Sariciftci, 2004
4 P3HT:PCs:BM Single junction 2.1 2.8 2006 | Vanlaeke et al.,
2006
5 PCPDTBT:PCxB Single junction 1.70 3.2 2006 | Muhlbacher et
M al., 2006
6 PCPDTBT:PC7B Single junction 1.70 5.1 2008 | Hou et al., 2008
M
7 PCDTBT:PC»BM | Single junction 1.8 6.1 2009 | Park et al,
2009
8 P3HT:PCs:BM Single junction 2.1 4.4 2010 | Tsaietal., 2010
9 PCDTBT:PC7BM | Single junction 1.8 7.1 2011 | Chuetal., 2011
10 P3HT:PCs:BM Single junction 2.1 3.37 2012 | Albrecht et al.,
2012
11 P3HT:PCs:BM Single junction 2.1 3.68 2012 | Lietal., 2012
12 P3HT:PCs:BM Single junction 2.1 3.9 2012 | Albrecht et al.,
2012
13 PCPDTBT:PC7B Single junction 1.70 6.16 2012 | Albrecht et al.,
M 2012
14 P3HT:PCs:BM Single junction 2.1 4.24 2013 | Zhou et al,
2013
15 PTB7:PCxBM Single junction 1.6 7.9 2013 | Zhou et al,,
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2013
16 PBDTP- Single junction 1.70 8.07 2013 | Zhang et al.,
DTBT:PCnBM 2013
17 PTB7:PC7BM Single junction 1.6 8.67 2013 | Luetal, 2013
18 P3HT:ICBA/PDTP | Tandem junction | 1.24 10.6 2013 | Youetal., 2013
-DFBT:PCs:BM
19 P3HT:PCes:BM Single junction 2.1 4.24 2014 | Chietal., 2014
20 PCDTBT:PC7BM | Single junction 1.8 7.20 2014 | Liu et al,
2014b
21 PDVT- Single junction 1.84 10.08 2015 | Liu S. et al,
10/PBDTTT- 2015
EFT:PC1.BM
22 PTB7-th/ZnO/ Tandem junction | 1.6 11.3 2015 | Zhou et al,
CPEs:PCnBM 2015
23 PBDB-TF:IT-4F Single junction 1.89 13.7 2018 | Lietal., 2018
24 PFN-Br/PBDB- Tandem junction | 1.25 17.3 2018 | Meng et al,
T:FM/PTBT7- 2018
th:06T-
4F:PC711BM

1.4.7 Strategies to boost the performance of Solar Cells

In BHJs, even with properly chosen photoactive layer material i.e, polymer

donors and acceptors, electrons and holes may still diffuse randomly within the material

and end up at the wrong electrode, where it will recombine with its counterpart and

thereby constitute an energy loss. It is to prevent such losses, and to promote transport of

charges, a HTL and an ETL have been integrated into the device structure. Such HTL

and ETL are called as interface transport layers (shown in Fig.1.13) .

Anode HTL

LUMO

HOMO

ETL

Catode

1N

Er

Figure 1.13 Electrons moving downwards energy bands and holes moving upwards
energy bands via ETL and HTL, respectively.
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Hence, it is concluded that a proper choice of photoactive layer and interface

transport layers are crucial to achieve good performance of PSCs.

1.4.7.1 Tandem solar cells

The device architecture of the PSCs documented in the literature can be classified as

single layer, bilayer, or bulk. The development of these structures is motivated by the

desire to improve the PCE by improving the exciton dissociation and carrier collection

processes in the active layer [126,127].

One technique to improve the PCE is by stacking two or more "sub-cells" which

show complementary absorption to harvest low and high energy photons in the different

"sub-cells", called as tandem solar cells. This architecture enhance the absorption of light

as well as reduce the thermalization loss as compared to single-junction PSCs [114-120], as

depicted in Fig. 1.14 (b).

(a)

Binary OSCs

°'goo 400 500 600 700 800 000
Wavelength (nm)

TSR

\(c) Ternary OSCs

A8t

(b)

Tandem OSCs

o

DL

% Cathode

&% Electron transport layer

#* Donorl

#* ponor2

s Acceptor
Hole transport layer
Anode

W Intermediate layers

Figure 1.14 Schematic representation of configuration, (a) binary PSCs, (b) tandem
PSCs, and (c) ternary OSCs [114].
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1.4.7.2 Ternary blend based polymer solar cells

However, due to the complexity of tandem solar cell technology, Recently, ternary
polymer solar cells (TPSCs) have emerged as one of the most promising candidates for
achieving high performance which utilizes the concept of solar absorption in
complimentary parts of the solar spectrum. The schematic of TPSCs are shown in Fig. 1.14
(c) where a ternary blend is used as photoactive-layer. Here, ternary blends can be made by
blending two donors and one acceptor, resulting in (D1:D2:A)-type; or two acceptors in one
single donor materials, resulting in (D1:A1:Az)-type ternary blends [18-20]. In general, the
active layers of TPSCs comprise three elements: the dominant D:A system and a third-

component, which can be a polymer, a small molecule, a dye, or a nanoparticle [128-135].

Ternary Solar Cells: Architectures and Working Mechanism

TPSCs have drawn interest because they not only give a substantial light harvesting
advantage through complementary-absorption, but they also increase charge generation and
carrier collecting features [136-146]. The TPSC using Di:D2:A blend, in particular,
demonstrate the benefits of broad solar absorption and simple design.

Furthermore, in these ternary blends based on the HOMO and LUMO energy levels
of the respective D and A, "cascade-energy alignment” is documented. The creation of
three different cascade structures has been acknowledged in the literature, depending on
their distinct band-gaps, is depicted in Fig.1.16.
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i. Charge Transfer ii. Energy Transfer iii. Parallel-Linkage

Figure 1.15 Schematic of three fundamental mechanisms (charge transfer, energy
transfer, and parallel linkage) in ternary solar cells to boost the performance of TSCs.

Many ternary blend reports show increased exciton dissociation probability in diverse

ternary blend systems via two know fundamental phenomenon such as "Forster resonance
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energy transfer (FRET)" between D-D and “charge transfer (CT)" at the D-A interface
owing to "cascade energy alignment” [141,146,147]. As seen in Fig. 1.16 (a-c), the first
category is A-Type [Di1: D2 (low Eg): A] blend system wherein both FRET & CT is
possible. B-type [D1: D2 (low Eg): A] blend also represents the same yet with different
energy alignment. However, the third category, C-Type [D1: D2 (high Eg): A] blend system,
demonstrate that only CT with no possibility of FRET [137, 148].

Different types of Cascade Structures

@ A-type (b) B-type () C-type
D,: D, (low Eg): A D;: D, (low Eg): A D,: D, (High Eg): A
o e e
’ e G

(3

Figure 1.16. Schematic energy diagrams of different cascades of dual donor and
acceptor interfaces in ternary blends.

All three types of cascading ternary blends have been reported for TPSCs in the
literature, with PCEs increasing by 30-50 percent due to sensitization emission and
significant PL reduction owing to FRET/CT induced increased exciton separation in the
ternary blend [137, 149]. However, there are few information on the dynamics of

excitons dissociation and its impact on device performance in these (D1:D2:A) systems.

Literature Review of Ternary Solar Cells:

Inspiringly, the PCEs of TPSCs have exceeded 10%, showing great potential for
obtaining high performance TPSCs [150, 151], as summarized in Table 1.3. For further
enhancement, several elementary physical issues are required to be elucidated, hence,

needed further exploration.
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Table 1.3 Summary of the PV performance of ternary and binary solar cells [114] under
the AM 1.5G illumination at 100 mW cm™.

Photovoltaic  parameters Photovoltaic
(binary) parameters(ternary)
Binary blend | Jsc Voc | FF PC | The third | Ratio Jsc Voc | FF PCE | Ref
[D:A] [mA | [V] [%] | E compone | [D:TC:A | [mA |[V] [%0] [%] |-
cm?] [%0] | nt(TC) ] cm?]
PTBY7- 17.53 | 0.805 | 65.26 | 9.2 P-DTS 0.85:0.15: | 18.44 | 0.755 | 75.27 | 10.5 | 150
th:PC71BM (FBTTH2)2 | 1.1
P-DTS(FBTT 12.63 | 0.711 | 59.74 | 5.40
H2)2:PC71BM
PTB7- 17.11 | 0.786 | 65.1 8.75 | PDVT-10 1:0.005:1. | 18.73 | 0.78 69.0 10.08 | 151
EFT:PCnBM 5
PTB7- 1492 | 0.75 70.3 7.88 | PID2 0.8:0.2:1. | 16.68 | 0.78 70.8 9.20 | 159
th:PCz1.BM 5

PID2:PCnBM 5.29 0.86 44.3 2.01

PTB7:PC:1BM 14.7 0.731 | 63.5 6.8 PCDTBT | 0.7:03:2 |17.1 0.795 | 65.4 8.9 160

PTB7:PCuBM 1499 | 0.701 | 68.8 7.35 | ICBA 1:0.225:1. | 16.68 | 0.735 | 71.2 8.88 | 161
275

PTB7:1ICBA 10.84 | 0.873 | 50.1 4.83

PTB7:PCuBM 15.1 0.72 66.3 7.2 PBDTT- 0.5:0 18.7 0.69 67.4 8.7 162

SeDPP 5:2

PBDTT- 16.9 0.68 62.9 7.2

SeTDP:PCzBM

a-6T/SubPc 7.46 1.09 57.9 4.69 | SubNc 1455 | 0.96 61.0 8.40 | 158

a-6T/SubNc 12.04 | 0.94 53.9 6.02

PBDTTPD- 11.79 | 0.99 58.14 | 6.85 | BDT-3TC | 0.6:0.4:1 | 12.17 | 0.969 | 71.23 | 8.40 | 163

HT:PC71BM NCOO

BDT-3TCN 10.11 | 0.968 | 72.63 | 7.48

COO:PCnBM

PTB7:PCuBM 15.0 0.72 67.1 7.25 | PID2 0.9:0.1:1. | 16.8 0.72 68.7 8.22 | 164
5

PID2:PC7n1BM 5.27 0.86 44.4 2.01

LP2:PC7:1BM 11.80 | 0.97 64.0 7.32 | LP4 0.5:05:3 | 13.88 | 0.94 62.0 8.09 | 165

LP4:PC7:1BM 13.15 | 0.90 56.0 6.63

SMPV:PCzBM | 9.22 0.92 69 5.85 | SQ 0.9:0.1:1 | 11.18 | 0.92 72 7.40 | 166
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SQ:PCnBM 450 | 090 |28 1.13

DTffBT:PCBM | 12.2 0.91 56.5 6.26 | DTPYT 0.5:0.5:1 13.7 0.87 58.9 7.02 | 167

DTPyT:PCBM 12.8 0.85 58.1 6.30

ASSQ/Ceo 746 | 097 |583 |[4.22 |SQ 1:2/C60 10.05 | 0.87 | 703 |6.15 | 168

SQ/Ceo 9.05 |081 |635 |4.65

P3HT75-co- 7.96 | 0.675 |59 3.16 | P3HTT- 0.9:0.1:1. | 15.05 | 0.603 | 61 551 | 169

EHT25:PCBM DPP-10% |1

P3HTT-DPP- 14.38 | 0.57 62 5.07

10%:PCBM

PBTADN:PC#B | 6.9 0.83 53.1 3.0 BantHBT | 1:0.2:4 11 0.91 56.4 5.6 170

M

P3HT:PCBM 7.1 0.57 63 25 PCPDTBT | 0.8:0.2:1 8.02 0.62 55.4 2.8 171

P3HT:PCBM 8.6 0.57 63.6 31 Si- 0.6:0.4:1 11 0.59 62.1 4.0 172
PCPDTBT

P3HT:ICBA 7.9 0.82 60.1 3.9 Si- 0.8:0.2:1 10 0.79 64.9 51 173
PCPDTBT

P3HT:PCBM 10.3 0.59 53 3.27 | SQ 1:0.01:1 11.6 0.60 64.8 451 174

P3HT:PCBM 9.69 0.55 66 35 SiPc 1:0.048:1 | 111 0.58 65 4.2 175

PCDTBT:PCnB | 10.79 | 0.86 68 6.3 Ag NPs | 1:0.01:4 11.61 | 0.88 69 7.1 176

M (40nm)

PTB7:PCnBM 16.71 | 0.732 | 68.03 | 8.31 | Au:BCNT | - 18,50 | 0.743 | 72.61 | 9.98 | 177
CHsNHsPbsxClx | 19.3 0.98 72.9 13.8 | DOR3T- - 21.2 0.99 67.9 143 | 178
TBDT:PC

1BM

CHsNHsPbsxClx | 18.1 0.89 60.4 9.7 PBDTT- - 20.6 0.94 62.0 12.0
SeDPP:PC
71BM

CHsNHsPbls 13.09 | 0.90 | 80.33 | 9.46 | PDPP3T:P | - 1393 | 0.88 | 71.78 | 8.80 | 179
CBM

PDPP3T:PCBM | 8.82 0.67 67.07 | 3.96 -

1.4.7.3 Hole Transport Layers (HTL)

The introduction of an interlayer between the photoactive material and the anode,
referred to as HTL is one technique to improve the PCE. The HTL material is chosen
based on a number of criteria. In order to create the driving force for holes to move

towards the anode of the device, the HTL should have a high enough work function to
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match the HOMO of the donor. To prevent the drift of electrons towards the anode, the
HTL should have its conduction band (CB) above the LUMO of the material. These
criteria makes for good ohmic contact between the anode and the photoactive layer, since
holes move upwards energy bands, while simultaneously shielding the anode from
electrons, whom are moving downwards energy bands.

Apart from these energy band properties, there are a few more criteria that need to
be met for a material to be suitable for use as a HTL in solar cells. In the conventional
device structure, the material used as a HTL must be transparent enough to allow for light
to pass through into the photoactive layer, and it needs to be cost effective in production.
The material should also have a high hole mobility, and be stable enough to prevent
degradation of the cell.

PEDOT:PSS which is normally used as HTL offers various desired properties
such as "optical transparency, simple processing and good ohmic contact between anode
and photoactive material”. However, PEDOT:PSS is highly degrading which leads to
reduced stability of these PEDOT:PSS based devices. In view of this, investigations into
other materials to serve as a substitute for PEDOT:PSS are being done. Alternately,
transition metal oxides such as MoOs, V205, WOz, NiO etc. have been employed based
on favorable energy alignment, and the increased device stability has been reported by
several groups [180-183]. But, depositing these materials via the expensive high-
temperature vacuum deposition brings not only complicity, but also not suitable for large
area roll to roll production.
1.4.7.4 Engineering PEDOT:PSS HTL using 2D Materials

PEDOT:PSS is an inefficient electron-blocking material compared to other
promising hole transport layers by reducing device current efficiency due to electron
leakage to the anode. To overcome these limitations, currently, several 2D nanosheets
such as "Graphene Oxide (GO), molybdenum disulfide (M0Sz), tungsten disulfide (WS>),
tungsten diselenide (WSe2)" were investigated to replace PEDOT:PSS [184]. 2D
materials such as are added in active layer, hole transport layer, and electron transport
layer to improve their properties. Among these, Graphene Oxide (GO) is one of the most
interesting materials, because unique opto-electronic properties. It also prove to offer

long-term stability to the solar cells. Their ability to deposit on flexible substrates via a
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roll-to-roll process using the simple solution and room temperature processing has also
been very impressive. Therefore, GO and GO derivatives are regarded as promising
candidates and reported to grantee high efficient and high stable PSCs.

Generally, despite possessing the favorable high work-function match well with
the HOMO of the respective donor polymers, but the insulating property of GO limits its
use as HTL in enhancing the device performances of PSCs. Their application for scalable
and reproducible manufacturing of PSCs becomes difficult. Nevertheless, integrating GO
with PEDOT:PSS i.e., building the hybrid PEDOT:PSS-GO composite HTL is also a
promising strategy with can complement the drawbacks of single GO and conventional
PEDOT:PSS [185-187]. Since past few years, both GO and hybrid PEDOT:PSS-GO in
the bilayer and composite form has been widely used as HTLS and have shown
encouraging results in achieving good interfacial hole extraction properties, high electron
blocking, high film optical transparency, surface morphology, and high conductivity,

which have significantly improved the PCE and stability of the PSCs devices.

Functionalized graphene
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//‘ &
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Reduced graphene oxide

Figure 1.17 Graphene, Graphene Oxide and its derivatives are used in ETL and HTL,
respectively.
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There are numerous articles signifying the utilization of different 2D materials as
ternary additive component into the photoactive layer of TPSC, summarized in Table 1.4
[188,189].

Table 1.4. A summary of the key photovoltaic parameters of the optimum ratios of BHJ
ternary OSCs incorporating 2D materials [202].

Donor Acceptor | Third Component Jsc (mA/ | Voc | FF n(%) | Ref
Name Ratio (%) | cm?) V) | (%)
P3HT PCsa1BM SPF 10 5.30 0.64 | 41.0 1.40 191
Graphene
P3HT PCa1BM Pristine 1 3.60 0.52 | 36.0 0.70 192
Graphene
P3HT PCesBM Graphene 0 7.25 0.60 | 65.0 2.79 193
2 7.91 0.60 | 66.0 3.17
P3HT PCa1BM N-rGO 0 10.65 0.59 | 52.0 3.19 194
0.5 14.95 0.59 | 51.0 4.48
PCDTBT PCnBM GNF-EDNB | 0 11.58 0.89 | 54.6 5.59 195
0.05 12.91 0.90 | 57.6 6.59
PCDTBT PCnBM GO-TPP 0 11.49 0.88 | 57.1 5.80 196
0.3 13.61 0.89 | 58.9 7.13
PTB7 PCnBM GO-TPP 0 16.50 0.76 | 60.4 7.60 196
0.3 18.27 0.77 | 62.7 8.81
PCDTBT PCnBM rGO-Sh2Ss 0 11.60 0.90 | 54.6 5.58 197
0.25 13.80 0.93 | 555 7.00
PTB7 PCnBM GOQD 0 15.20 0.74 | 59.7 6.70 198
0.2 16.10 0.73 | 60.4 7.11
PTB7 PCnBM GQD5 0 15.20 0.74 | 59.7 6.70 198
0.5 15.20 0.74 | 67.6 7.60
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PTB7 PCuBM GQD 10 0 15.20 0.74 | 59.7 6.70 198
0.02 15.30 0.74 | 63.6 7.21

P3HT PCes:BM GQD 0 14.27 0.59 | 31.0 291 199
0.6 26.46 0.60 | 33.0 5.64

PCDTBT PCnBM WS, 0 10.70 0.90 | 60.5 5.7 200
1.5 12.10 0.88 | 59.3 6.2

PCDTBT PCnBM WS2-Au 0 10.70 0.90 | 60.5 5.7 200
1.5 12.50 0.90 | 58.6 6.4

PTB7 PCnBM S-WSe: 0 15.12 0.73 | 67.5 7.54 201
2 15.28 0.72 | 69.0 7.86

PTB7 PCuBM M-WSe: 0 15.12 0.73 | 67.5 7.54 201
2 17.04 0.72 | 69.5 8.78

PTB7 PCuBM L-WSe: 0 15.12 0.73 | 67.5 7.54 201
2 16.24 0.72 | 68.7 8.16

1.5 Motivation and scope of the current work

Significant progress has been made in TPSCs to demonstrate the PCE reaching
~10-12%, however, fundamental working principle in these TPSCs are still under
investigations. Furthermore, it is necessary to manage the blend-morphology and
optimize PV activities like "exciton formation, dissociation, carrier generation, charge
transfer, and collection” in order to advance the performance of TPSCs. However,
identifying the underlying mechanisms was not simple and necessitated substantial
research. A detailed and in-depth studies on the morphology and photo charge carrier
dynamics in the ternary system are very limited.

Also, despite possessing the favorable high work-function match well with the
HOMO of the respective donor polymers, but the insulating property of GO limits its use
as HTL in enhancing the device performances of PSCs. Their application for scalable and
reproducible manufacturing of PSCs becomes difficult. Nevertheless, integrating GO

with PEDOT:PSS i.e., building the hybrid PEDOT:PSS-GO composite HTL is also a
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promising strategy which can complement the drawbacks of single GO and conventional
PEDOT:PSS [203, 204]. Since past few years, both GO and hybrid PEDOT:PSS-GO in
the bilayer and composite form has been widely used as HTLs and have shown
encouraging results in achieving good interfacial hole extraction properties, high electron
blocking, high film optical transparency, surface morphology, and high conductivity,
which have significantly improved the PCE and stability of the PSCs devices. However,
several groups have reported the use of PEDOT:PSS-GO as HTLs mostly with binary
blend BHJ system combinations and reported enhanced PCE as high as 10% [204]. This
provides a motivational platform to explore the potential use of PEDOT:PSS-GO HTLs
for the design and development of ternary blend systems based PSC technology also.

The main scientific challenges in improving the performance of such 2D
materials and ternary-blend based solar cells is, (i) Optimization the Morphology of the
active layer for better Charge Dissociation, carrier mobility, and charge transport, (ii)
Recombination in the active layer and at the HTL/Active layer interface need to be
controlled for enhanced carrier collection, and (iii) Device stability also need to be

improved.

Therefore, the motivation of the present thesis work is as follows:

» To elucidate the elementary physical principles prevailing the photovoltaic

process in ternary solar cells.; and compare ternary blends with binary blends.

» To explore Carbon based 2D Materials for their utilization in ternary solar cells
The scope of the present thesis is to carry out the in-depth investigations to address the
scientific challenges observed in the ternary solar cells. Revealing this knowledge will
help in understanding the device physics and improving the performance of ternary solar

cells.

1.6 Objectives of the Present Thesis

+ The main objectives of the present thesis work are directed towards the
following:
> Development of efficient (D1:D2:A)/ (D:A1:Az) type of Ternary blends.
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Development of Carbon based 2D Materials such as Graphene Oxide(GO) and
Fluorinated Graphene Oxide(FGO) for enhancing performance of solar cells.
Preparation of (PEDOT:PSS-GO) composites with effective Hole transport
properties.

Improving the performance of Ternary Solar cells fabricated using (D1:D2:A)
and (D:A1:A>) as active layers, using (PEDOT:PSS-GO) composite as HTL.
In-depth studies related to film morphology, photo-physics, charge carrier
dynamics and photostability of the fabricated devices.

+ The experimental work carried out is as follows:

1.

Preparation and optimization of (Di:D2:A1) Ternary blend, [(P3HT (D2),
PTB7-th (D2), and PCBM (A1)]. The structural, optical properties and charge
transport studies are carried out.

Synthesis of GO and FGO have been carryout by Modified Hummer's
method. Subsequently, Preparation and optimization of Hole Transport
Layers (HTLs): PEDOT:PSS, GO, and PEDOT:PSS-GO composite films
(different weight ratios). Analysis of structural, optical and electrical
properties are done.

Fabrication of Ternary Solar Cells using the [P3HT: PTB7-th: PCBM] blends
and studies related to photo-physics and charge carrier dynamics have been
carried out.

The effect of different HTLs (PEDOT:PSS, GO, and PEDOT:PSS-GO
composites) on the Photovoltaic properties of [P3HT: PTB7-th.: PCBM]
Ternary Solar Cells have been investigated.

Preparation and optimization of (D:A1:A2) Ternary blends using PTB7-th (D),
PCBM (Ay), and F-rGO (A2). Film morphology and charge carrier dynamics
have been studied.

Fabrication of [PTB7-th:PCBM:F-rGO] Ternary blend solar cells and

photovoltaic performance have been analyzed.
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1.7 Thesis outline

The present thesis explores the utilization of carbon 2D materials for improving the
performance of (D1:D2:A)/ (D:A1:A2) type of Ternary blend based solar cells. The studies
related to photo-physics and charge carrier dynamics have been investigated in-depth.
The current challenges and further prospects on ternary solar cells are also briefly
analyzed in the thesis. The thesis comprises of 8 chapters.

* The present chapter (chapter 1) of the thesis is devoted towards the extensive
literature survey on past and present research work done on organic solar cells. The
working mechanism and various geometry of organic solar cells have been discussed.
It summarizes the general review on various strategies for boosting the performance
of TSCs (both stability and efficiency) such as different photoactive blends (binary
and ternary), hole and electron transport layers (HTL and ETL) and utilization of 2D
materials etc. Finally, the objectives and scope of the present work are presented.

* In chapter 2 the details of experimental details and characterization techniques used
in the present investigations have been mentioned. It includes synthesis of GO and
FGO by modified Hummer's method , preparation of Ternary blend active layers
[(P3HT (D1): PTB7-th (D2): PCBM(A1), and [PTB7-th (D1): PCBM (A1): F-rGO
(A2)], and preparation of PEDOT:PSS, GO, and PEDOT:PSS-GO composite films
HTL thin films by spin coating technique. The detailed process for the fabrication of
the solar cell devices will be discussed using both the binary and the ternary blends
and different PEDOT:PSS/GO/PEDOT:PSS-GO composite films HTLs, in typical
planar BHJ device configuration. Further, Equipments require for fabrication process
like glove box, thermal evaporation systems and spin coating unit with
characterization and PV measurement techniques used in the present work have been
discussed in this chapter.

* Chapter 3 comprises of structural, optical and electrical characterization of GO and
PEDOT:PSS-GO composites films for HTLs. The synthesized GO and FGO sample
characterized by XRD, FESEM, HRTEM, AFM, Raman, and FTIR revealing the size

of nanosheets 5-10 um, and thickness of one single sheet ~1.1 nm (indicating the
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availability of two or three layers). The chemical composition of the GO sample
was investigated by XPS. Further, PEDOT:PSS-GO composite films were deposited
by dispersing GO in PEDOT:PSS in different weight ratios i.e., (2:1), (1:1), and (1:2).
The effect of GO on the surface morphology of these PEDOT:PSS-GO composite
thin films has been revealed by FESEM images and AFM images. Finally, via the
optical transmittance, four-point probe resistivity and UPS measurements of the
PEDOT:PSS-GO composite thin films carried out in all compositions, it is concluded
that PEDOT:PSS-GO(1:1) is the optimum composition as it shows good film
morphology,  enhanced conductivity, and highest HOMO level (EHomo = 5.22 eV).
Therefore, PEDOT:PSS-GO(1:1) is considered as a potential HTL alternative to
PEDOT:PSS, and more ideally suited for effective HTLs in solar cell devices.

Chapter 4 presents the photo-physical properties of [P3HT:PTB7-th:PCBM]
(D1:D2:A1) ternary blends for active layer. The ternary blend of P3HT:PTB7-
th:PCBM has been investigated in different blend compositions for optimizing the
photovoltaic properties. The P3HT:PTB7-th films were deposited on ITO by mixing
P3HT and PTB7-th in three different weight propositions i.e., (0.7:0.3), (0.5:0.5) and
(0.3:0.7) weight ratios. The absorption spectra confirmed that all three P3HT:PTB7-
th films exhibit strong and complementary absorption covering a wider wavelength
range from 500-750 nm. Evidently, P3HT:PTB7-th with (0.3:0.7) weight ratio
displays more stronger and wider coverage in the entire solar light spectrum as
compared to the other two compositions. Further, PL characteristics of pure P3HT,
PTB7-th, and P3HT:PTB7-th mixed blends have been recorded to the monitor the PL
quenching. Further, when the PCBM acceptor is blended with the donor:donor
P3HT:PTB7-th (0.3:0.7) composite, PL at the characteristic peaks of P3HT (650 nm)
and PTB7-th (747 nm) have been studied. Further, the TRPL studies were carried out
to estimate the photo-exciton lifetime in P3HT and P3HT:PTB7-th:PCBM,
respectively. The significance that both FRET and cascade energy level alignment
charge transfer dominated mechanisms on effective exciton dissociation in the ternary
blend have been thoroughly investigated and discussed. Hence, the work described in
this chapter concludes that P3HT:PTB7-th:PCBM (0.3:0.7:1) is the optimized blend

combination for solar cell application.
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* Chapter 5 describes the photovoltaic performance of [P3HT: PTB7-th: PCBM]
ternary solar cells using different HTLs by measuring the J-V characteristic under
standard AM 1.5G 100 mW cm2 solar illumination. A remarkable enhancement in
PCE of [P3HT:PTB7-th:PCBM] (0.3:0.7:1) ternary blend based solar cells (TPSC)
from 3.2% to 7.1%, without and with the addition of GO nanosheets in PEDOT:PSS
HTL, has been achieved. It has also been described that these TPSCs showed
significant improvement in device stability retaining PCE for 500 hours with only a
10 % loss from its initial value. This is due to good photo-stability of GO which
significantly improved the overall air-stability of PEDOT:PSS-GO composite
HTL based TPSC devices. Hence, PEDOT:PSS-GO composite offers the most
desirable hole transport properties over the conventional PEDOT:PSS-only HTLs. In
conclusion, [P3HT:PTB7-th:PC7:.BM] (0.3:0.7:1) ternary blend based TPSCs display
high performance and good stability when PEDOT:PSS-GO (1:1) is utilized as HTL.
These in-depth studies open a new avenue for the potential commercialization of low-
cost and solution-processed TPSCs.

* Chapter 6 compares the performance of [P3HT:PTB7-th:PCBM] ternary solar cells
with binary solar cells. Here, the J-V characteristics of [P3HT:PTB7-th:PCBM]
(0.3:0.7:1) ternary blend based TPSCs fabricated is compared with the respective
binary devices i.e., P3HT:PCBM and PTB7-th:PCBM binary blends based devices.
Here, PEDOT:PSS-GO (1:1) composite HTL is used in all the devices. The
enhancement in photovoltaic performance exhibited by P3HT:PTB7-th.:PCBM
TPSCs attributing to the synergetic effect of P3HT:PCBM and PTB7-th:PCBM
binary counterparts was confirmed by absorption studies, EQE measurements, PL
quenching and photo-carrier dynamics studies and charge transport studies. The
advantageous properties of (P3HT:PTB7-th:PC7:BM) ternary blend PEDOT:PSS-GO
composite HTL collectively boost up the performance of TPSCs. It all makes these
devices as a potential candidate to take the TPSCs towards their ultimate goal of
envisaged commercialization.

* Chapter 7 demonstrates the photovoltaic performance of [PTB7-th:PCBM:F-rGO]
ternary blend based solar cells. Here, the F-rGO (reduced FGO) nanosheets are

dispersed within polymer PTB7-th matrix as they can be utilized as the electron
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acceptor in bulk heterojunction polymer solar cells. The steady-state PL and TRPL
studies were made to achieve the optimized weight percentage of F-rGO nanosheets
incorporated in PTB7-th. Furthermore, the solar cells, ITO/PEDOT:PSS/PTB7-
th:PCBM(1:1)+F-rGO/LiF/Al, and ITO/PEDOT:PSS/PTB7-th:PCBM (1:1)/LiF/Al,
were fabricated, and J-V characteristic of TPSC devices under standard AM 1.5G
100 mW cm~2 solar illumination were measured for further investigations. It has been
found that the PCE of TPSC devices with added F-rGO ternary additive (~5 wt%),
gets enhanced to 7.36 % compared to the device without F-rGO (PCE ~ 3.54 %). In-
depth investigations of charge carrier dynamics studies in support of the enhanced
PCE via exciton dissociation in PTB7-th.PCBM matrix have been analyzed and
discussed. Also, device stability testing measurements have been examined which
showed improved overall air-stability of [PTB7-th.PCBM + F-rGO] ternary
compared to [PTB7-th:PCBM] binary blend devices owing to good photo-stability of
incorporated F-rGO nanosheets.

* Chapter 8 presents the brief summary of the work and the conclusion drawn from
major conclusions derived from the present work and the scope of the future study in
this field has been suggested.
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CHAPTER 2

EXPERIMENTAL DETAILS: PREPARATION,
CHARACTERIZATION AND MEASUREMENTS

2.1 Introduction

In this chapter, experimental details regarding the synthesis of Graphene Oxide
(GO) and Fluorinated Graphene Oxide (FGO) by modified Hummer’s method [1,2],
chemical reduction of FGO to form Fluorinated Reduced Graphene Oxide (F-rGO) has
been discussed in detail. Subsequently, the preparation of PEDOT:PSS, GO, and
PEDOT:PSS-GO composites (different compositions) have been presented which will be
utilized as HTLs in polymer solar cell (PSCs) devices. Further, the procedure for the
preparation of active layer composed of binary blends [(P3HT:PCBM) or (PTB7-
th:PCBM)] and ternary blend [P3HT:PTB7-th:PCBM] for PSCs have been discussed.
Finally, the detailed solar cell device fabrication steps have been presented along with the
details of the equipments used. Experimental details including various steps involved in
device preparation and fabrication equipments like thermal evaporator, spin coating unit,
UV ozone cleaner and glove box integrated with vacuum coating unit have been
presented.

Fabrication of organic solar cell devices involves many fundamental steps and
each step has its own importance. Particularly, processing of device is prompt to changes
when different active materials with different interfacial layers are used. Often, even
processing of device with the same active material using different HTL can result in
different requirements for device processing. In order to obtain the optimal device
efficiency from the available materials, much iteration of experiments is essential to
establish the best processing conditions for fabrication of OPV devices.

Further, techniques used in the characterization of samples such as, "X-ray
diffraction (XRD), Transmission electron microscopy (TEM), atomic force microscopy
(AFM), Field emission scanning electron microscope (FESEM), UV-Vis absorption
spectroscopy, photo-transmittance, Raman  Spectroscopy, X-ray photoelectron
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Spectroscopy (XPS), Field-Emission Scanning Electron Microscopy (FESEM), Fourier-
transform infrared spectroscopy (FTIR), Ultraviolet Photoelectron Spectroscopy (UPS),
Resistivity and conductivity measurements by Four-point probe technique,
Photoluminescence (PL), Time-Resolved Photoluminescence (TRPL); and measurement
methods such as solar cell Current-Voltage (I-V) measurements, External Quantum

Efficiency (EQE) Measurements, and Photostability measurements™ are discussed.

2.2 Synthesis of GO, FGO, and F-rGO

2.2.1 Materials Used

Pure grade graphite flakes (Alfa Aesar 99.99%), graphite flakes (Sigma-Aldrich
99.99%), potassium permanganate (KMnQgs), Sulfuric acid (H2SOs) (98%), Hydrazine
monohydrate (80%), and hydrochloric acid (HCI) (35%) were purchased from Merck,
Ethanol and hydrogen peroxide (H202) (30%) was purchased from Rankem. They were
used without further purification for experiment. Double deionized water) (DI) was used
in the synthesis of GO and FGO.

2.2.2 Synthesis of GO and FGO
(i) Synthesis of GO:

GO was prepared from graphite flakes by using modified Hummer method [3,
4, 5]. Briefly, 1.5 g of Graphite flakes (Alfa Aesar 99.99%) Micro wave heating for 10
sec than exfoliated graphite obtained and 250 ml of H.SO4 were mixed in a 1000 ml (1
Lt.) volumetric flask kept under at ice bath with stirring continuously. The sample
mixture was stirred 300 rpm for 2 hrs at the room temperature and 10.5g of potassium
permanganate (KMnQO4) was added to the suspension very slowly. The addition rate was
controlled carefully to preserve the reaction increases temperature up to 98°C.The slow
addition of 1.5 liter of water. The reaction temperature was increased quickly to 98
OC.The solution mixture was finally treated with 30 ml H,O, was added to the mix
stirring and terminate the reaction, graphene oxide formed yellow color. For purification,
the mixture was washed by centrifugation at 4000 rpm, 15 min and Mixture is filtered
and washed with 90 mL of HCI + 900 mL of Distilled water, stirring 400 rpm continued
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30 min, Solution was centrifuged at 4000 rpm, 15 minutes, removed unexfoliated
graphite Oxide. The mixture filtered or washed with only 1 liter of distilled water, stirring
400 rpm continued 1 hr. Again centrifuged at 4000 rpm, 30 min and remove unexfoliated
graphite Oxide. After filtration and then it dried in hot air oven, the Graphene Oxide
(GO) was obtained as a powder Fig. 2.1.

Sample in mortar Samplein Petri dishe
and pestle

GO sample

HCI :Di- Water(1:9) ::‘;‘s;"“"

Figure 2.1 Schematic diagram showing the steps undertaken for the synthesis of GO by
modified Hummer’s method.

(a)

Figure 2.2 Schematic structure of (a) a single graphene sheet; (b) graphene oxide (GO).
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(ii) Synthesis of FGO:

FGO was prepared by an improved Hummers method [6, 7, 8]. A fluorinated
graphite flake powder (1 g) was dispersed in 100 mL of sulfuric acid. The solution was
stirred at 300 rpm for 24 hrs. Then, 7 g of potassium permanganate (KMnO4) was added
in small quantities. As the reaction between KMnQO4 and the acid is highly exothermic,
care must be taken when adding KMnQOs. The whole mixture was kept under vigorous
stirring continuously for 20 hrs. After the oxidation reaction with KMnOa, ice water
added in to the solution continues string 2 hrs. Following this, 5 mL of hydrogen
peroxide was added and terminated the reaction. The reaction vessel was kept overnight
without disturbance. Layer settling at the bottom and remove the above water. After
centrifuged at the rate of 4000 rpm for 30 minutes. Then, the precipitate was washed with
hydrochloric acid + DI water (90 mI+900 ml) solution to remove impurities. The layer
that settled at the bottom in the acid—water mixture was washed for impurities following
the procedure. The filtered product was dried in vacuum oven at 80°C for 24 hrs. The

product obtained is FGO shown below Fig. 2.3.

K ed
Graphite Flakes Micro wave heating for 10 sec

FGO sample mortar and pestle Whatman filter paper Centrifuge

HCI :Di-Water(1:9) <A

Figure 2.3 Schematic diagram showing the steps undertaken for the synthesis of FGO by
modified Hummer’s method.
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Figure 2.4 Schematic structure of (a) Fluorinated Graphite (b) Fluorinated Graphene
Oxide (FGO).

(iii) Synthesis of F-rGO:

To get reduced FGO i.e., F-rGO, 50 mg of FGO was dissolved in 100 mL of
ethanol and sonicated for 30 min. Subsequently, 5 mL of hydrazine monohydrate was
added and sonicated for 60 min. [8, 9]. A color change from gray to black indicates the
reduction process. The product obtained is F-rGO. Dry at 80°C overnight finally F-rGO

powder formed.

S0mg of
FGO/ 100mL
of Ethanol

|—="1

Add SmL
of Hydrazine
monohydrate

FGO sample

FGO sample in Beaker

mortar and pestle Filtration

Whatman filter paper

Figure 2.5 Schematic diagram showing the steps undertaken for the synthesis of F-rGO
by Chemical reduction method.
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Figure 2.6 Schematic structure of (a) Fluorinated Graphene Oxide (FGO)
(b) Fluorinated Reduced Graphene Oxide (F-rGO)

2.2.3 Preparation of HTL: PEDOT:PSS, GO and PEDOT:PSS-GO composites

Preparation method: - Volume solutions (100mg in 1 ml) of GO, PEDOT:PSS and
PEDOT:PSS-GO composites were prepared. The synthesized GO nanosheets,
individually as well as after dispersion in PEDOT:PSS in 2:1, 1:1, and 1:2 weight ratios.
The effect of GO nanosheets incorporation in PEDOT:PSS on governing in device
performances of PEDOT:PSS-GO HTLs based TPSC devices have been examined
systematically. Here, GO, PEDOT:PSS solutions and PEDOT:PSS-GO composites
solutions are shown below figure 2.7 by adding GO in PEDOT:PSS in different weight
ratios i.e, (2:1), (1:1), and (1:2).

PEDOT:PSS
PEDOT:PSS+GO2:
PEDOT:PSS+G:0M

Figure 2.7 Photograph of GO, PEDOT:PSS and adding GO in PEDOT:PSS in different
weight ratios (2:1), (1:1), and (1:2).
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2.2.4 Preparation of Photoactive Layer: Binary and Ternary blends

Preparation of Ternary blend active layers [(P3HT (D1):PTB7-th (D2): PCBM
(A1), and [PTB7-th (D1):PCBM (A1): F-rGO (A2)]. 5wt% by volume solutions
(chlorobenzene and 1,8-diiodoctane (97:3 vol%)) of P3HT:PTB7-th:PCBM and PTB7-
th:PCBM:F-rGO blend were prepared showed Fig. 2.8.

Figure 2.8 Photograph of solutions of Ternary blends: P3HT:PTB7-th:PCBM and
PTB7-th:PCBM:F-rGO.

2.3 Fabrication of Polymer Solar Cells

The solar cell devices were fabricated in the planar device configuration. The
schematic is represented in Fig.2.9.

—Aluminum
<—Active layer
<— PEDOT: PSS

ITO

&« Glass

Figure 2.9 The schematic of the polymer solar cell device showing the respective layers.
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2.3.1 Materials Used

The list of materials used for the preparation of devices is:
» ITO (sheet resistance ~ 15 Q/00)

> PEDOT:PSS (Sigma Aldrich USA, 99.5%)

> P3HT (Sigma Aldrich USA, 99.5%)

> PTB7-th (Sigma Aldrich USA, 99.2%)

> PCBM (Sigma Aldrich USA, 99.8%)

» GO, FGO nanosheets (self synthesized using Hummer’s method)
» F-rGO (self synthesized using chemical method)

» LiF (Sigma Aldrich USA, 99.98%)

> Al (Sigma Aldrich USA, 99.98%)

2.3.2 Steps involved in TSC device fabrication

(i) Patterning of ITO coated glass substrates:

The ITO coated glass sheets were cut in 2.5 cm x 2.5 cm dimension
substrates. Two strips of 3 mm were masked on these ITO substrates using cello tape.
The exposed ITO was etched using dilute hydrochloric acid solvent and zinc dust powder.
The patterned ITO strips on glass substrate is shown below. After top electrode

deposition, the active area of the device is 3 mm x 3 mm = 0.1 cm2.

Patterned ITO Strips of 3mm

l]‘LS‘

Glass Substrate

Figure 2.10 ITO coated glass substrates before and after patterning the strip of 3mm
width.
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(i) Cleaning of patterned ITO glass substrates:

The glass substrates with ITO patterned strips of width 3 mm were cleaned
thoroughly following the procedure listed in the flow chart shown below in Fig. 2.11.

1 < [
' Di water Soap Solution
[— ® )

<

Figure 2.11. Steps involved in cleaning the patterned ITO glass substrates.

Vacuum Oven and UV light cleaning of cleaned ITO glass substrates

The ITO coated glass substrates were dried in Vacuum Oven and cleaned using
UV light cleaning to remove stain on ITO, which cannot be removed by water and
organic solvents. These stains are of nanometre size and form organic contaminants
which cannot see through eyes. Hence, these substrates should be further cleaned by
treating in UV light cleaner, which also facilitates to reduce the surface pollution created
by solvents. The samples exposed to Vacuum Oven and UV light cleaner are shown in
Fig. 2.12. UV light cleaner also leads to the supplementary cleaning of these ITO
substrates by removing the nano impurities from surface. Moreover, it also increases the
adhesiveness of ITO substrates leading to better bonding between anode (ITO) and HTL.
Apart from this, it also enhances the work function of ITO which helps holes and

electrons to shift toward respective electrodes as high work function anode and low work
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function cathode; as in case of conventional structure is the essential obligation for proper

running of devices.

Va

Figure 2.12 Photograph of Vacuum Oven and UV light cleaning of cleaned ITO glass
substrates.

Plasma Cleaning of Patterned ITO glass Substrates

The ITO coated glass substrates cleaned by above mentioned procedures were
further being treated in O plasma for 10 minutes. The samples exposed to Oz plasma are
shown in photograph of Fig. 2.13, plasma further cleans the substrates, removes all the
dust particles from the surfaces. Apart from this it also slightly enhances the work
function of ITO which makes good suitability for choosing ITO as anode in hole-only
devices as high work function anode and low work function cathode is required for the

preparation of such devices.

cleaning

Figure 2.13 Photograph of ITO coated glass substrates during plasma treatment.
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(iii) Deposition of HTL thin film on plasma treated ITO glass substrates:

A thin film of PEDOT:PSS or PEDOT:PSS-GO (shown below) was spin coated
onto pre-cleaned and plasma treated ITO coated glass substrates at 2000 rpm, 50 sec, and
cured at 120°C for 30 min. in vacuum. The spin coater is shown in Fig. 2.14.

ITO/Glass °e

a

b
-

<2 “?i’f‘:", :

PEDOT:PSS5 —GO composite - - ‘
(Hole Transport Layer) Spin Coater

Figure 2.14 Photograph of Spin Coating Unit used for the deposition of polymer thin
films.

Spin coating is a thin film deposition technique whereby uniform thin films can
be deposited onto the flat substrates [10]. The deposition conditions needed to be
optimized in order to attain controlled deposition of thin film of uniform thickness are
choice of solvent, concentration of solution, spin speed and spin time.

(iv) Deposition of Ternary blends for active layer thin films over the HTL layer:

For the deposition of polymer thin films, a homogeneous solution of P3HT,
PTB7-th, and PCBM has been prepared in (0.3:0.7:1) weight ratio in a mixed solvent of
chlorobenzene and 1,8-diiodoctane (1:3 vol%) with a concentration of 20 mg/mL. Then,
the polymer blend solution was filtered using a 0.2 pum filter. For all the devices, the
ternary blend active layer was spin coated over the HTL coated-1TO substrates at 2000
rpm for 1 min. in a glove box, and finally, cured at 120 °C for 10 min. in the inert (N2/Ar)
glove box. The photograph of the glove box system used for the same is shown in Fig.
2.15.
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Figure 2.15 Photograph of Inert Glove Box Coating Unit used for the deposition of
Ternary blends for active layer thin films.

(v) Deposition of LiF/Al electrode over the Ternary blends for active layer thin films:

On top of active layer films, LiF/Al electrodes ~100 nm were deposited by
thermal evaporation at a vacuum 5x107® Torr, using mask of aluminum sheet having two
3 mm wide stips. The active area was approx. 0.1 cm? for all the devices. The metallic

chamber used for the deposition of Al electrode is shown in photograph of Fig. 2.16.

Figure 2.16 Photograph of (a) Metallic Coating Unit used for the deposition of Lif and
Al thin films (b) Fabricated device.
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2.3.3 Device Preparation
The following polymer solar cell devices fabricated in the present thesis work are:

e Polymer Solar Cells devices with [D1:A] or [D2:A] Binary blend & [D1:D2:A]
Ternary blend (refer Fig. 2.17)

I. Effect of different HTL with common ternary blend active layer:

o ITO/GO/P3HT:PTB7-th:PCBMI/LIF/Al
ITO/PEDOT:PSS/ P3HT:PTB7-th:PCBM/LIiF/Al
ITO/PEDOT:PSS-GO(1:2)/ P3HT:PTB7-th:PCBM/LiF/Al
ITO/PEDOT:PSS-GO(1:1)/ P3HT:PTB7-th:PCBM/LiF/Al
ITO/PEDOT:PSS-GO(2:1)/ P3HT:PTB7-th:PCBM/LIiF/Al

O

(@]

(@]

O

I1. Comparison of ternary with binary blend based devices with common HTL.:

o ITO/PEDOT:PSS-GO(1:1)/P3HT:PCBM/LIF/AIl
o ITO/PEDOT:PSS-GO(1:1)/PTB7-th:PCBM/LIiF/Al

e Polymer Solar Cells devices with [Di:A] Binary blend & [D:A1:Az] Ternary
blend (refer Fig. 2.18)

o ITO/PEDOT:PSS/PTB7-th:PCBMI/LIiF/Al
o ITO/PEDOT:PSS/PTB7-th:PCBM:F-rGO/LIiF/Al

Ternary Blend film

(Active Layer)
ITO/Glass

P3HT: PTB7-th: PCBM

(D1: D2: A) .
PEDOT:PSS —-GO composite
(Hole Transport Layer)

Figure 2.17 Schematic of the TSC device using (D1:D2:A)-type ternary blend active layer
[P3HT:PTB7-th:PCBM]
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LiF/Al (Cathode)

Sun

AM 1.5G,
100 mW/cm?

PC,,BM F-rGO

Figure 2.18 Schematic of the TSC device using (D:A1:A2)-type ternary blend active layer
[PTB7-th:PCBM:F-rGO]

2.4 Characterization techniques

2.4.1 Structural Characterization

Structural characterization techniques used in this study include XRD, FESEM,
TEM, AFM and FTIR,

2.4.1.1 X-ray Diffraction (XRD)

XRD IS one of the most powerful techniques for
determining atomic structure of films. In the present work, the X-ray diffraction (Model:
PANalytical X’pert Powder) was used where Cu-K, as the radiation (A=1.542598 A)
source at a scanning angle ranging between 6°-270° with step size of 9°/per min time.

The X-rays that satisfy Bragg’s law: 2dsind=n/, interfere constructively forming
a bright spot on the detector. Figure 2.19 (a) depicts the essential characteristics of an X-
ray diffractometer, whereas Figure 2.19 (b) depicts the setup of a PANalytical powder

diffractometer.
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§ Schematics of
X-ray diffraction

PANalytical XPERT-PRO

Figure 2.19 (a) Schematic XRD, showing of Bragg’s law, (b)PANalytical XRD
diffractometer
2.4.1.2 Field-Emission Scanning Electron Microscopy (FESEM)

FESEM is one of microscopes which is capable of providing high-resolution
images of a sample surface. The schematic of the FESEM equipment used in the present

work, is presented in Fig. 2.20.

Gun with filament

Schottky field
Anode emitter
Condancet loia Multihole aperture
Stigmator

Linear tube

Column
chamber valve

In-Lens detector
Objective lens

Scan coil and

Vent valve «* stigmator

Specimen chamber

Figure 2.20 Schematic diagram of FESEM [12].
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Working Principle:

The principle of electron microscope is almost similar to light microscope. In
light microscope the light source is visible light whereas in electron microscope the light
source is high energetic electrons. The resolution of optical microscope is limited by its
wavelength whereas in electron microscope the wavelength of the electrons can be varied
with the applied voltage.

/"L:l'—snm

N7

Smaller wavelength electrons generated from the field emission gun provide an
opportunity to see the atomic structures of the samples. The resolution of any
microscope, is determined by the spot size on the surface of the sample, quality of lenses
used for focusing and on the performance of the electron gun i.e. brightness. In field
emission electron microscope, the spot size is in the range of 1 nm to 25 nm. The
sharpness, visibility and Brightness () of an image depends on electron probe current
(ip), electron probe convergence angle (ap),electron probe size (dp), and electron beam
accelerating voltage (Vo). The brightness (B) is defined as the beam current per unit area
per unit solid angle. The smaller is the spot size, the higher is the brightness.
Brightness () = Current (ip)/(Area x Solid angle)
where, Area = [(nd?p)/4] and Solid angle = [mo?p]

Figure 2.21 Field Emission Scanning Electron Microscope [13].
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The microstructural analysis is carried out on the disc shaped samples coated with
palladium and gold. These samples are mounted on to the stub via carbon tape to study
their surface features, morphology and texture. The grain size of the samples is
determined using “Image J” software. The grain size, morphology and distribution of
grains can be estimated through the FESEM microstructure. Any secondary phase
segregation can also be detected through microstructural analysis. The prepared samples
are characterized using Field Emission Scanning Electron Microscope (Hitachi High-
Technologies S-4800) which is shown in Fig. 2.21.

2.4.1.3 Transmission Electron Microscope (TEM)

Transmission electron microscopy (TEM) has been used to study shape, size and
distribution of nanoparticles. In the TEM, much smaller wavelength (A > 1000A) of

electron (0.3 A) is used to achieve much superior resolution [14].
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Figure 2.22 Schematic diagram of a Transmission Electron Microscope.
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Figure 2.22 shows all the component of a TEM [16]. In TEM, "the transmitted
electron beam strikes the phosphor screen and generates an image with varying contrast.
The darker areas with higher contrast are those from where fewer electrons are
transmitted due to high density or thickness of the sample while the area of lower contrast
shows the area of sample, which has less density or thickness, and thus more number of
transmitted electrons are present".

In the present study, TEM analysis has been done by depositing a thin film of
Graphene Oxide onto the copper grid via drop casting and the film were dried before the
measurement. The TEM measurement were done using (JEOL JEM-2100F) electron

microscope operating at an accelerating voltage 80kV.

2.4.1.4 Atomic Force Microscope (AFM)

To optimize the surface thin film at nanoscale level, AFM has been proved as one
of the powerful tools due to its higher resolution and magnification. The first
commercially available AFM was introduced in 1989[17]. A 10x10 mm specimen is used
for AFM measurements in the tapping mode. During AFM measurement the cantilever
(the AFM tip) scans the surface and records the topology in 2D as well as 3D topology
information with a colour code for the height scale. To study the magnetic and electric
response of surface AFM is found to be useful. The cantilever is usually composed of Si
or SiN, with a very sharp tip (few nanometres). Scratched film is used to measure the
thickness and afterwards the step height which is the difference between the averaged
heights was measured at one edge of the scratch.

In AFM (shown in Fig. 2.23), "when the tip comes into contact with a sample
surface, the cantilever to bend according Hooke's law owing to the forces between the tip
and the sample surface” [18]. AFM modes of operation can be classified into contact
mode, non contact mode and tapping mode depending on the purpose of specimen.

In contact mode, the cantilever remains in contact with the surface during
scanning. When it encounters variations in the surface it responds by deflecting to follow
the contours. In Non-contact mode, there is no direct contact between the tip and surface
and the tip remains a few nanometre above the surface of the material vibrating at a little

higher frequency little higher than the resonance frequency of tip [19]. This result into
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very small vibrations. In the tapping mode, the cantilever arm resonates at a frequency as
it scans the surface. When the tip comes in contact with the surface, a sensor reverses the
motion of the cantilever to continue the oscillation. If scanning is processed at a constant
height of tip then there is chance of damaging the tip due to non uniformity of film on
substrate as the tip can collides with the surface and break. To maintain a consistent force
between tip & sample, a feedback system is usually used to adjust the tip and the sample

distance.
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Sample Surface
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Figure 2.23 (a)Schematic diagram of AFM, (b)AFM setup used for sample structural
characterization.

2.4.1.5 Fourier-transform infrared spectroscopy (FTIR)

FTIR spectroscopy is a technique for obtaining the infrared spectrum of
transmission or solid absorption. It is an important tool used to reveal the presences of
various structural groups with carbon bonds are present. The structural properties of
graphene oxide, fluorinated graphene oxide, and fluorinated reduced graphene oxide
samples were analyzed using Fourier transform infrared spectrometer (FTIR: model S
100; PerkinElmer) as shown in Fig. 2.24. The infrared spectra of the graphene oxide,
fluorinated graphene oxide, and fluorinated reduced graphene oxide sample were noted at
room temperature in the spectral range "400-4000 cm™ at a resolution of 4 cm™". The
pallets were prepared by mixing sample with KBr (infrared grade-Potassium bromide) in
1:100 ratios by weight and then pressed by hydraulic press. These pellets were

immediately used to record FTIR spectra. From each sample, the FTIR spectrum was
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normalized with empty KBr pellet. It can be used to analyze organic and inorganic
substances. The above studies were done on all graphene oxide, fluorinated graphene
oxide, and fluorinated reduced graphene oxide composition before and after completing
in vitro studies. Then it helps to determine the chemical bonds or molecular structure of
materials in the molecule by producing infrared absorption spectra. Thus the presence of
specific functional groups can be monitored by these types of infrared bands, known as

group wave number.

Figure 2.24 Perkin Elmer 100SFTIR Spectrophotometer.

Working Principle:

The schematic diagram of the Fourier transform infrared spectrophotometer is
illustrated in Fig. 2.25. FTIR Spectrophotometer has recently replaced the conventional
equipment’s (dispersing type) due to its superior speed and sensitivity. The FTIR
spectrophotometer has consisted of three main basic portions namely infrared source, an
interferometer, and a detector. The interferometer again consists of three parts, namely
beam splitter, moving mirror, and fixed mirror. The basic part of the instrument is called

the Michelson interferometer [20].
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Schematic of IR instrument
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Figure 2.25 Schematic diagram of Fourier Transform Infrared spectrometer.

In FTIR, "When the radiation from an IR source is occasion on the beam splitter
than half of the radiation is transmitted and half is reflected”. The transmitted and
reflected beams are made incident on the fixed and moving mirrors respectively from
which the beams are reflected rear and incident on the beam splitter. The fixed and
moving mirror beams interfere constructively and destructively, depending on the mid-
path difference. It is the sinusoidal signal at the beam splitter and affects the pattern and

focuses on the detector [21].

2.4.2 Optical Characterization
Optical characterization techniques used in this study include UV-Vis absorption

Spectroscopy, PL, TRPL, Raman Spectroscopy, XPS and UPS.

2.4.2.1 UV-Vis absorption Spectroscopy

The UV-Vis spectroscopy is very effective technique for the determination of size
and optical properties of graphene oxide, polymers materials. This spectrometer gives the

spectrum between absorbance (A) versus wavelength (A). This spectrum corresponds to
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degree of absorption at each wavelength. In this spectroscopy the electrons get excited
from valence band to conduction band by the absorption of appropriate amount of energy.
To determine the nature of charge transition across the optical band gap, variation of
optical coefficient with wavelength is calculated. Tauc’s expression is used to relate
between the absorption and band gap energy as shown in equation [22-25].

(ohv) = A (hv —Eg)"

Where ‘a’ is the absorption coefficient of the nano materials, A is a constant
related to the effective masses associated with the bands, Eg is the band gap, hv is the
energy of photon and n is the transition.

The block diagram of the computer controlled UV-visible spectrometer JascoV-

670 model spectrometer is shown in Fig. 2.26.
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Figure 2.26 (a) Schematic diagram of UV-vis absorption spectroscopy [26, (b) UV-Vis
absorption spectroscopy.
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The samples measurements were carried out using wavelength in the region 200-
850 nm for various measurements like absorbance, transmittance, band gap (Eg) from
Tauc plots, and diffuse reflectance measurements. All absorbance spectrophotometers
must contain the light source, wavelength selection device, sample holder and photon

detector.

2.4.2.2 Photoluminescence Spectroscopy (PL) &Time-Resolved Photoluminescence
(TRPL) Photoluminescence Spectroscopy (PL):

PL is simple, versatile, and nondestructive to determine the emission processes
dominating in the particular material sample. The PL measurement set-up is shown in
Fig. 2.27, which consists of "an laser source, mirror, lenses, optical power meter or
spectrophotometer, and a photodetector”. In present work, the PL measurements of
different samples of pure, binary and ternary blends thin films samples were done using a
system consisting of a two stage monochromator, a photomultiplier tube with a lock-in

amplifier for PL detection.
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Mirror

Collection Entrance

Sample in :
lenses slit

cryostat

PL
Spectrometer

— 4 Detector

computer to analyze
spectun

Figure 2.27 Typical schematic diagram and experimental setup for PL measurements
[29].

Time-Resolved Photoluminescence (TRPL): The PL emission and PL decay profiles of

the thin films samples were measured with the "Horiba Jobin-Yvon Fluorolog -3 800
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spectrofluorimeter in the wavelength region 450-850 nm at room temperature™ (as shown
in Fig. 2.28) [30].

Figure 2.28 Photograph of spectrofluorimeter for PL mesuerements.

2.4.2.3 Raman Spectroscopy

Raman spectroscopy first proposed by C. V. Raman in 1928, it is a non-destructive
analytical method to identify functional groups present in a variety of samples [31].
Raman Effect arises due to inelastic scattering of incident light by the atoms/molecules.
When atoms/molecules are absorbing the light energy, it is possible to radiate or re-emit
the energy through vibration or rotational motion. The energy transition by
rotational/vibrational mode depends on the excited energy level. The rotational energy is
lesser than the vibrational energy. The atoms/molecules re-emit the same energy as that
of incident light energy, indicating no Raman active mode to be present in the system (vo
=v), and this type of transition is called as Rayleigh’s elastic scattering. The re-emitted
photon energy lower than the incident energy indicate active Raman mode, this mode is
generally called as stokes mode (vo > v). When reemitted photon energy is higher than
the incident photon energy, this also indicates the active Raman mode, this mode is called
as anti-stokes mode (vo <v) [32]. The pictorial representation of Raman modes is shown
in Fig. 2.29 (a). The Raman spectroscopic instrument consists of four major components,

a laser source, sample illuminator, filter, and detector as shown in Fig. 2.30(b). The
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monochromatic laser light source converged with a focal lens is sent via interference
filter to obtain the Raman spectrum. Nowadays, Raman spectrometer has more

advancement in its instrumentation, in optics, laser, and other features.

Rayleigh's filter |
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Figure 2.29 (a) The schematic of Raman scattering effect, and (b). the instrumentation
of Raman spectroscopy.

Raman confocal microscopy is used to investigate the surface homogeneity and
uniformity of the sample. In the present research work, Raman analysis was carried out
using a Raman spectrometer instrument. Raman spectrometer was used to record Raman
spectra with a laser excitation of wavelength 532 nm. Model: WITec alpha300R; Laser
options: Integrated internall — 532 nm, high brightness lasers; Spectral range: 100 cm™ to
3500 cm™® minimum; Detector: 1024 x 256 TE air-cooled scientific (shown in Fig. 2.30).

Figure 2.30 Photograph of confocal Raman spectrometer used for the measurements.
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2.4.2.4 Photoelectron Spectroscopy

Photoelectron spectroscopy employ the kinetic energy distribution of the emitted
photoelectrons to study the composition of the sample. Traditionally, surface studies
have been subdivided according to the source of exciting radiation into:
(i) X-ray Photoelectron Spectroscopy (XPS) - using soft x-rays (with a photon energy
of 200-2000 eV) to examine core-levels.
(i) Ultraviolet Photoelectron Spectroscopy (UPS) - using vacuum UV radiation (with a
photon energy of 10-45 eV) to examine valence levels.
2.4.2.4.1 X-ray photoelectron spectroscopy (XPS)

The XPS is an sophisticated technique to analyze the binding energy and surface
oxidation of the elemental constituents of samples [33]. When the X-ray is focused on the
sample, electrons absorb the X-ray energy and escape from the orbital with maximum
kinetic energy of Ex = hv — Eg — e®, where Eg is electron binding energy, v is the photon
frequency, and @ is work function, which is the minimum energy essential to remove an
electron from the surface of the material [34]. The X-ray radiation is continuously
incident on the sample’s surface, and the photoelectrons are ejected from the sample
surface. The XPS instrument consists of three major parts such as photoelectron
production unit, a detector unit and analyzer unit as shown in the Fig. 2.31 (a,b). Model:
Theta probe angle-resolved X-ray photoelectron spectrometer (ARXPS) system;
Analyzer Type: 180° double focusing hemispherical analyzer with PARXPS detector; X-
Ray Source Type: electron spectrometer-Scienta R4000 VG Scienta using a

monochromatic, micro-focused Al K-Alpha, X-Ray; Spot Size: 15400 pm.
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Figure 2.31 The schematics of (a, b) X-ray photoelectron spectroscopy.
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2.4.2.4.2 Ultraviolet Photoelectron Spectroscopy (UPS)

In UPS, "the photon interacts with valence levels of the molecule or solid, leading to
ionization by removal of one of these valence electrons. The kinetic energy distribution
of the emitted photoelectrons (i.e. the number of emitted photoelectrons as a function of
their kinetic energy) can be measured using any appropriate electron energy analyzer and

a photoelectron spectrum can thus be recorded".

2.5 Measurement Techniques

2.5.1 Resistivity and conductivity measurements by Four-point probe technique

The four-probe setup is the commonly used technique to determine the sheet
resistance and resistivity of the thin film as at room temperature. In four-probe method,
the probes are connected in equal distance, and placed over the surface of the sample.
The sheet resistance is estimated by using equation Rs = F (V/I) Q/o, where F = 4.532 is
the correction factor, t is the thickness of the sample, V is the voltage drop across any two
probes and | is the current applied between the any two probes. The resistivity and the
sheet resistance of the films were calculated by home-made four-probe instrument
equipped with power source (range 0.1 mA to 2 mA), Keithly multimeter. The resistivity

(p)= Rs x t, photograph of home-made four probe unit is shown in Fig. 2.32.

Figure 2.32 Four probe resistivity measurement setup.
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2.5.2 1-V measurement of Solar Cell Devices in Dark and under Hlumination

The J-V characteristics of the solar cell devices were measured /recorded with
computer-controlled Keithley 2400 source meter under dark and under illumination. To
measure the current density under illumination, the devices were illuminated from the
ITO side using shutter controlled Newport Corporation Class AAA solar simulator (as
shown in Fig. 2.33) with an air mass 1.5 (AM 1.5) and the light intensity 100 mW/cmz2,
The light intensity was determined by a standard silicon photodiode. Current density can
be calculated by dividing the values of current in I-V curve by area of pixel. All
measurements were performed at room temperature. After obtaining the values of short
circuit current density (Jsc) and open circuit voltage (Voc), we can easily calculate the

other parameters such as fill factor (FF) and power conversion efficiency (n) of devices.

Figure 2.33 Solar simulator showing the experimental set-up for J-V characteristics of
solar cell devices under illumination with Keithley 2400 source meter.
2.5.3 External Quantum Efficiency (EQE) Measurements

EQE is defined as " the ratio of the number of collected carriers to the number of
all the incident photons on the device active area at a certain wavelength”. The Jsc can be
calculated by integrating EQE over the solar irradiance spectrum. In other words, EQE is
defined as "the percentage of photons hitting the device which are converted to electrons
and collected by the terminals".

Number of collected electrons

EQE(%) =

Number of incident photons
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2.5.4 Device Stability Measurements

Although the PCE of solar cells have been increased dramatically, there are still
many challenges for this type of solar cell before they can be commercialized. One
challenge is the toxic property of the material due to the lead. Another grand challenge is
its instability. The water solubility of the organic materials make them instable under
atmosphere. Although some capsulations using polymer matrix can prolong the lifetime

of the devices, no long-term stability over years have been demonstrated yet.

2.6 Conclusion

This chapter presents the experimental details and characterization techniques used
in the present investigations have been mentioned. It includes synthesis of GO and FGO
by modified Hummer's method , preparation of Ternary blend active layers [(P3HT (D1):
PTB7-th (D2): PCBM(A:), and [PTB7-th (D1): PCBM (Ay): F-rGO (A2)], and preparation
of PEDOT:PSS, GO, and PEDOT:PSS-GO composite films HTL thin films by spin
coating technique. The detailed process for the fabrication of the solar cell devices will
be discussed using both the binary and the ternary blends and different
PEDOT:PSS/GO/PEDOT:PSS-GO composite films HTLs, in typical planar BHJ device
configuration. Further, Equipments require for fabrication process like glove box, thermal
evaporation systems and spin coating unit with characterization and PV measurement

techniques used in the present work have been discussed in this chapter.
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CHAPTER 3

HOLE TRANSPORT LAYER: STRUCTURAL, OPTICAL
AND ELECTRICAL PROPERTIES OF GO, PEDOT:PSS AND
PEDOT:PSS-GO COMPOSITES

3.1 Introduction

In Organic solar cells composed of conjugated polymer donors, poly(3,4-ethylene
dioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) is most popularly used as HTL. It
also offers high optical transparency in the solar region, high electrical conductivity, and
high work function along with easy solution processing in an aqueous medium. However,
such Polymer solar cells (PSCs) suffer from several problems such as high hygroscopic,
high acidic, poor electrical conductivity [1-4], which lead to degradation problems and
poor device stability. However, PEDOT:PSS is not an ideal HTL as it exhibits inefficient
electron blocking capability, intrinsically hygroscopic and acidic nature which results in
instability of the PSC devices. To overcome these shortcomings, recently, 2D carbon
materials such as graphene and graphene oxide (GO) have gained much attention as HTL
as a cost-effective and easy processing alternative, owing to their attractive optical and
electronic properties like excellent optical transparency (>97%), high conductivity,
ultrahigh carrier mobilities, large surface to volume ratio, and excellent thermal and
chemical stability [5, 6]. Their ability to deposit on flexible substrates via a roll-to-roll
process using the simple solution and room temperature processing has also been very
impressive. Therefore, GO is regarded as a promising candidate and reported to grantee
high efficient and high stable PSCs. Generally, despite possessing the favorable high
work function well matching with the HOMO of the donor polymers, the high insulating
property of GO limits its use as HTL in enhancing the device performances of PSCs.
Their application for scalable and reproducible manufacturing of PSCs becomes difficult.
Nevertheless, integrating GO with PEDOT:PSS i.e., building the hybrid PEDOT:PSS-GO

composite HTL is also a promising strategy with can complement the drawbacks of
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single GO and conventional PEDOT:PSS [7-10]. Since past few years, both GO and
hybrid PEDOT:PSS-GO in the bilayer and composite form has been widely used as
HTLS and have shown encouraging results in achieving good interfacial hole extraction
properties, high electron blocking, high film optical transparency, surface morphology,
and high conductivity, which have significantly improved the PCE and stability of the
PSCs devices. However, several groups have reported the use of PEDOT:PSS-GO as
HTLs mostly with binary blend BHJ system combinations and reported enhanced PCE as
high as 10% [7]. This provides a motivational platform to explore the potential use of
PEDOT:PSS-GO HTLs for the design and development of ternary blend systems based
PSC technology also.

In the present investigations mentioned in this chapter, we present a solution-
processed poly(3,4-ethylene dioxythiophene):poly(styrenesulfonate)-graphene oxide
(PEDOT:PSS-GO) composite as a novel hole transporting material with excellent hole
extraction properties which may boost the performance of ternary blend polymer solar
cells (TPSCs). In view of this, firstly we have synthesized GO was prepared by using the
modified Hummer's method. Secondly, GO nanosheets are incorporated in PEDOT:PSS
in three different weight ratios to form hybrid PEDOT:PSS-GO composite thin films,
namely, PEDOT:PSS-GO (2:1), PEDOT:PSS-GO (1:1) and PEDOT:PSS-GO (1:3).
These have been investigated systematically for improved hole transport properties in
order to improve the performances of TPSCs. To achieve this, the effect of GO on
structural and optoelectronic properties of PEDOT:PSS has also been studied in detail via
in-depth investigations.

These investigations have resulted in some important findings that the hole
transport properties PEDOT:PSS-GO composites get enhanced due to incorporation of
GO nanosheets. It is attributed to the fact that the dispersion of GO nanosheets in
PEDOT:PSS HTL, (i) improves the film morphology, (ii) tunes the work function making
it perfectly matched with the highest occupied molecular orbital (HOMO) of the donor
polymer, and (iii) enhances the conductivity of HTL films. These results showed that the
PEDOT:PSS-GO composite offers the most desirable hole transport properties over the
conventional PEDOT:PSS-only HTLs for accelerating performance of TPSCs. All these

studies are discussed in detail in this chapter.
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3.2 Results and Discussion

3.2.1 GO: Structural and Optical Properties

GO nanoflakes were synthesized using the modified Hummer's method, as
described in Chapter 2, Section 2.2.2. Further these GO nanoflakes were characterized for
analyzing their structural and optical properties using various characterization techniques
such as XRD, FESEM, HRTEM, XPS, FTIR, UV-Vis absorption, Raman spectroscopy
studies etc.

Figure 3.1 (a) and (b) shows the FESEM image of synthesized GO nanosheets
deposited on ITO/glass substrate, revealed that the size of GO nanosheets is in the range
5-10 um. The HRTEM image [Fig. 2 (c)] of GO indicated the corresponding crystalline
planes of GO nanosheets. The SAED pattern of GO nanosheets presented in Fig. 3.1 (d)],
further confirms the corresponding crystalline planes of GO. The height profile of the
white line scan indicated on a single GO nanosheet in the AFM image of the GO sample,
as shown in [Fig. 2 (e)], revealed that the thickness of a single nanosheet is approx. 1.1
nm, which is consistent with the thickness of single GO nanosheets shown in previous
reports [8, 11].

Figure 3.1. (a) and (b) FESEM of GO Nanosheets on ITO substrate. (c) TEM of GO

Nanosheets. (d) SAED pattern of GO nanosheets indicating the spots corresponding to

the crystalline planes. (e) AFM image of GO on the ITO substrate. The white line scan in
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the marked region shows the height of a single GO nanosheet is ~ 1.1 nm within the
marked portion.
Figure 3.2 (a) shows the XRD pattern of GO. GO sample shows a single peak at 11.3°

corresponding to (001) lattice plane, which is the characteristic peak as reported
elsewhere [8, 12].
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Figure 3.2 (a) XRD spectra, (b) Raman Spectra of GO and (c) FTIR of GO.

Raman spectra of GO, as shown in Fig. 3.2 (b), display two dominant peaks at
1340 and 1605 cm™!, associated with the D and G bands, respectively [12]. The G band is
attributed to Csp2-Csp2 stretching mode in the basal plane of GO sheet, and the D band
which corresponds to the degree of functionalization and becomes active in the presence
of defects in graphene structure. Higher the intensity of D band more will be the
existence of structural defects. This means that the I/l ratio can be used to measure the
degree of the presence of defects in the graphene structure [11]. The origin of defects

could be due to the breaking of a single bond, double bond, or both in the basal plane of
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graphene structure. Also, the attachment of oxygen-containing functional groups like
hydroxyl, carbonyl, carboxyl and carboxylate groups, etc. to graphene are considered as
defects [11]. Here the Ip/lg ratio is 1.06 which is consistent with the other reported work
[11]. Further, the FTIR of GO is shown in Fig. 3.2 (c), showing the characteristic peaks

associated with all the chemical bonds present in GO nanosheets.

(a)

O1ls —GO

Counts

1200 1000 800 600 400 200 0

Binding Energy(eV)

(b) (c)

——GO_Cls ——GO_O1s

C=0 (532.48eV)

C-C (284.18 eV)

Counts

C-O (286.28 eV)
0=C-OH(530.78eV)

Counts
T

C=0 (287.68 eV) C-OH (532.28¢eV)

C(O)OH (290.18 V)

1 a1 " 1 " 1 " | — 1 " 1 " 1 " 1 1 1 1 1 1 1 1 1 1

280 282 284 286 288 290 292 294 296 526 528 530 532 534 536 538 540 542 544
Binding Energy (eV) Binding Energy (eV)

Figure 3.3 (a) XPS spectra of GO. High resolution deconvoluted XPS spectra
(experimental and fitting) of C 1s [(b)] and O 1s [(c)].

The chemical composition of the GO sample was investigated by XPS. From the
XPS spectra of GO on the ITO substrate, as shown in Fig. 3.3 (a), the peaks at binding
energy values of 284.60 eV and 532.57 eV are assigned to C 1s and O 1s, respectively.
High-resolution XPS deconvoluted spectra corresponding to C 1s and O 1s is shown in
Fig. 3.3 (b) and (c), respectively, wherein curve fitting was done using Gaussian and

Lorentzian lineshapes. From C 1s spectra, the peaks at 284.18 eV is associated with C-C
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(sp? bond), and other peaks arising due to oxidation groups such as C-O (286.28 eV),
C=0 (287.68 eV), and C=0-0OH (290.18 eV), match with well-known Lerf-Klinowski
model of graphene oxide [12, 13]. The deconvoluted spectra of O 1s, show a peak at
532.48 eV, 530.78 eV, and 532.28 eV, attributed to C=0, O=C-OH, and C-OH groups,
respectively. Hence, XPS confirmed that the chemical structure of GO consists of
chemical functional groups such as carboxyl, hydroxyl, and epoxy groups along with

main C—C (sp? and sp?).

3.2.2 FGO: Structural and Optical Properties

FGO nanoflakes were synthesized by modified Hummer's method, as described in
Chapter 2, Section 2.2.2, which were further reduced by chemical method to form
reduced FGO (F-rGO). The FESEM and AFM confirms the formation of F-rGO
nanosheets of size ~ 8-10 nm (Fig. 3.4(a) and (b)). The height profile focused on a single

sheet reveal that the nanosheets processing 2 or 3 monolayers.

20nm

00 1 Heght 20pm

Figure 3.4. FESEM and AFM images of F-rGO Nanosheets.

Figure 3.5(a) shows the XRD patterns of FGO and F-rGO, respectively. FGO
sample shows a single peak at 11.3° corresponding to (001) lattice plane, which is the
characteristic peak as reported elsewhere [8, 12]. On reduction, the main peak occurs
shift to 24.5° indicating that the interplanar space reduces compared to FGO, which

confirms the structure is more close to the graphitic phase. Raman spectra of FGO and F-
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rGO, respectively, is presented in Fig. 3.5 (b). Both display two dominant peaks at 1340
and 1605 cm™!, associated with the D and G bands, respectively [12]. The FTIR of FGO
is shown in Fig. 3.5(c) which represent the characteristic peaks associated with all the
chemical bonds present in FGO nanosheets, the presence of C-F bonds are evident.
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Figure 3.5 (a) XRD spectra of FGO and F-rGO, (b) Raman Spectra of FGO and F-rGO
and (c) FTIR of GO.

3.2.3 PEDOT:PSS-GO Composites: Structural, Optical and Electrical Properties

Further, to understand the influence of GO on the sheet resistance and the
conductivity of PEDOT:PSS, we also studied the surface morphology of these
PEDOT:PSS-GO composite thin films (different weight ratios i.e., (2:1), (1:1), and (1:2))
by SEM and AFM. The phase integration and inter-molecular bonding analysis by done
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by XRD and Raman spectrum, and compared with that of pure PEDOT:PSS and pristine
GO.

(a) PEDOT:PSS- GO (2:1)

(b) PEDOT:PSS- GO (1:1)
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Figure 3.6. (a-c) FESEM images of PEDOT:PSS-GO (2:1), PEDOT:PSS-GO (1:1), and
PEDOT:PSS-GO (1:2) composite film on ITO substrate, respectively. (d-f) AFM images
of PEDOT:PSS-GO (2:1), PEDOT:PSS-GO (1:1) and PEDOT:PSS-GO (1:2) composite
films deposited over ITO substrates, respectively.

Figure 3.6 (a-c) depicts the FESEM images of PEDOT:PSS-GO HTL composite
films in (2:1), (1:1), and (1:2) weight ratios, respectively. Fig. 3.6 (d-f) represents the
respective AFM images of the PEDOT:PSS-GO HTL composite films. These images
illustrate that the dispersion of GO of varied sizes (in the range 5-15um) in PEDOT:PSS
forms a homogeneous and smoother film. It is confirmed by the low surface root-mean-
square (RMS) roughness values as 1.7 nm, 1.21 nm, and 2.1nm obtained for
PEDOT:PSS-GO (2:1), (1:1), and (1:2) films, respectively. The surface RMS roughness
of 1.7 nm of PEDOT:PSS-GO (2:1) films is evident from the fact that GO sheets in
PEDOT:PSS-GO (2:1) are evenly distributed in the matrix without agglomeration.
Whereas, with little higher GO concentration in PEDOT:PSS-GO (1:1) matrix, surface
RMS roughness reduces to 1.21 nm due to the formation of agglomeration-free well-

connected GO domains owing to effective steric-stabilization. However, when the
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concentration of GO is further increased in PEDOT:PSS-GO (1:2), the surface RMS
roughness is increased to value 2.1 nm as there will be a high degree of agglomeration
due to dominating van der Waals' interaction amongst the GO sheets. It is concluded that
the low RMS roughness (1.21 nm) is precisely the reason for achieving the lowest sheet
resistance, better electrical conductivity in the case of PEDOT:PSS-GO (1:1) composite
film.

Furthermore, the structure of PEDOT:PSS and PEDOT:PSS-GO films were
analyzed based on their degree of crystallanity and phase integration, as determined from
XRD measurements. Figure 3.7(a) shows the XRD patterns of GO, PEDOT:PSS and
PEDOT:PSS:GO composite films; GO sample shows a peak at 11.3° corresponding to
(001) lattice plane, which is the characteristic peak of GO as reported elsewhere [14]. The
PEDOT:PSS film exhibit two characteristic peaks at 17.5° and 25.9° corresponding to the
amorphous character of PSS and n—m stacking (020) of the PEDOT thiophene ring,
respectively [15, 16]. On the other hand, in XRD spectra of PEDOT:PSS-GO samples, the
appearance of small peak at 11.2° corresponds to presence of GO sheets and the other peak
at 25.9° is due to PEDOT chain structures. In addition, it is observed that the PSS
signature peak at 17.5° gets boarder and lowers in intensity. This signify that there is
partial removal of PSS segments from the PEDOT chains when the GO nanosheets are
added in PEDOT:PSS, rendering PEDOT as positively charged. Subsequently, the strong
molecular in-plane interaction of GO sheets with PEDOT will be developed due to the
functional groups induced &*- & dipolar interactions, leading to GO nanosheets physically
bonded with the PEDOT molecular chains structures [15]. The increase in the GO peak
intensity suggests an increase in over-all crystallanity of the film because of the formation of
the highly crystalline GO-bonded PEDOT structures(as also confirmed by previously
discussed FESEM and AFM images of these PEDOT:PSS-GO films, as shown in Fig. 5 (a-
¢) and (d-f)). Almost same is the situation in PEDOT:PSS-GO (1:2) i.e. when the GO
concentration is further increased in PEDOT:PSS matrix, with a small difference seen in
terms of lowered intensity of peak at 11.2° most likely due to agglomeration of large
number, GO nanosheets in PEDOT:PSS matrix disturbing the crystallanity (evident from
relatively higher RMS roughness achieved in the PEDOT:PSS-GO composite film).
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However, overall it can be understood that the crystallanity of PEDOT:PSS gets

improved after incorporation of GO nanosheets.
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Figure 3.7 (a) XRD patterns of GO, PEDOT:PSS and PEDOT:PSS:GO composite films,
(b) Raman spectra of GO, PEDOT:PSS, PEDOT:PSS:GO composite films.

The XRD results are correlated with the Raman spectra illustrated in Fig. 3.7 (b).
Raman spectroscopy was employed to study the changes that occur at the molecular level
during the interaction between PEDOT:PSS and GO. The intermolecular interactions are
examined by monitoring the shift in Raman peaks of pristine GO, PEDOT:PSS and
PEDOT:PSS-GO composite (2:1, 1:1, and 1:2 weight ratio compositions) films. In Fig.
3.7 (b), GO display two dominant peaks at 1340 cm™' and 1605 cm™!, associated with the
D and G bands, respectively [17-19]. The G band is attributed to Csp>-Csp2 Stretching
mode in the basal plane of GO sheet, and the D band which corresponds to the degree of
structural defects in graphene structure arising due to functional groups. The Ip/lg ratio
measures the degree of the presence of defects in the graphene structure. The origin of
defects could be due to breaking of a single bond, double bond, or both in the basal plane
of graphene structure. Also, the attachment of oxygen-containing functional groups like
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hydroxyl, carbonyl, carboxyl and carboxylate groups, etc. to graphene are considered as
defects [11]. Here the Ip/lg ratio is 1.23 which is consistent with the other reported work
[11]. In the case of pure PEDOT:PSS film, the Raman active vibrational modes
corresponding to both PEDOT and PSS molecular structures are observed. There is a
prominent band at 1438 cm™ is assigned to C,=Cp symmetric stretching mode of
thiophene rings while other bands observed at 1505 cm™, 1332 cm™ and 1277 cm™, are
ascribed to C,=Cgp asymmetric stretching mode, Csg—Cp stretching deformations, and C,—
Cq inter-ring stretching vibrations in PEDOT structure, respectively [7]. The vibrational
modes of PSS structures are located at 1577 cm™, 1120 cm™ and 991 cm™. In the
PEDOT:PSS-GO composite spectra, Raman shift of above mentioned prominent bands of
PEDOT:PSS and relative change in their intensities have been observed with an
increasing concentration ratio of GO in PEDOT:PSS. It suggests that strong molecular
interaction occurs between GO nanosheets and PEDOT:PSS. Raman shift of C,=Cg
symmetric stretching mode from 1438 cm™ to (1442 cm™ - 1447 cm™) on the dispersion
of GO in PEDOT:PSS, is a consequence of conformation change of benzoid structure
(coil conformation) to a quinoid structure (linear conformation) which are the two
resonating structures of PEDOT [9]. It implies that the GO induces conformational
changes in PEDOT structure because of the strong n-n stacking interactions between GO
basal plane and aromatic structure of PEDOT chain [9], is also due to the coulombic
repulsions among themselves [8]. A few reports demonstrated that the benzoid-quinoid
transition of PEDOT structure after mixing the GO and PEDOT:PSS solution was
observed because both the highly oxidized functional groups and the sp? conjugation of
GO bring about hydrogen bonding and n-n stacking in the previous study [9]. Also, the
PSS associated Raman band at 1577 cm shifts to higher wave number i.e., 1581 cm™,
1586 cm™, and 1604 cm™? in case of PEDOT:PSS-GO (2:1), (1:1), and (1:2) weight
ratios, respectively, with much increase in intensities, conclude the partial removal of
PSS bonds and development of strong molecular in-plane interaction of GO sheets with
PEDOT. On the other hand, the partial removal of PSS segments is also observed by the
red-shift of the Raman fingerprints bands at 991 cm™ and 1120 cm™ in PEDOT:PSS to
989 cm? and 1119 cm? in PEDOT:PSS-GO (2:1), to 985 cm® and 1115 cm? in
PEDOT:PSS-GO (1:1), and to 975 cm™ and 1119 cm™ in PEDOT:PSS-GO (1:2). Xinkai
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Wu et.al have reported that the functional groups present in GO nanosheet can effectively
separate PSS and PEDOT chains [8]. Therefore, the negatively charged PSS chains get
dissolve in water, while positively charged insoluble PEDOT chains will bond with GO
nanosheets via coulombic attraction as GO sheet are negatively charged due to the
carboxy!l groups present. Additionally, Cs—Cg stretching deformations (at 1277 cm®), and
Co—Cy inter-ring stretching vibrations (at 1362 cm™) of PEDOT structure undergoes a
large Raman shift towards higher wave number and increase in intensity bands, is
precisely attributed to the structural defect induced vibrational changes in the PEDOT
chain. The same is observed in other previously reported studies [20]. We can conclude
from these results that the bonding of GO nanosheets and PEDOT chain can effectively
help to form more conductive pathways. Hence, the carrier transport in the connected
PEDOT-GO network becomes almost free. Hence, the conductivity of PEDOT:PSS-GO

composite films is increased compared to pure PEDOT:PSS and pristine GO.
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Conductivity of pure PEDOT:PSS, GO, and PEDOT:PSS-GO composite films (different
weight ratios).
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The transmittance of the anode material and HTLs play a fundamental role in the
behavior of TPSC devices because the light is incident from the anode side [21]. To
confirm the transparency of different HTL films, the transmittance spectra of GO,
PEDOT:PSS, and PEDOT:PSS-GO HTLs (all with film thicknesses of ~40 nm) were
measured, as shown in Fig. 3.8(a). Here, we found that the transmittance of the
PEDOT:PSS- GO composite films in all the three different ratios i.e., (2:1), (1:1), and
(1:2), is ~90-92% in the wavelength below 550 nm, which is notably higher compared to
the 84% transmittance observed in pure PEDOT:PSS and 89% transmittance seen in
pristine GO film [21]. The increase in transmittance on dispersion of GO in PEDOT:PSS
is attributed to the synergistic effect of both PEDOT:PSS and GO components present in
the composite HTL films. It is confirmed that all of the PEDOT:PSS- GO HTLs are
highly transparent in the overall wavelength range with transmittance values up to 90-
92% and do not significantly alter the transparency of ITO. Hence, all the three
PEDOT:PSS-GO composites prove to be highly beneficial HTLs for achieving efficient
TPSC devices. Among all PEDOT:PSS-GO composite films, the one with (1:1) weight
ratio is found to be the most suitable composition as it presents the maximum
transmittance up to 92% at 550nm. The sheet resistance (Rsheet) and electrical
conductivity (o) of pure PEDOT:PSS, pristine GO, and PEDOT:PSS-GO composite films
as a function of GO concentration in PEDOT:PSS, determined by four-point probe
technique, is plotted in Fig. 4 (b) and (c). Here, GO films show a lower sheet resistance
(71 Q/o) with high conductivity of 14 x10°® S/cm compared to pure PEDOT:PSS films
(Rsheet = 221 Q/0, o = 4x10° S/cm), owing to availability of large number of C-C sp?
hybridized sigma bonds in the basal plane of GO nanosheets which imparts more
conductivity. From the measurements shown in Fig. 4(b) and (c) for all the different
PEDOT:PSS-GO composites in increasing weight ratio of GO, it has been found that the
dispersion of GO is in PEDOT:PSS not only lowers the sheet resistance but also increases
the conductivity significantly because of the available conducting paths provided by GO
nanosheets. It is seen that the sheet resistance falls with increasing concentration from 59
Q/o obtained for PEDOT:PSS-GO (2:1) to 31 Q/o for PEDOT:PSS-GO (1:1) film; and
then increase slightly to 45 Q/o on a further increase of GO in PEDOT:PSS-GO (1:2)
film. Henceforth, the conductivity raises from 16.9 x10° S/cm for PEDOT:PSS-GO
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(2:1) to 32.2 x107 S/cm for PEDOT:PSS-GO (1:1) film, and which subsequently reduces
to 26 x10° S/cm in PEDOT:PSS-GO (1:2) film i.e., on a further increase of GO
concentration in PEDOT:PSS. Finally, it is concluded that the PEDOT:PSS-GO with
(1:1) weight ratio shows the lowest sheet resistance and enhanced electrical conductivity.

Finally, it is presented that the all different PEDOT:PSS-GO composites with
(2:1), (1:1), and (1:2) ratio show enhanced electrical and optical properties with improved
morphologies, and therefore, more ideally suited for effective HTLs in solar cell devices.

Further, we investigated the bandgap (Eg), work function (¢), Highest occupies
energy level (Enomo) and Lowest unoccupied energy level (ELumo) of these
PEDOT:PSS/GO/PEDOT:PSS-GO HTLs, and analyzed to construct the energy level
alignment diagram when these HTLs are being used along with the active layer of
[P3HT:PTB7-th:PCBM] ternary blend in TPSCs, and comprehend the modulation of hole
extraction capability at HTL/active layer interfaces due to the addition of GO in
PEDOT:PSS.
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Figure 3.9 Tauc Plots to estimate the bandgap of GO, PEDOT:PSS, PEDOT:PSS-GO
composite films with increasing proportion of GO.
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The band gap can be obtained from the Tauc plots [22] from the transmission
curves [Fig. 3.8(a)], shown in Fig. 3.9 (a-€), using the relation, ahv= (hv- Eg)”? where «
is the absorption coefficient and hv is the photon energy. The values of Eg obtained are,
3.61 eV for GO, 1.71eV for PEDOT:PSS, 3.3 eV for PEDOT:PSS-GO (2:1), 3.39 eV for
PEDOT:PSS-GO (1:1), and 3.33 eV for PEDOT:PSS-GO (2:1) films.
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Figure 3.10. The UPS measurements of GO, PEDOT:PSS and PEDOT:GO composite
films (weight ratio of (2:1), (1:1), and (1:2); (a) secondary electron cutoff regions and
(b) Fermi edge (valence band edge) regions, respectively, Source (hv = 21.2 eV).

The UPS measurements were performed to measure ¢ of GO, PEDOT:PSS and
PEDOT:GO composite films [weight ratio of (2:1), (1:1), and (1:2)] films, respectively,
presented in Fig.3.10, wherein (a) shows the binding energies at secondary electron
cutoff regions and (b) represents the Fermi edge (valence band edge) regions. Enomo and
¢ for all five different HTL samples is calculated from the respective UPS spectra using
the formulas, ¢ = hv - (Ecuoff - EF), and Enomo = ¢ + (EHomo edge - EF), Where, hv is
excitation energy 21.2 eV, Ecuwoff - Er is the binding energy at the secondary electron
cutoff, ¢ is the work function, (EHomo edge - EF) IS the binding energy of the HOMO edge
relative to the Fermi level obtained by a linear extrapolation of the leading edge of the
density of valence band states to zero [9, 23, 24]. The values are determined to be ¢ =4.23

eV (Enomo = 4.9 eV) for pure GO and, ¢ =4.8 eV (Enomo = 5.01 eV) for pure
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PEDOT:PSS; ¢=4.9 eV (Enomo = 5.15¢V), ¢ =5.0 eV (Enomo = 5.22 eV), and ¢ = 4.88
eV (Evomo = 5.10 eV) for PEDOT:PSS-GO composites (2:1), (1:1), and (1:2),
respectively, as summarized in Table 1. Based on these values for ¢ and Enomo Of the
respective HTLs, the energy band diagram of TPSCs employing different PEDOT:PSS/
GO/ PEDOT:PSS-GO HTLs has been constructed and presented in Fig. 3.11.

Table 3.1: Ecutff, ¢, EHomo, ELumo, and Eg of different HTLs determined from
UPS spectra analysis.

HTL films E E E [0} E E E

cutoff HOMO edge  —F H OMO LUMO [s}

(eV) (eV) (eV) (eV) (V)  (eV)
PEDOT:PSS 16.4 0.21 4.8 5.01 3.3 1.71
GO 16.97 0.67 4.23 49 1.3 3.61
PEDOT:PSS-GO 16.3 0.25 4.9 5.15 1.85 3.3
(2:1)
PEDOT:PSS-GO 16.2 0.22 5.0 5.22 1.83 3.39
(1:1)
PEDOT:PSS-GO  16.32 0.2 4.88 5.1 1.77 3.33
(1:2)

Interestingly, the work function on incorporation GO in PEDOT:PSS increased to
4.9 [PEDOT:PSS-GO (2:1) composite], 5.0 eV [PEDOT:PSS-GO (1:1) composite], and
4.88 eV [PEDOT:PSS-GO (1:2) composite], compared to 4.23 eV obtained for pristine
GO and 4.8 eV calculated for pure PEDOT:PSS. Here, the increase of work function of
PEDOT:PSS-GO is a consequence of the benzoid-quinoid transition of PEDOT:PSS
originating by the addition of GO in PEDOT:PSS [11], as confirmed from earlier
discussed Raman analysis. It is seen in Fig. 8 that the hole injection barrier at the
anode/active layer interface decreases in case of PEDOT:PSS-GO (2:1) and (1:2)
composite ie., by 0.05 eV and 0.1 eV, compared to existing hole injection barrier when
pure PEDOT:PSS (0.19 eV) and pristine GO (0.3 eV) HTL are used, due to increase in
respective Enomo. It is more pronounced for PEDOT:PSS-GO (1:1), reaching to
maximum enhancement in Exomo such that it matches well with the Exomo of both the
polymer donors, thereby, forming a perfect contact at the interface with almost no

interface barrier. Hence, it is confirmed that from the increase of ¢ and Enomo that the
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presence of GO in PEDOT:PSS contribute to enhance the hole injection/extraction at the

HTL/Active layer interface.
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Figure 3.11. The energy level diagram of different HTLs based on HOMO,LUMO and
work function of the respective layers.

3.3 Conclusions

The 3" chapter comprises of structural, optical and electrical characterization of GO and
PEDOT:PSS-GO composites films for HTLs. The synthesized GO and FGO sample
characterized by FESEM, TEM, AFM, revealing the size of nanosheets 5-10um, and
thickness of one single sheet ~1.1nm indicating the availability of two or three layers.
XRD, Raman, and FTIR revealed the (001) main graphitic peak, D and G bands(1340
and 1605 cm™!) and all the oxygenated functional groups present on the basal plane of the

graphene sheet, respectively, which is consistent with the previous reports [11,12]. The
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chemical composition of the GO sample was investigated by XPS where the peaks at
binding energy values of 284.60 eV and 532.57 eV are assigned to C 1s and O 1s,
respectively. Hence, XPS confirmed that the chemical structure of GO consists of
chemical functional groups such as carboxyl, hydroxyl, and epoxy groups along with
main C-C (sp2 and sp3). Further, PEDOT:PSS-GO composite films were deposited by
dispersing GO in PEDOT:PSS in different weight ratios i.e., (2:1), (1:1), and (1:2).
Surface morphology of these PEDOT:PSS-GO composite thin films revealed by FESEM
images and AFM images, the low surface roughness (RMS) = 1.21 nm obtained in (1:1)
weight ratio signify that GO is dispersed homogeneously in PEDOT:PSS after acheiving
good steric stabilization in the matrix. Also, it is found that the dispersion of GO is in
PEDOT:PSS not only lowers the sheet resistance but also increases the conductivity
significantly because of the available conducting paths provided by GO nanosheets.
Henceforth, the conductivity raises from 16.9 x103 S/cm for PEDOT:PSS-GO (2:1) to
32.2 x1073 S/cm for PEDOT:PSS-GO (1:1) film, and which subsequently reduces to 26
x10 S/cm in PEDOT:PSS-GO (1:2) film i.e., on a further increase of GO concentration
in PEDOT:PSS. Finally, it is concluded that the PEDOT:PSS-GO with (1:1) weight ratio
shows the lowest sheet resistance and enhanced electrical conductivity. The transmittance
of PEDOT:PSS-GO films [all three different ratios i.e., (2:1), (1:1), and (1:2)] ~ 88-90%
at wavelength 550 nm, which is relatively higher compared to the transmittance shown by
its two individual components is GO (89%) and PEDOT:PSS (84%). Grom, UPS
measurements, the work function on incorporation GO in PEDOT:PSS increased to 4.9
eV [PEDOT:PSS-GO (2:1) composite], 5.0 eV [PEDOT:PSS-GO (1:1) composite], and
4.88 eV [PEDOT:PSS-GO (1:2) composite], compared to 4.23 eV obtained for pristine
GO and 4.8 eV calculated for pure PEDOT:PSS. Here, the increase of work function of
PEDOT:PSS-GO is a consequence of the benzoid-quinoid transition of PEDOT:PSS
originating by the addition of GO in PEDOT:PSS [9]. It is concluded that PEDOT:PSS-
GO(1:1) is the optimum composition as it shows good film morphology, enhanced
conductivity, and highest HOMO level (Enomo = 5.22 eV). Therefore, PEDOT:PSS-
GO(1:1) is considered as a potential HTL alternative to PEDOT:PSS, and more ideally
suited for effective HTLs in solar cell devices.
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CHAPTER 4

PHOTO-PHYSICAL PRPERTIES OF (D1:D2:A1) - [P3HT:
PTB7-th: PCBM] TERNARY BLENDS FOR ACTIVE LAYER

4.1 Introduction

Significant efforts in improvements of binary blend polymer BHJs based PSC
devices, the main limitation is associated with the narrow absorption window (=100-200
nm) of polymers thin films (typically ~100nm) compared to inorganic semiconductors
such as silicon [1-3]. To overcome such absorption limitations linked with binary blend
polymer BHJ, tandem PSCs have emerged. In tandem configuration, there is vertical
stacking of multiple active layers with complementary absorption connected together by
an interfacial buffer layer. Such a tandem configuration not only improves the light-
harvesting due to complementary absorption but also reduces the thermalization losses as
each active layer independently absorbs a specific portion of the solar spectrum.
However, the complexity of the fabrication process involved in tandem PSC significantly
increases its manufacturing cost [2, 3]. On the other hand, recently, a ternary blend based
PSC has attracted tremendous interest employing a blend of three absorption
complementary components, comprising of either two-electron donors and one electron
acceptor (D1:D2:A)systems, offering enhanced light-harvesting ability of the photoactive
layer [4-6]. The exceptional advantage of the ternary blend is attributed to the simplicity
of the processing steps used which make them more attractive than the complex tandem
cells. Also, the third ternary additive in ternary blend acting either as a secondary donor
or acceptor material forms a charge cascade structure offering an extra interface for
exciton dissociation and charge transfer [7-10]. As a result, ternary blend PSCs have
demonstrated better performances compared to many binary system PSCs showing state-
of-the-art PCE approaching ~10-12% [2-10].

Many reports on ternary blends present enhanced exciton dissociation probability
as supported by Forster resonance energy transfer (FRET) between donor-donor, and
charge transfer (CT) at donor/acceptor interface due to cascade energy alignment, in
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different ternary blend systems [6,11,12]. Besides, suitable microstructure, solution-
processing, and easy fabrication are some of the added advantages over the widely used
tandem solar cell technology [6-13]. Currently, TPSCs have PCE exceeded 12% [4-11].
Nevertheless, for improving the performance of TPSCs, it is mandatory to control the
blend morphology, and optimize the PV processes such as exciton generation,
dissociation, carrier generation, charge transport, and collection. However, the
understanding of underlying mechanisms is not straightforward and required extensive
studies. A detailed and in-depth studies on the morphology, photo charge carrier
dynamics, charge carrier transport (trap-limited and recombination-limited), etc. of the
ternary system are very limited.

Keeping this in view in the present work, we have investigated the blend of P3HT
and PTB7-th along with PCBM for utilizing as active layer in TPSCs. The detailed and
in-depth studies on the morphology, photo-carrier dynamics, charge transport (via traps/
trap-free), and recombination dynamics of the (P3HT:PTB7-th:PCBM) ternary blend are
presented. The effect of different weight compositions of the ternary additive have been
investigated and compare with that of the respective binary blend constituents. It has
been found that the ternary blend of (P3HT:PTB7-th:PCBM) offers broad and strong
solar light absorption due to complementary absorption, ranging from visible to NIR
region. This chapter deals with some interesting and important results that we have
obtained based on the above mentioned study.

4.2 Results and Discussion

The ternary blend of P3HT:PTB7-th:PCBM has been investigated in different
blend compositions for optimizing the photovoltaic properties. The P3HT:PTB7-th films
were deposited on ITO by mixing P3HT and PTB7-th in three different weight
propositions i.e., (0.7:0.3), (0.5:0.5) and (0.3:0.7) weight ratios. The schematic of Ternary
blend of (P3HT:PTB7-th:PCBM) has been represented in Fig. 4.1. Here, pure P3HT (a
wide bandgap ~2eV conjugated polymer) exhibit high absorption coefficient over the
blue-green region (480 - 640 nm), whereas pure PTB7-th (a low bandgap ~1.61 eV
conjugated polymer) absorbs primarily in yellow-red (650 - 750 nm) part of the solar
spectrum.
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Figure 4.1 Schematic of Ternary blend of (P3HT:PTB7-th:PCBM) for active layer.

4.2.1 UV-Vis Absorption Spectra of ternary blend

560nm —— P3HT (D1)

—— PTB7-th (D2)

650nm | — p3HT:PTB7-th (0.7:0.3)
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—— P3HT:PTB7-th (0.3:0.7)
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Figure 4.2 Absorption spectra of P3HT (D,) and PTB7-th (D,), and P3HT: PTB7-th
showing complementary absorption.

The recorded absorption spectra, depicted in Fig. 4.2, confirm that all three
P3HT:PTB7-th films with (0.7:0.3), (0.5:0.5), and (0.3:0.7) exhibit strong and
complementary absorption covering a wider wavelength range from 500-750nm. This
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widening of the absorption window is due to the contribution of both P3HT in 480-
640nm, and PTB7-th in 650-750nm region of the solar spectrum. Evidently, P3HT:PTB7-
th with (0.3:0.7) weight ratio displays more stronger and wider coverage in the entire
solar light spectrum as compared to the other two compositions, enabling P3HT:PTB7-th

(0.3:0.7) blending composition a promising combination for solar cell application.

4.2.2 Photo-excited carrier dynamics of ternary blend

Further, it is noteworthy that these ternary blends systems [(D1:D2:A)/ (D:A1:A2)]
offer cascade energy alignment depending on the HOMO and LUMO energy levels of
respective donors and acceptors these systems are composed of. Depending on their
respective band-gaps, the formation of three different cascade structures are reported in
the literature. The schematic representation of three different types of cascade structures
particularly in (D1:D2:A) ternary blends are presented in Fig. 4.3. The possible excitons
dissociation mechanisms via FRET between the two donors and CT at donor/acceptor
interfaces, and their probabilities are governed by the type of cascade formation [2, 9]. As
seen in Fig. 4.3. (a-c), the first category is A-Type [D1: D2 (low Eg): A] blend system
wherein both FRET & CT is possible. B-type [D1: D2 (low Eg): A] blend also represents
the same yet with different energy alignment. However, the third category, C-Type [D1:
D2 (high Eg): A] blend system, demonstrate that only CT with no possibility of FRET [2,
26]. So far all these three categories of cascade ternary blends have been reported
worldwide for TPSCs, achieved a noticeable increase in PCEs up to 30-50 % owing to
sensitized emission, and strong PL quenching due to FRET/charge transfer assisted
enhanced exciton dissociation within the ternary blend [2, 13]. However, very few reports
are available on the dynamics of excitons dissociation in these (D1:D2:A) systems and its
effect on device performance. Particularly, the P3HT:PTB7-th: PCBM blend, which falls
under the type-A category of ternary systems, is a new ternary blend combination with
only a few reports available till now, and the detailed studies focusing device physics and
excited state carrier dynamics is less explored. We aim at revealing precisely the same in
the ternary blend of (P3HT:PTB7-th:PCBM). Here, in this type of A-ternary blend also,
the cascade structure expectedly known to trigger both FRET and CT at donor/donor

intermixed phases and donor/acceptor interfaces in the blend film (as shown in Fig. 4.3).
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Figure 4.3 Schematic energy diagrams of different cascades of dual donor and acceptor
interfaces; (a) (A-Type) [D1: D2 (low Eg): A] blend system: both FRET & CT processes
possible; (b) (B-Type) [D1: D2 (low Eg): A] blend system: both FRET & CT processes
possible; (c) (C-Type) [D1: D2 (high Eg): A] blend system: only CT possible and FRET
prohibited.

The probabilities of FRET and CT are investigated via steady-state PL
characteristics of pure P3HT, PTB7-th, and P3HT:PTB7-th mixed blends in different
weight ratios at 465 nm excitation wavelength [Fig. 4.4]. The two major effects observed
in PL spectra with increasing concentration of PTB7-th in P3HT polymer are, (i) PL
quenching due to considerable decrease of characteristic PL peaks of P3HT at 650 nm
(corresponding to (0-0) w*-x transition), (ii) origin of PL peak at 738 nm in P3HT:PTB7-
th (0.7:0.3) films which further shifts to 747 nm and increases in intensity, in both
P3HT:PTB7-th (0.5:0.5) and P3HT:PTB7-th (0.3:0.7) films, respectively, indicating the
sensitized emission channelized towards the PTB7-th polymer. Both this PL quenching
(in P3HT) and sensitized emission (towards PTB7-th) are due to dominating energy
transfer as well as electron transfer processes from P3HT (D) to PTB7-th (D) [6, 12,

13].
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Figure 4.4 Steady-state PL spectra of P3HT, PTB7-th, P3HT:PTB7-th:PC7:BM films at
the excitation wavelength of 465 nm. PL curves show sensitized PL and PL quenching in
the mixed blends without and with PCBM.

To verify the PL quenching of P3HT PLpeak at 650 nm via energy transfer, we
checked for the overlap of PL emission spectra of P3HT with the absorption spectra of
PTB7-th by plotting together in Fig. 4.5. It is seen that the absorption edge of PTB7-th is
lying exactly at the PLpeak OFf P3HT, satisfies the criterion for FRET occurrence. This
confirms that FRET is taking place from one donor i.e., P3HT to the other donor i.e.,
PTB7-th [26, 27]. Apparently, P3BHT molecules transfer the non-radiative de-excitation
exciton energy to PTB7-th via FRET. the ground state PTB7-th molecules thereby absorb
this energy and move to the excited state leading to generation of excitons in PTB7-th,
which subsequently may or may not recombine radiatively, depending on the

donor/acceptor interface it forms with PCBM.
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Figure 4.5 Overlap of PL spectra of P3HT and absorption of PTB7-th, indicating non-
radiative FRET is occurring dominantly between P3HT and PTB7-th in P3HT:PTB7-th
blends causing PL quenching.

The parameter which is important in any FRET process is the Forster radius (Ro) which
reveals the distance for 50% of FRET efficiency, is calculated as ~5.7 nm, as per the
equation [31, 32]:

9000(In10)Q,k?
R, = — J
1287°n*N,

where, k represents the relative orientation of the donor and acceptor dipoles, Qp defines
the photoluminescence quantum efficiency of donor, Na is Avogadro's number, and n is
the implication of refractivity. In P3HT:PTB7-th system, the P3HT is donor and PTB7-th
IS acting as energy acceptor, so we assume k=2/3, Qp=1%, and n=1.4, as reported [32].
Here, J is a definition of the spectral overlap, which is given by the following formula;

S [Fo(Men(4)dA
 [Rdz

where, Fp(7) is the normalized donor emission spectrum, and ea is the acceptor molar

extinction coefficient.
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Apart from FRET, another possibility of PL quenching of P3HT peak is electron
transfer which probably may occur at P3HT/PTB7-th interface due to the energy cascade
alignment of P3HT and PTB7-th polymer donors. Further, when the PCBM acceptor is
blended with the donor:donor P3HT:PTB7-th (0.3:0.7) composite, PL at both the
characteristic peaks of P3HT (650nm) and PTB7-th (747nm) gets completely quenched,
shown in Fig. 4.4. This PL quenching due to non-radiative exciton de-excitation confirms
markedly enhanced charge transfer at the donor-acceptor, i.e., PSBHT/PCBM and PTB7-th
/PCBM interfaces due to providing the energy cascade structure leading to efficient

exciton dissociation [refer Fig. 4.3 (a)].

To provide the evidence of FRET and CT processes, we probe the fluorescence
decay dynamics in P3HT:PTB7-th: blends without and with PCBM ternary additive by
time-resolved PL (TRPL) measurements via a time-correlated single-photon count

(TCSPC) and estimated the photo-excited carrier lifetime.
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Figure 4.6 (a) The TRPL decay curve corresponding to pure P3HT and dual donor
P3HT:PTB7-th blends in different compositions (without and with PCBM). (b) fitting of
PL decay curve (solid lines) using bi-exponential and tri-exponential decay equation
where T represents is the photon-exciton lifetime and the y2 value is ~1.1 in the numerical
fitting parameter.
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Figure 4.6 (a) exhibit the PL decay spectra of pure P3HT, and P3HT: PTB7-th
dual donor system in three different compositions, and also by adding PCBM acceptor, at
the excitation wavelength (Aexc) at 550nm and emission wavelength (Aem) at 650 nm
(PLpeax), respectively. It helps in understanding that the exact origin of non-radiative
fluorescence, ie., whether PL quenching is occurring via the charge transfer or by FRET.
All the PL decay profiles were fitted with well-known multi-exponential function
describe elsewhere [Fig. 4.6 (b)] [31-33,35], as

GO IRG
I =lo+Ae "/ +Ae "/ +Ae "
where, three components of lifetimes of the photo-excited state are assigned as fast
component (t1) of non-radiative recombination time; medium component (t2) and slowest
component (13) to radiative recombination time owing to recombination from interface
surface states/traps, with respectively A1, Az, and Az amplitude constants. The PL decay
profiles 1 of Pure P3HT, and P3HT: PTB7-th blends fit reasonably with a bi-exponential
decay function. However, for PL decay of the ternary blend of P3HT: PTB7-th:PCBM,
tri-exponential decay fit is adopted. The corresponding lifetimes t1, T2, 13, and Tavyg

(average lifetime) and amplitude components are listed/summarized in Table 1.

Table 4.1: Fitting parameter of PL decay curves by multi-exponential decay equation.

Active layer blends A, [ tlps) | Ay | Tulps) | Az | T3(ps) | Tou(ps) | Efficiency of
FRET
E.s= 1- (Tpa/Tp)
P3HT 0.11 129 0.89 590 - - 360
P3HT:PTB7-Th (0.7:0.3) | 0.25 | 80 | 075 | 419 - - 329 Erger = 37.9 %
P3HT:PTB7-Th (0.5:0.5) | 0.38 | 61 062 | 315 - - 188 Ereer= 527 %
P3HT:PTB7-Th (0.3:0.7) 0.43 47 0.57 206 - - 126 Erger = 63.5%
P3HT:PTB7-Th.PCBM | 0.46 | 17 | 028 | 42 | 026 | 109 54 Ereera o1 =86.8 %
(0.3:0.7:1)

Here, a closer look into the time-resolved decay parameters reveals that the
lifetimes for non-radiative and radiative transitions change individually on the addition of

PTB7-th in P3HT in different compositions, respectively, and also when PCBM acceptor
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is added in this P3HT: PTB7-th dual donor blend. The decay of the pristine P3HT film is
bi-exponential with t1 = 129 ps (A1 = 0.89) and 12 = 560 ps (A2 = 0.11). This indicates
that 89 % of the PL quenching takes place at decay time t1 = 129 ps, while ~ 11 % of PL
intensity prevails due to radiative recombination (t2 = 560 ps) within the existing traps in
the bulk polymer and surface states at the polymer crystallite boundaries apparently due
highly disordered conducting polymers molecular chains. The blending of donor P3HT
with another donor PTB7-th strongly quench the P3HT PL emission making the short
lived photo-excitons 11 decrease from 129 ps (A1 = 0.89) to 80 ps (A1 = 0.75), 61 ps (A1 =
0.62), and 47 ps (A1 = 0.57), respectively, achieved for P3HT: PTB7-th (0.7:0.3),
(0.5:0.5), and (0.3:0.7) blend compositions. This decrease in the photo-exciton lifetime in
donor P3HT strongly imply that the non-radiative relaxation of these photo-excited
excitons is initiated and relaxation energies are transferred to ground state donor PTB7-th
molecules by dipole-dipole interaction-based FRET, causing excitation process in PTB7-
th molecules followed radiative de-excitation process dominantly. The later process is
confirmed through the coincident increase seen in the slow A or longer-lived t
component i.e., from 590 ps (A2 = 0.11) to 419 ps (A2 = 0.25), 315 ps (A2 = 0.38), and
206 ps (A2 = 0.43) in these respective P3HT:PTB7-th (0.7:0.3), (0.5:0.5), and (0.3:0.7)
blends i.e., with increasing compositions of PTB7-th in P3HT. The increased percentage
of A, amplitudes also confirm that higher the PTB7-th concentration in P3HT, more
prominent is the FRET-governed PL quenching, and thereby more and more generation
of excitons in PTB7-th molecules. This effect is further quantified by calculating the
FRET efficiency (Errer). The Errer from donor P3HT to donor PTB7-th (which act as
energy acceptor in the present case) can be quantified by the formula: Errer= 1 — 7p-a/tD.
In the formula, to and 7p-a are the PL lifetime of excited exciton in single donor P3HT in
the absence and presence of acceptor (PTB7-th), respectively. The Ergrer in P3HT: PTB7-
th blends increases from 37.9 % obtained in P3HT: PTB7-th (0.7:0.3)] to 52.7 % and
63.5 %, obtained for P3HT: PTB7-th (0.5:0.5)] and P3HT: PTB7-th (0.3:0.7) blends,
respectively. Furthermore, upon addition of PCBM in P3HT: PTB7-th (0.3:0.7) blend, the
exciton lifetime further decreases drastically from t1 = 47 ps (A1 = 0.57) to 11 = 17 ps (As
= 0.46) is a direct experimental evidence of additional charge transfer process at
donor/acceptor i.e., P3HT/PCBM and PTB7-th/PCBM interfaces in the ternary blend,
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besides FRET, as the cascade energy alignment favors charge separation/dissociation
with the total efficiency (FRET and CT) reported maximum 86.8%. Wang et al. reported
that this simultaneous energy transfer and charge transfer processes among the dual
donors and donor-acceptor species [32,35], however, dominated mainly by CT, is a
significant pathway to generate higher photocurrents. Also note that, the other long-lived
12=42 ps and t3= 109 ps lifetime components are probably attributed to the non-radiative
recombination conquered by defects and impurities and bimolecular recombination [33,
34]. These results conclude that the enhanced energy and charge transfer efficiency
achieved in the ternary blend may improve the overall characteristic performance of
TPSCs using such a P3HT: PTB7-th:PCBM (0.3:0.7:1) ternary blend as active layers.

4.3 Conclusion

Chapter 4 presents the Photo-Physical properties of [P3HT: PTB7-th: PCBM]
(D1:D2:As) ternary blends for active layer. The ternary blend of P3HT:PTB7-th:PCBM
has been investigated in different blend compositions for optimizing the photovoltaic
properties. The P3HT:PTB7-th films were deposited on ITO by mixing P3HT and PTB7-
th in three different weight propositions i.e., (0.7:0.3), (0.5:0.5) and (0.3:0.7) weight
ratios. The absorption spectra confirmed that all three P3HT:PTB7-th films exhibit strong
and complementary absorption covering a wider wavelength range from 500-750nm.
This widening of the absorption window is due to the contribution of both P3HT in 480-
640nm, and PTB7-th in 650-750nm region of the solar spectrum. Evidently, P3HT:PTB7-
th with (0.3:0.7) weight ratio displays more stronger and wider coverage in the entire
solar light spectrum as compared to the other two compositions. Further, the recorded PL
characteristics of pure P3HT, PTB7-th, and P3HT:PTB7-th mixed blends, show
sensitized emission leading to an additional peak at 747nm compared (due to the
incorporation of PTB7-th) to the quenching of regular PL emission at 650nm due to
P3HT component. Both this PL quenching (in P3HT) and sensitized emission (towards
PTB7-th) are due to dominating energy transfer as well as electron transfer processes
from P3HT (D1) to PTB7-th (D). It is seen that the absorption edge of PTB7-th is lying

exactly at the PLpeak of P3HT, satisfies the criterion for Forster resonance energy
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transfer (FRET) occurrence. This confirms that FRET is taking place from one donor i.e.,
P3HT to the other donor i.e., PTB7-th [26-30]. The parameter which is important in any
FRET process is the Forster radius (Ro) which reveals the distance for 50% of FRET
efficiency, is calculated as ~5.7 nm. Further, when the PCBM acceptor is blended with
the donor:donor P3HT:PTB7-th (0.3:0.7) composite, PL at both the characteristic peaks
of P3HT (650nm) and PTB7-th (747nm) gets completely quenched. This PL quenching
due to non-radiative exciton de-excitation confirms markedly enhanced charge transfer at
the donor-acceptor, i.e., P3HT/PCBM and PTB7-th /PCBM interfaces due to providing
the energy cascade structure leading to efficient exciton dissociation. The TRPL studies
demonstrated the reduction in photo-exciton lifetime drastically from 11 = 129ps (in
P3HT) and 11 = 17ps (in P3HT:PTB7-th:PCBM), which signify that both FRET and
cascade energy level alignment charge transfer dominated mechanisms lead to effective
exciton dissociation in the ternary blend. Hence, it is concluded that P3HT:PTB7-

th:PCBM (0.3:0.7:1) is the optimized blend combination for solar cell application.
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CHAPTER 5

PHOTOVOLTAIC PERFORMANCE OF [P3HT: PTB7-th:
PCBM] TERNARY SOLAR CELLS USING DIFFERENT
HTLs

5.1 Introduction

Single junction bulk-heterojunction(BHJ) polymer solar cells (PSCs) based on a
binary blend of donor and acceptor have proved to be promising photovoltaic technology
since the extensive research in the past few decades [1-6]. It is emerging as a novel
approach owing to the low cost, lightweight, flexibility, easy processing, and tunable
electrical and optical properties [7-10]. Such binary blends composed of conjugated
polymers such as poly(3-hexyl)thiophene) (P3HT) [4], poly[N-9’ -heptadecanyl-2,7-
carbazole-alt-5,5-(4" ,7' -di-2-thienyl-2" ,1" ,3’-benzothiadiazole)] (PCDTBT) [10],
poly[2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta  [2,1-b;3,4-b']dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)] (PCPDTBT) [11], poly[(ethylhexyloxy)-benzodithiophene-
(ethylhexyl)-thienothiophene] (PTB7) [12,13], Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b;4,5-b"]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-
b]thiophene-)-2-carboxylate-2-6-diyl)] (PBDTTT-EFT or PTB7-th) [13], Poly[(4,8-bis-
(2-ethylhexyloxy)-benzo(1,2-b:4,5-b")dithiophene)-2,6-diyl-alt-(4-(2-ethylhexanoyl)-
thieno[3,4-b]thiophene-)-2-6-diyl)] (PBDTTT-C) [14], and Poly[(5,6-dihydro-5-octyl-
4,6-dioxo-4H-thieno[3,4-c]pyrrole-1,3-diyl)[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl] (PBDTTPD) [10] as electron donors, and [6,6]-phenyl C71-
butyric acid methyl ester (PC7:.BM), Indene-C60 bisadduct (ICBA) as electron acceptors,
demonstrate state-of-the-art PCE approaching ~15-17% [6-9]. Unfortunately, these
binary blends exhibit poor solar light harvesting, due to the intrinsically narrow
absorption bands of most of these polymer donors, and week absorption of PCBM
acceptor (only in UV region), wasting a significant fraction of available solar light [15-
17]. However their poor stability is also a matter of concern. To address all these issues,
more recently, a new morphological strategy of ternary blends have been adopted by
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adding a third ternary component into the binary blend which could either be a donor or
an acceptor resulting in (D1:D2:A) and (D1:A1:A2) ternary systems, respectively [18-20].
This technology, popularly known as ternary blend solar cells (TPSCs), has drawn a great
interest as they not only provide an advantage of strong light harvesting by
complementary absorption, but also effectively improve charge generation and carrier
collection properties [15-25]. Many reports on ternary blends present enhanced exciton
dissociation probability as supported by Forster resonance energy transfer (FRET)
between donor-donor, and charge transfer (CT) at donor/acceptor interface due to cascade
energy alignment, in different ternary blend systems [20,25,26]. Besides, suitable
microstructure, solution-processing, and easy fabrication are some of the added
advantages over the widely used tandem solar cell technology [20-26]. Currently, TPSCs
have PCE exceeded 12% [19-25]. Nevertheless, for improving the performance of
TPSCs, it is mandatory to control the blend morphology, and optimize the PV processes
such as exciton generation, dissociation, carrier generation, charge transport, and
collection.

On the other hand, since past few years, both GO and hybrid PEDOT:PSS-GO in
the bilayer and composite form has been widely used as HTLS and have shown
encouraging results in achieving good interfacial hole extraction properties, high electron
blocking, high film optical transparency, surface morphology, and high conductivity,
which have significantly improved the PCE and stability of the PSCs devices. However,
several groups have reported the use of PEDOT:PSS-GO as HTLs mostly with binary
blend BHJ system combinations and reported enhanced PCE as high as 10% [27, 28].
This provides a motivational platform to explore the potential use of PEDOT:PSS-GO
HTLs for the design and development of ternary blend systems based PSC technology as
well.

Here, we fabricated TPSC devices composed of a ternary blend of dual donor
polymers namely, P3HT (a high bandgap polymer donor) and poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b0]dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3
fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] commonly known as PTB7-Th
(low bandgap polymer donor), and fullerene acceptor PCBM as active layer; and
employing solution-processable hybrid PEDOT:PSS-GO composite as HTL. In this
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work, both addition of GO nanosheets in PEDOT:PSS HTLs (in different compositions)
have been investigated systematically to improve the performances of TPSCs. Their solar
cell behavior is compared with PEDOT:PSS-only and GO-only HTLs based TPSC
devices. Interestingly, it has been found that the PCE of TPSC devices with PEDOT:PSS-
GO composite HTLs gets enhanced to 7.1 % (especially in (1:1) weight ratio
composition) compared to GO-only (PCE= 2.3 %) and PEDOT:PSS-only (PCE= 3.2 %).
The improvement in performance of TPSCs with PEDOT:PSS-GO HTLs is
predominantly attributed to the better charge extraction and carrier collection owing to
significantly reduced photo-generated exciton lifetime, tuned work function, reduced
HTL/active layer interface potential barrier, remarkably improved film morphology, and
increased conductivity of PEDOT:PSS-GO films. Therefore, PEDOT:PSS-GO HTLs
significantly boost the performance and lifetime stability of (P3HT:PTB7-th:PC7:BM)
ternary blend-based TPSCs. Our work demonstrates the superior hole transport properties
of PEDOT:PSS-GO over conventional PEDOT:PSS HTLs for the accelerating
development of TPSCs. The fundamental and applied facets revealed from these
investigations are discussed in this chapter.

5.2 Results and Discussion

TPSCs fabricated using a ternary blend composed of P3HT (D), PTB7 (D) and
PCBM acceptor (A) have been shown through a schematic representation in Fig. 5.1.
TPSCs using [P3HT:PTB7-th:PCBM] (0.3:0.7:1) ternary blend were fabricated in the
following device configuration,

+ Device 1: Indium tin oxide (ITO)/ GO-only HTL / ternary blend/ LiF/Al,
Device 2: ITO/ PEDOT:PSS-only HTL/ternary blend/LiF/Al,
Device 3: ITO/ PEDOT:PSS-GO (2:1) HTL/ ternary blend /LiF/Al,
Device 4: ITO/ PEDOT:PSS-GO (1:1) HTL/ ternary blend /LiF/Al, and
Device 5: ITO/ PEDOT:PSS-GO (1:2) HTL/ ternary blend /LiF/Al.

-+ +

The ternary blend active layer [P3HT:PTB7-th:PCBM] and PEDOT:PSS-GO

composite HTL have been optimized separately for efficient photovoltaic performances.
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Figure 5.1. Schematic of the device configuration of (P3HT:PTB7-th:PCBM) ternary
blend TPSC employing PEDOT:PSS-GO composite HTL.

5.2.1 Photovoltaic performance of TPSCs

The J-V characteristic curves of the fabricated TPSC devices using P3HT:PTB7-
th:PCBM (0.3:0.7:1) ternary blend, and PEDOT:PSS/GO/PEDOT:PSS-GO HTLs i.e.,
Devices (1-5) under standard AM 1.5G 100 mW cm2 solar illumination are shown in
Fig. 5.2(a). The photovoltaic device parameters obtained for all the devices are

summarized in Table 1.

a
( ) Ternary blend: P3HT:PTB7-Th:PCBM (0.3:0.7:1) (b) Ternary blend: P3HT:PTB7-Th:PCBM (0.3:0.7:1)
—~ B = Device 1: (with GO HTL) F<— Device 1 (with GO HTL) -
NE —e— Device 2: (with PEDOT:PSS HTL) A 102 Lo Device 2 (with PEDOT:PSS HTL)
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= it :PSS- : . : ) .
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Figure 5.2. (a) J-V characteristics of TPSCs without and with HTLs: GO, PEDOT:PSS,
PEDOT:PSS-GO composite films with various compositions under Air Mass 1.5 Solar
illumination (Pin =100 mW/cm?). (b) J-V curves in dark.
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Table 5.1: Photovoltaic parameters P3HT:PTB7-th:PCBM (0.3:0.7:1) based TPSCs
fabricated using different HTLs.

Device Structure Jee V.. FF | PCE | Rg Rgy
(mA V) (%) | (Qcm?) | (Q cm?)
[em?)
Device 1 | ITO/ GO / Ternary blend/ LiF / Al 7.9 0.52 | 0.55 | 2.3 12 2469
Device 2 | ITO / PEDOT:PSS /Ternary blend / LiF / Al 10.7 | 0.69 | 0.43 |3.2 17 977
Device 3 | ITO / PEDOT:PSS -GO (2:1) / Ternary blend/ LiF / | 11.52 0.7 0.71 | 5.71 11 3646
Al
Device 4 | ITO / PEDOT:PSS - GO (1:1) / Ternary blend/ LiF 12.3 074 | 0.78 | 7.1 5 4111
/Al
Device 5 | ITO / PEDOT:PSS -GO (1:2) /Ternary blend/ LiF/ | 12.11 | 0.73 | 072 | 6.4 9 3921
Al

The effect of different HTLs on solar cell parameters i.e., PCE, Js., FF, and Vo of
TPSC devices (1-5) is demonstrated in Fig. 5.3 (a-d) as shown in the supplementary

information.
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Figure 5.3. (a-d) Effect of different HTLs on PCE, J_, FF and V_, respectively for
Device 1-5; The corresponding PCE J_, FF, and V__statistics is based on 10 devices.
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In Table 1, the modulation of solar cell parameters can be understood with the help of the

energy band diagram shown in Fig. 5.4.
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Figure 5.4. Energy level diagram of TPSCs using ternary blend P3HT:PTB7-th:PCBM
with different HTLs [PEDOT:PSS/GO/PEDOT:PSS-GO].

Here, Device 2 (with PEDOT:PSS-only HTL) has shown slightly better PCE
~3.2% compared to Device 1 (with GO-only HTL) PCE ~2.3%, owing to increase in Js
from 7.9 mA/cm? to 10.7 mA/cm?, Vo from 0.52 V to 0.69 V. However, FF (~43%) in
case of Device 2 is relatively less compared to 55% observed in Device 1, due to
relatively high Rs and low Rsy of Device 2. However, it is found that in Devices 3-5,
wherein PEDOT:PSS-GO composite HTLs are used in different composition, the solar
cell parameters get drastically enhanced to 60-68% and 44-55% in comparison to Device
1 (with GO-only HTL) and Device 2 (with PEDOT:PSS-only HTL), respectively.
Incorporating GO nanosheets in PEDOT:PSS HTLs lead to significant increase in PCEs
for Device 3 [PCE ~5.71%,], Device 4 [PCE ~7.1%,], Device 5 [PCE ~6.4%,]. It is owed

to enhanced values of Js, Voc, and FF achieved in these PEDOT:PSS-GO HTL based
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devices (with all (2:1), (1:1) and (1:2) compositions). Interestingly, the maximum
increase in the PCE approach to ~7.1 % in PEDOT:PSS-GO (1:1) HTL based Device 4,
with the highest enhancement in Js, Vo, FF value to 12.3 mA/cm?, 0.74 V, and 78 %,

respectively.

5.2.2 Exciton Dissociation, Carrier Generation and Charge Extraction Properties

In order to understand the role of PEDOT:PSS-GO composite based HTL on the
enhanced performance of TPSCs [Devices (3-5)], in-depth and detailed investigations on
exciton dissociation, carrier generation, and charge extraction properties were carried out.
It is well known that in BHJ solar cells, three optimizations are required for efficient
generation of the photocurrent, (i) efficient excitons dissociation into free charge carriers
at the donor-acceptor interface, (ii) efficient carrier extraction i.e., holes at the
HTL/active layer interface and electrons at the active layer/ETL interface, and finally (iii)
efficient collection of the separated charges at the respective electrodes [29].

The significant improvement in the performance of Devices (3-5) is due to, firstly,
high photo-exciton generation owing to strong and extended light absorption as shown by
ternary blend, and secondly, efficient exciton dissociation at donor/acceptor interface via
FRET and CT due to cascade energy alignment of the ternary blend (as discussed earlier.
Besides, the exciton dissociation at HTL/active layer interfaces is boosted by the addition
of GO nanosheets in PEDOT:PSS HTL films, on comparison with only-PEDOT:PSS
based HTLs since HOMO level of PEDOT:PSS gets considerably lowered on the
addition of GO enabling it to match perfectly with the HOMO level of active layer donor
polymers (as depicted in Fig. 5.4). To authenticate such an effect of GO nanosheets on
PEDOT:PSS HTLs, we additionally performed the charge carrier dynamics studies by
TRPL measurements, and examined the charge extraction and recombination processes at
HTL/Active layer interface. Fig. 5.5 (a) is the steady-state PL of (P3HT:PTB7-th) mixed
blend film deposited on HTL coated-ITO/glass substrates. Herein, the PL intensity is
recorded as a function of different HTLs (GO-only/ PEDOT:PSS-only/ PEDOT:PSS-
GO). The PL intensity of the P3HT:PTB7-th (0.3:0.7)blends deposited on the
PEDOT:PSS-only and GO-only decreased about 40% and 73%, respectively, compared
to PL intensity recorded without any HTL. However, the PL intensity of P3HT:PTB7-th
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(0.3:0.7) blends film deposited on PEDOT:PSS-GO HTLs get quenched to 83 % for
(2:1), 87 % for (1:1) and 92 % for (1:2) compositions, respectively. Strong quenching in
PL peak at 740nm is observed as the HTL is changed from PEDOT:PSS-only to
PEDOT:PSS-GO composite film, signify that the presence of GO in PEDOT:PSS
significantly could able to extract the photogenerated excitons at the HTL/Active layer
interface before their radiative recombination within the active layer itself. Hence,
PEDOT:PSS-GO composite films are more efficient in charge extraction/dissociation as
compared to PEDOT:PSS-only and GO-only cases.

(a) P3HT:PTB7-th (0.3:0.7) [Active layer]

|—— without HTL —_
— with PEDOT:PSS HTL Aexc = 465 nm

—— with GO HTL
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Figure 5.5. (a) Steady-state PL spectra of P3HT:PTB7-th (0.3:0.7)blends with different
HTLs (excitation wavelength = 465 nm). PL quenching in the mixed blends without and
with different HTLs is monitored. (b) The PL decay curve P3HT:PTB7-th:PCBM
(0.3:0.7:1) blends probed at peak 744 nm, without and with different HTLs. (c) fitting of
PL decay curve (solid lines) using bi-exponential and single-exponential decay equation.
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Further, we analyzed the TRPL spectra of P3HT:PTB7-th (0.3:0.7) blend films
deposited on PEDOT:PSS-only/ GO-only/ PEDOT:PSS-GO HTLs, respectively,
illustrated in Fig. 5.5 (b). The PL decay profiles are shown in Fig. 5.5 (c) were fitted with
single, bi- and tri-exponential function describe elsewhere [29-31], as

By exp{—(t;to ﬂ

where three components of lifetimes of the photo-excited state are assigned as, fast

component (t1) of non-radiative recombination time; medium component (t2) and slowest
component (13) to radiative recombination time owing to recombination from interface
surface states/traps, with respectively A1, Az, and Az amplitude constants. The decay
profile of PL decay profiles of [P3HT:PTB7-th:PCBM] ternary blend without HTL fit
with tri-exponential decay function, whereas decay profiles corresponding to ternary
blend onto PEDOT:PSS-only HTL fit with a bi-exponential decay function. However, for
PL decay of the ternary blend onto GO-only and PEDOT:PSS-GO HTL, a single
exponential function fitting is adopted, respectively. The consequent lifetimes t1, T2, 13,

and tavg (average lifetime) and amplitude components are listed/summarized in Table 2.

Table 5.2. TRPL fitting parameters corresponding to the PL decay curves of the ternary
blend active layer without and with PEDOT:PSS/GO/PEDOT:PSS-GO HTLs.

Active layer A1 T1(ps) Az 2(ps) As 3(psS)  Tavg (PS)
P3HT:PTB7-th:PCBM

(0.3:0.7:1)

Pure (without HTL) 046 17 0.28 42 0.26 109 54

with PEDOT:PSS 0.89 12 0.11 35 - - 23.5
HTL

with GO HTL 1 9 - - - - 9

with PEDOT:PSS-GO 1 5 - - - - 5

(1:1) HTL

Here, the faster decay component t1 originated from the non-radiative
recombination is accountable for the PL quenching effect, suggesting that the photo-
generated excitons get effectively dissociated into free charge carriers and get transported
to the respective electrodes. On the other side, the slow component 12 is attributed to the

radiative recombination photo-generated excitons and does not get dissociated and
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collected at the electrodes. More explicitly, in case of ternary blend without HTL, show
Tavg = 54 ps, wherein more contribution is radiative recombination component leading to
high values of 1t = 42 ps and t3 = 109 ps. For ternary blend film deposited on
PEDOT:PSS-only HTL display fast decay lifetime (t1 = 12 ps) with an amplitude A; ~
0.89 fraction and slow decay lifetime (t2 = 35 ps) with an amplitude A; ~ 0.11 fraction,
suggesting that 89 % of PL decay is responsible due to the PL quenching i.e.,
depopulation of photo-generated carriers via non-radiative recombination, and only 11 %
is PL originating from non-radiative recombination due to the traps and other defects
present in the HTL layer. However, it is interesting to note here that when the blend is
deposited on GO-only and PEDOT:PSS-GO HTLs, there is a single fast decay
component 11 as 9 ps and 5 ps, respectively, with 100 % dominated by non-radiative
recombination of photo-generated carriers symptomatic of the efficient dissociation
occurring via fast hole extraction at HTL/ternary blend interface. It implied that the
extraction of holes at the HTL/active layer interface occurs more efficiently using a
PEDOT:PSS-GO composite HTLs in the TPSC devices. It should also be noted that GO
not only acts in improving the hole extraction at HTL/active layer interface but also
significantly contribute in blocking the electrons at the interface. It reduces the possibility
of recombination losses of the separated charges at the HTL/active layer interfaces.
Hence, the majority of charge-separated carriers are swept to the respective electrodes
with minimum recombination in the case of PEDOT:PSS-GO HTLs, while the
recombination process still takes place in some degree of fraction in PEDOT:PSS-only
HTL [32]. The fast charge transfer and collection (shown by PEDOT:PSS-GO HTLs
based devices compared to PEDOT:PSS-only and GO-only HTL based devices) along
with high conductivity, the high work function, better-aligned energy-levels, and the
improved morphology of PEDOT:PSS-GO HTL composites (as discussed above), thus
contributing to the enhancement of the solar cell parameters under the working
conditions.

The dark J-V characteristics of the devices were also examined to investigating
the role of GO in PEDOT:PSS HTL and on device performance, depicted in Fig. 5.2 (b).
Current rectification ratios ~ 34.5, ~211.5, ~1373.8, ~172566.7, and ~18212.5 has been

obtained at £1 V bias, respectively, for Devices (1-5). The current rectification ratio of
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Devices (3-5) with PEDOT:PSS-GO HTL is very high compared to devices with
PEDOT:PSS-only and GO-only HTLs, suggesting that the leakage current was
effectively suppressed in the former [33- 35]. These results indicate that the incorporation
of GO in PEDOT:PSS improves the performance of TPSCs. For further probing the
recombination processes/rates, we calculated the series resistance (Rs) and the shunt
resistance (Rsn) from the J-V curves, listed in Table 1. Rs is related to the interfacial
resistance and Rsy represents the current leakage in the system [34, 35]. From these
values, it is proved that the improvement of FF (55%) in Device 1 (with GO-only HTL)
compared to PEDOT:PSS-only HTL based Device 2 (FF ~ 43%), is due to reduction in
Rs from 27 Q cm? to 17 Q cm? and improvement in Rsy from 977 Q cm? to 2469 Q cm?
which is responsible for less dark reverse leakage current. We also observed a further
reduced Rs of 11 Q cm?, 5 Q cm?, and 9 Q cm? in the PEDOT:PSS-GO composite HTLs
based Devices (3-5) implying a superior charge transport ability of GO, which was
probably due to a higher conductivity (0.032 S/cm ) and enhance charge extraction
probability due to a higher ¢ than those of PEDOT:PSS-only and GO-only HTLs. More
importantly, an abrupt shunt resistance of 3646 Q cm?, 4111 Q cm?, and 3921 Q cm? in
the PEDOT:PSS-GO composite HTLs based Devices (3-5) compared to the
PEDOT:PSS-only based Device 2 (977 Q cm?) and GO-only based Device 3 (2469 Q
cm?), suggesting that carrier recombination could be more efficiently reduced through the
PEDOT:PSS-GO/ternary blend heterojunction than through the PEDOT:PSS/ternary
blend and GO/ternary blend, probably due to the higher LUMO of GO/PEDOT:PSS-GO
based HTLs which is known to block electrons.

In general, to produce photocurrent, the dissociated photo-generated excitons into
separate free charge carriers, should get collected at the respective electrodes before
getting lost by recombination processes [36]. The increment in Jsc observed in the ternary
blend is elucidated in terms of EQE curves shown in Fig. 5.6. It confirmed the enhanced
photocurrent in the overall wavelength range for all the P3HT:PTB7-th:PCBM TPSC
devices. Also, the Jsc values calculated using EQE data were within a 2% error

corresponding to Jsc values obtained in the J-V measurements.
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Figure 5.6. EQE spectra of devices with P3HT:PTB7-th:PCBM (0.3:0.7:1) TPSCs with
different HTLs.

It is seen that the all the TPSC devices (1-5) composed of different HTLs have
showed a high and broad spectral response in the wavelength range from 300 nm to 800
nm with a maximum peak approaching 65% at 400 nm and 74% at 700nm of EQE, which
is divided into two regions; low wavelength region from 380-510nm with 65-67%, while
in the high wavelength region from 540-700nm with 73-74%. It is essentially as per the
absorption spectra [refer Fig. 4.2 of Chapter 4]. It is attributed to the combined and
complementary absorption bands of P3HT and PTB7-th molecules. Overall, the enhanced
EQE indicates that the efficiency of photon-to-electron conversion was superior in the
PEDOT:PSS-GO HTL devices than PEDOT:PSS-only device and GO-only device. Such
an improvement is highly beneficial for photovoltaics for achieving high Jsc.

Further, to have a more clear vision of the exciton dissociation and carrier
collection capabilities of PEDOT:PSS-GO HTLs on photovoltaic behavior of the ternary
blends, we analyzed the photocurrent density (Jon) as a function of effective voltage (Vetr)
for TPSC devices (1-5), respectively. Figure 5.7 illustrates the dependence of the
measured Jph 0N Vet in the three devices. Here, Jon = Ji-Jp, where J. and Jp are the current
densities under illumination and in dark, respectively. Vet = Vo-Vapp, Where, Vo is the
voltage at which Jon=0, and Vapp is the applied voltage [36]. The purpose of plotting Jph
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versus Ve is to study the photocurrent generation as a function of electric field in the
device. It is noteworthy that Vi is the voltage at which J_=0. At Vo the electric field will
be extremely small, however, the electric field is zero only at voltage Vo . Therefore, Vet =

Vo-Vapp is calculated using Vo but not V.
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Figure 5.7 The photocurrent density (Jon) as a function of the effective voltage for TPSC
devices with different HTLs.

In Device 1 and Device 2, Jpn is proportional to VY2 at low voltages finally
saturates at high voltages. At high voltages, the internal field is large enough to sweep out
all the dissociated carriers from the device for collection, and current becomes
independent of voltage, as described by Vsat in all the devices. However, the dependence
of Jon on Vesrin low voltage regime imply explicitly the probability of exciton dissociation
into free carriers, and how ease they transport to the respective electrodes. Jpn ~ Vett ¥2 is
observed in Device 1 (with GO-only HTL) and Device 2 (with PEDOT:PSS-only HTL)
shows that the Jon through the cell is limited by charge recombination via interface
surface traps prevailing at the respective GO (HTL)/active layer and PEDOT:PSS
(HTL)/active layer in these devices. Hence, strong interface recombination losses occur
in Device 1 (with GO-only HTL) and Device 2 (with PEDOT:PSS-only HTL). Note that,

130



a linear dependence of Jon 0n Verr is observed in Devices 3-5, respectively, which confirm
that interface recombination is extremely less and charge transport thereby becomes
almost trap-free. It could be understood as the incorporation of GO in PEDOT:PSS HTL
smoothened the film, as consistent with low RMS roughness value obtained in these
composite films compared to pure PEDOT:PSS films (as discussed in Fig. 3.6 of Chapter
3) reducing the number of surface states/traps at the interface of HTL/active layer. Such a
significant effect was seen in PEDOT:PSS-GO HTLs based TPSCs Devices 3-5, becomes
the basis for obtaining high Jsc, and better FF, as compared to devices with GO-only
(Device 1) and PEDOT:PSS-only (Device 2) HTLs.

Other essential parameters to look at is Vsat. The Vsg values are 0.57V (Device 1),
0.59V (Device 2), 0.41V (Device 3), 0.39V (Device 4), and 0.4V (Device 5). Here, it
should be noted that Vsa occurs at lower internal fields in Devices 3-5 (with PEDOT:PSS-
GO HTL), compared to Device 2 (with PEDOT:PSS-only HTL) and Device 1 (with GO-
only HTL). The reduction of Vs in devices with PEDOT:PSS-GO as HTLs imply that
the electron and hole separation into free charge carrier occurs at much low voltages and
much more efficient compared to devices having PEDOT:PSS-only or GO-only HTLs. It
is on account of, (i) the reduction in the potential barrier that existed at the interfaces
between HTL and active layer due to the perfectly matched HOMO of the HTL with the
HOMO of the active layer polymer donors in case of PEDOT:PSS-GO based HTLs, (ii)
improved morphology of PEDOT:PSS-GO films owing to low RMS surface roughness.
More Insight into the effect PEDOT:PSS-GO HTLs on charge dissociation, generation
and collection process can be gained by determining the saturation current density (Jsat),
exciton dissociation efficiency [Puiss(E, T)], maximum exciton generation rate (Gmax) and
charge collection efficiency [Pcon (E, T)], for all the TPSC devices with different HTLSs.
In general, it is believed that all the photogenerated electron and hole carriers get
collected at high Vet which is 1V in all the devices, and then Jsa is limited only by the
number of photons that come in and absorbed by the active layer. At this point, the rate
of charge extraction and collection is determined by the rate of the photons coming in.
Consequently, Jsat = qLGmax, Where L is film thickness. Measuring Jsat will enable the
determination of the number of generated charge carriers. Gmax values (as calculated from

Jsat) are 4x10%" m3 st for Device 3, 4.3x10?" m3 s for Device 4, and 4.2x10%" m3 st
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for Device 5, which are much higher than 2.74x10%" m? s for Device 1, and 3.6x10%’

-3 o1

m~ s+ for Device 2. Such an enhancement is expected from the devices having
PEDOT:PSS-GO HTLs as GO enables high solar light optical transmission leading to
enhanced light absorption by the ternary blend, thereby more charge carriers will be
generated. Among all PEDOT:PSS-GO HTLs, (1:1) weight ratio composition is the
optimum one presenting the highest capability of generation rate owing to maximum Gmax
value obtained. The exciton dissociation efficiency P(E, T) which depends on electric
field and temperature, is calculated as [35, 37], Paiss(E, T)=Jpn/Jsat, and the charge
collection efficiency is Peoil(E, T)= Jph™PP//Jsat where Jpn®© and Jp™PP) are the Jpn values
at short circuit condition and maximum power point, respectively. Higher Pgiss = 92.6%,
and Pcon = 84.3% obtained for Device 4 [PEDOT:PSS-GO (1:1) HTL] compared to Paiss
= 81.7%, and Pcon = 74.1% for Device 1 (GO-only HTL), and Pgiss = 83.5%, and Pcon =
79.7% for Device 2 (PEDOT:PSS-only HTL) indicate the most efficient carrier
generation and charge collection processes in PEDOT:PSS-GO (1:1) HTL based TPSCs.
All these parameters are summarized in Table 3. Hence, high Jsc and FF obtained in these

devices is well justified.

Table 5.3. Jsat, Puiss(E, T), Gmax and Pcoil (E, T) for the TPSC devices (1-3) with different
HTLs.

Devices Vo o S Max. exciton Exciton Charge Collection
(Jeat =alGox ) | generation rate dissociation efficiency
(Grax) efficiency P.= Jp,,(”" P ot
P s =Jp,|{SCJ et
Device 1 0.57V | 7.8 mA/ecm? | 2.74X107 m3s! 81.7% 74.1%
(with GO HTL)
Device 2 0.59V | 10.5mA/em? | 3.6X107 m35s! 83.5% 79.7%
(with PEDOT:PSS HTL)
Device 4 0.39V | 12.5mA/cm? | 4.3X10% m3s! 92.6% 84.3%
[with PEDOT:PSS-
GO(1:1)]

5.2.3 Stability Tests of TPSCs

The stability of the fabricated devices was also carried out to examine the

degradation Studies [37]. After every 50-100 hrs of storage, the solar cell measurements
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were taken for the best TPSC Device 4 (with PEDOT:PSS-GO (1:1) HTL) and is
compared with Device 1 (GO-only HTL) and Device 2 (PEDOT:PSS-only HTL). The
stability characteristics of all the devices are shown in Fig. 5.8 (a-d) demonstrating the
normalized PCE, normalized Jsc, normalized Vo, and normalized FF. It has been found
that there is a 30% loss in PCE in Device 1 and 26% loss in Device 2 whereas Device 4
retained its PCE for 500 hrs with only 10% reduction from its initial value. Therefore,
Device 4 exhibit a better life as compared to Device 1 and Device 2. It is because pure
PEDOT:PSS film is highly hygroscopic known to absorb more moisture and water
molecules that diffuse towards the active layers and degrade the film quality. Hence,
PEDOT:PSS-only HTLs always lead to poor stability of devices. On the other hand,
PEDOT:PSS-GO films show less degradation because of good thermal and photo-
stability of the incorporated GO nanosheets, and therefore, the devices with PEDOT:PSS-
GO HTLs showed better long-term stability.
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Figure 5.8. Stability characteristics of Device 4, Device 1, Device 2.
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5.3 Conclusion

Chapter 5 describes the photovoltaic performance of [P3HT: PTB7-th: PCBM]
Ternary solar cells using different HTLs by measuring the J-V characteristic under
standard AM 1.5G 100 mW cm2 solar illumination. A remarkable enhancement in PCE
of [P3HT:PTB7-th:PCBM] (0.3:0.7:1) ternary blend based solar cells (TSC) from 3.2%
to 7.1% without and with the addition of GO nanosheets in PEDOT:PSS HTL has been
achieved. Such an enhancement in PCE of TPSC devices when PEDOT:PSS-GO (1:1)
composite is used as HTL is attributed to the fact that the dispersion of GO nanosheets in
PEDOT:PSS HTL, (i) reduced HTL/active layer interface barrier via tuning the work
function making it perfectly matched with the highest occupied molecular orbital
(HOMO) of the donor polymer, (ii) enhanced o of HTL films, and (iii) improved
morphology of PEDOT:PSS-GO films owing to low RMS surface roughness enabling the
trap-free carrier transport, (iv) better electron blocking capability of PEDOT:PSS-GO,
promoting the carrier collection at the anode without interface-state recombination at the
HTL/active layer interface. It has also been found that these TSCs showed significant
improvement in device stability retaining PCE for 500 hours with only a 10 % loss from
its initial value. This is due to good photo-stability of GO which significantly improved
the overall air-stability of PEDOT:PSS-GO composite HTL based TSC devices. Hence,
PEDOT:PSS-GO composite offers the most desirable hole transport properties over the
conventional PEDOT:PSS-only HTLs. In conclusion, [P3HT:PTB7-th:PC71BM]
(0.3:0.7:1) ternary blend based TSCs display high performance and good stability when
PEDOT:PSS-GO (1:1) is utilized as HTL. These in-depth studies open a new avenue for

the potential commercialization of low-cost and solution-processed TSCs.
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CHAPTER 6

A COMPARISION OF [P3HT: PTB7-th: PCBM] TERNARY
SOLAR CELL WITH BINARY SOLAR CELLS

6.1 Introduction

We fabricated [P3HT:PTB7-th:PCBM] (0.3:0.7:1) ternary blend based TPSCs
using PEDOT:PSS-GO (1:1) composite HTL. In order to illustrate the advantages of
ternary blends, the J-V characteristics of these TPSCs are compared with the respective
binary counterparts i.e., devices with P3HT:PCBM and PTB7-th:PCBM binary blends.
Also, to understand the effect of GO in PEDOT:PSS HTL, we have done the comparison
with the TPSCs fabricated using only-PEDOT:PSS HTL [1,2]. It has been found that
these TPSCs showed significant improvement in performances and stability with PCE ~
7.1% and retained for 500 hours with only a 10 % loss from its initial value. The
enhancement in photovoltaic performance exhibited by P3HT:PTB7-th:PCBM TPSCs,
attributed to the synergetic effect of P3HT:PCBM and PTB7-th.PCBM  binary
counterparts is owing to, (i) strong and complementary absorption by P3HT and PTB7-th
molecules leading to broad spectral response with photon-to-electron conversion
approaching up to 67-75% in extended wavelength range 350-780nm, as confirmed by
EQE spectra; (ii) PL quenching and photo-carrier dynamics studies demonstrate that
photo-exciton lifetime decreases drastically from t1 = 129 ps (in P3HT) and 11 = 17 ps (in
P3HT:PTB7-th:PCBM) blends which is a consequence of both FRET and CT owing to
cascade energy level alignment, resulting in effective exciton dissociation in ternary
blend; (iii) improved quality of P3HT:PTB7-th:PCBM active layer thin films as
compared to P3HT:PCBM and PTB7-th:PCBM binary blend films. These findings
display that P3HT:PTB7-th:PCBM and PEDOT:PSS-GO composite can be a promising
ternary blend active layer and hole transporting material, respectively, toward high
performance PSC. This work provides a new platform for the development of ternary

blend approach of PSC technology [3, 4].
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The fundamental and applied facets revealed from these investigations are

discussed in this chapter.

6.2 Results and Discussion

Solar cell devices were fabricated in device configuration,

Ternary Solar Cells:

Device 1: ITO/PEDOT:PSS-GO (1:1)(~40nm)/P3HT:PTB7-th:PCBM (0.3:0.7:1)
(~200nm)/LiF/Al

Binary Solar Cells:

Device 2 : ITO/ PEDOT:PSS-GO (1:1) (~40nm) / P3HT:PCBM (1:1) (~200nm)/ LiF/Al
Device 3 : ITO/ PEDOT:PSS-GO (1:1) (~40nm) / PTB7-th:PCBM (1:1) (~200nm)/
LiF/Al

6.2.1 Photovoltaic performance

(a) (b)

- —<— Device 2 —o— Device 2
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Figure 6.1 (a) J-V characteristics of TPSC (Device 1) : ITO/ PEDOT:PSS-GO(1:1)/
P3HT:PTB7-th:PCBM (0.3:0.7:1)/ LiF/Al, under Air Mass 1.5 Solar illumination (Pin
=100 mW/cm?), and comparison with Device 2: ITO/ PEDOT:PSS-GO(1:1)/
P3HT:PCBM (1:1)/ LiF/Al, and Device 3: ITO/ PEDOT:PSS-GO(1:1)/ PTB7-th:PCBM
(1:1)/ LiF/Al . (b) EQE spectra of Device 1, Device 2 and Device 3.

The TPSCs are fabricated using ternary blend i.e., P3HT:PTB7-th.:PCBM
(0.3:0.7:1) (best composition) and HTL as PEDOT:PSS-GO (1:1) composite films. The
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J-V characteristics of TPSC of Device 1 [ITO/ PEDOT:PSS-GO(1:1)/ P3HT:PTB7-
th:PCBM (0.3:0.7:1)/ LiF/Al] under Air Mass 1.5 Solar illumination is presented in Fig.
6.1(a), and is compared with Device 2 [ITO/ PEDOT:PSS-GO(1:1)/ P3HT:PCBM (1:1)/
LiF/Al] and Device 3 [ITO/ PEDOT:PSS-GO(1:1)/ PTB7-th:PCBM (1:1)/ LiF/Al]. The

device parameters for all the three devices are summarized in Table 1.

Table 6.1: Photovoltaic parameters for Device 1, Device 2, and Devices 3.

Devices Device Structure Je Ve FF PCE R, Rqh
(mA/cm?) | (V) (%) | (Qcm?) | (Qcm?)

Devicel | ITO/PEDOT:PSS + GO (1:1) HTL /P3HT:PTB7- 12.3 0741 078 |71 5 4111
Th:PCBM (0.3:0.7:1)/ LiF / Al

Device2 | ITO/PEDOT:PSS + GO (1:1) HTL/P3HT:PCBM (1:1)/ 8.9 0.62| 067 |37 21 2761
LiF/Al

Device3 | ITO/PEDOT:PSS + GO (1:1) HTL/PTB7-Th:PCBM (1:1) 9.6 071| 058 |4 19 2897
/LiF/Al

The performance of Device 1 with P3HT:PTB7-th:PCBM, is superior compared
to binary blend based Device 2 (P3HT:PCBM) and Device 3 (PTB7-th:PCBM), which
shows a huge enhancement in PEC ~7.1% seen in Device compared to PCE= 3.7%
(Device 2) and PCE= 4% (Device 3). Hence, there is an increment of 45-48% in ternary
blend based device, apparently attributed to significantly high Jsc, Voc and FF as compared
to values obtained for binary blend based Device 2 and Device 3, respectively. The
improvement in Js is ascribed to the reduction of series resistance (Rs) to 5 Q cm? and
increase of shunt resistance (Rsh) to 4111 Q ¢cm? in Device 1, compared to Device 2 (Rs =
21 Q cm?; Reh= 2761 Q cm?) and Device 3 (Rs = 19 Q cm?; Rsh= 2897 Q cm?) (refer
Table 2). On the other hand, the significant improvement in the performance of Device 1
is due to (i) high exciton generation due to strong and extended light absorption as shown
by ternary blend, (ii) efficient exciton dissociation at donor/acceptor interface via FRET
and CT due to cascade energy alignment of the ternary blend, as proved by TRPL studies
in the ternary blend [5, 6]. And, this exciton dissociation at HTL/active layer, as already
discussed earlier, was further get accelerated by the use of PEDOT:PSS-GO composite
HTL, due to well-matched HOMO levels of HTL and polymer donors.
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To understand further the enhanced performance shown by Device 1 the detailed
and comparative investigations were made ahead focusing the exciton dissociation,
carrier generation, and carrier transport properties in the P3HT:PTB7-th:PCBM
(0.3:0.7:1) ternary blend.

6.2.2 Charge Extraction and Carrier Generation

In General, to get photocurrent, the bound electron-hole pair (excitons) should
dissociate and generate free charge carriers, which should get collected at the respective
electrodes before getting lost by recombination processes.

This step-up of Jsc in the ternary blend is elucidated by the results of EQE spectra
shown in Fig. 6.1 (b). The enhanced EQE in an overall broader wavelength range for all
is clearly seen for the ternary blend Device 1. Also, the Jsc values calculated using EQE
data were within a 2% error corresponding to Jsc values obtained in the J-V
measurements. The binary devices with P3HT:PCBM (Device 2) show a narrow
absorption range, however, with high conversion percentages of 69% at 432 nm and 79%
at 573 nm. On the other hand, PTB7-th:PCBM based Device 3 covers comparatively
broad spectra absorption however with little less conversion percentages i.e., 61% at 370
nm and 56% at 432 nm, 66% at 541nm, maintaining same 66 % up to 674 nm. Therefore,
it is seen that the TPSCs with P3HT:PTB7-th:PCBM ternary blend (Device 1) showed a
high and broad spectral response in the wavelength range from 300 nm to 800 nm with a
maximum peak approaching 65% at 400 nm and 74 % at 700 nm of EQE, which is
divided into two regions; low wavelength region from 380-510 nm with 65-67 %, while
in the high wavelength region from 540-700 nm with 73-74 %. This is essentially in
agreement with the absorption spectra; and attributed to the combined and
complementary absorption effect from P3HT and PTB7-th molecules, which is reflected
in their blends with all three different weight ratios. This improvement is highly
beneficial for photovoltaics for achieving high Jsc.

The improvement of P3HT:PTB7-th:PCBM ternary blend (Device 1) can be
understood via the energy level diagram, shown in Fig. 6.2. It is evident (as discussed in
chapter 4), (i) efficient exciton dissociation at donor/acceptor interface via FRET and CT

due to cascade energy alignment of the ternary blend, (ii) As PEDOT:PSS-GO is used as
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HTL, energy barrier at HTL/Active layer is reduced compared to only-PEDOT:PSS.

Therefore, better Charge transfer occurs at HTL/Active layer Interface
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Figure 6.2 Energy level alignment of P3HT:PTB7-th:PCBM ternary blend and the
respective PEDOT:PSS and PEDOT:PSS-GO HTL.

6.2.3 Photocurrent Recombination dynamics

Further, to understand the recombination dynamics after exciton dissociation and
carrier collection and its correlation with the charge transport properties of the ternary
blend, we calculated the exciton dissociation efficiency Puiss(E,T), charge collection
efficiency Pcon(E,T) and exciton generation rate (Gmax) by analyzing the photocurrent
density (Jpn) as a function of effective voltage (Verr) for the P3HT:PTB7-th:PCBM based
TPSCs and compared with that of P3HT:PCBM and PTB7-th:PCBM binary blend
devices, respectively [7, 8]. Figure 6.3 (a) depicts the dependence of the measured Jpnh On
Vet In the three devices. Here, Jpnh = Ji-Jp, Where Ji and Jp are the current densities under
illumination and in dark, respectively. Vet = Vo-Vapp, Where, Vo is the voltage at which

Jph=0 and Vapp is the applied voltage.
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Figure 6.3 photocurrent density (Jpn) as a function of effective voltage for the devices
with binary and ternary blends.

Apparently, Jpn increases linearly at very low voltages in Device 2 and Device 3,
but Jpn is proportional to VY2, at intermediate voltages and finally tends to saturate at high
Vert Voltages. This means that at high voltages, the internal field is sufficiently large to
sweep out all the dissociated carriers from the device. At comparatively intermediate
voltages, a large VY2 regime is observed in Device 2 and Device 3, where as Jpn is
proportional to Ve, implying that the photocurrent is recombination limited due to
presence of defect traps and surface traps in case of binary blend devices; and less
recombination and photocurrent is trap-free in case of ternary blend devices.

This is further supports better charge transport in ternary blends as compared to
binary blends. This is further investigated by via structural analysis by AFM studies.
Morphology of the active layer also plays a major role in governing the carrier transport
properties. The morphology of the binary blends, P3HT:PCBM and PTB7-th:PCBM, and
P3HT:PTB7-th:PCBM ternary blend have been investigated by AFM [shown in Fig. 6.4
(a-c)], yielding the RMS roughness values as 2.87 nm, 1.92 nm and 1.05 nm,
respectively. This means that the blending of P3HT with PTB7-th, markedly improves
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the morphology by producing less aggregations and reducing the RMS roughness. This
improved morphology justifies trap-free charge transport observed in P3HT:PTB7-
th:PCBM ternary blends. This supports the enhancement in Jsc of TPSC devices.

P3HT:PCBM binary blend o PTB7-th:PCBM binary bleng)
n

nm

P3HT:PTB7-th:PCBM Ternar% blend
m , nm

4
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Figure 6.4 (a-c). AFM of P3HT:PCBM binary blend, PTB7-th:PCBM binary blend, and
P3HT:PTB7-th:PCBM ternary blend, respectively.

Another effect observed is Vsa shifts to lower voltages 0.3V in Device 1,
compared to Vsat = 0.46V (Device 2) to Vsat = 0.34V (Device 3). This could be understood
in regard to dielectric constant. The P3HT:PTB7-th (0.3:0.7) blend includes a higher
dielectric constant polymer (&=3.5) in blended with low dielectric constant polymer
(&=3), hence, making effective &=3.35 for the ternary blend. As we know that the
exciton binding energies are inversely proportional to the dielectric constant of the
materials, therefore, we can say that the excitonic energies decrease in PTB7-th and
P3HT:PTB7-th (0.3:0.7) blend compared to P3HT. Hence, making the all the photo-
generated excitons to dissociate into free charge carriers easily and effectively at
relatively lower field. On the other hand Jsa: which is limited by the number of photons
absorbed by the active layer, is given by Jsat = qLGmax, Where L is film thickness, and
Gmax is the maximum generation rate. Jsa increases from 7.7 mA/cm? in P3HT:PCBM
device 2 to 8.16 mA/cm? in PTB7-th:PCBM device 3, which increases further to 12.1
mA/cm? in P3HT:PTB7-th (0.3:0.7) ternary blend device 1. Gmax calculated from the Jsat,
is 2.62x10%" m3 st for Device 1, is much higher to values 1.67x10%" m= s for Device 2

and 1.77x10%" m2 st for Device 3. The enhancement in Gmay is attributed to the enhanced
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light absorption band of the ternary blend obtained in UV-Vis absorption spectra whereas
both the binary blend exhibit a narrow absorption band. The exciton dissociation
efficiency P(E,T) which depends on electric field and temperature, is calculated as [45,
47], Paiss(E, T)=Jpn®Jsar, and the charge collection efficiency is Peon(E,T)= Jpn™PP/Jsat
where Jpn®) and Jo™PP) are the Jpn values at short circuit condition and maximum power
point, respectively. As calculated, Pdiss = 92.6%, and Pcon = 84.3% for P3HT:PTB7-
th:PCBM (0.3:0.7:1) ternary blend device 1, is much higher compared to that of binary
devices, ie., Pgiss = 80.7%, and Pcon = 76.3% for P3HT:PCBM and Pgiss = 81.5%, and Pcal
=78.9% for PTB7-th:PCBM. All these parameters are summarized in Table 2.

Table 6.2. Jsat, Pdiss(E, T), Gmax and Pcon (E, T) for the TPSC devices (1-3) with different
HTLs.

Devices Vo deat Max. exciton Exciton Charge Collection
(et = alG,ox ) | generation rate dissociation efficiency
(Grrax) efficiency Peor= Jos™PP)[d
Pdn =Jph{sc)/‘1ml
Device 1 0.3V | 121 mA/em? | 2.62x107 m3s! | 92.6% 84.3%
(P3HT:PTBZ-th:PCBM)
Device 2 0.46V | 7.7 mA/cm? 1.67x107 m3 s | 80.7% 76.3%
(P3HT: PCBM)
Device 3 0.34V | 8.16 mA/cm? | 1.77x107 m3s! | 81.5% 78.9%
(PTB7-th:PCBM)

These results confirm that the exciton dissociation, carrier generation, charge
transport, and charge collection processes are indeed more efficient in the P3HT:PTB7-
th:PCBM ternary blend with (0.3:0.7:1) composition. This is in coherence with the high
Jscand FF obtained in these devices.

To build more understanding for the increase of Jsc and FF in ternary blends, we
probe the recombination kinetics, by studying the Jsc and Vo the under illumination with
different intensities, shown in Figure 6.5 (a) and (b). It is well known Jsc and Light
Intensity (I) obeys power-law i.e., Jsc a 1L where exponent a describes the bimolecular
loss [9-11]. If a is close to unity, then bimolecular losses are very weak. A deviation from
a ~ 1 suggests strong bimolecular losses.
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Figure 6.5 (a) Jpn Vs Light Intensity, (b) Voc vs Light Intensity.

Figure 6.5 (a) shows Jsc vs. IL on a log-log scale for Device 1, Device 2, and
Device 3. The values are fitted with the power-law as described above. a = 0.85 and a =
0.91 were obtained for binary blend based Devices 2 and 3, suggesting that photo-carriers
are not swept away from the active layer blend easily under short circuit conditions.
They get slow down due to strong bimolecular recombination in P3HT:PCBM blend,
which relatively weakens in PTB7-th:PCBM blends, owing to the high density of traps
present in P3HT:PCBM blend and less trap density in PTB7-th.PCBM matrices (as
discussed earlier). Such bimolecular recombination limits the exciton dissociation after
charge transfer (interface CT entities) and greatly deteriorates the charge separation and
transport, and hence low Jsc and FF observed in these binary blend devices. On the other
hand, a increases to 0.98, which is close to unity, imply that almost no bimolecular
recombination or very weak recombination occurs in ternary blends, confirming further
the trap-free charge transport owing to large charge carrier mobilities, high Rsn (table 2),
and hence, justifies the enhanced Jsc, and FF obtained in TPSCs.

Furthermore, the dependence of Voc on I tells about the nature of recombination
in these binary and ternary blends. The Vo follows the relation, Voc = nksT/q [In(IL)],
where q is the elementary charge, ks is Boltzmann constant, T the absolute temperature,
and n the ideality factor [9]. Here, the slope of Vo vs. In(IL) is equal to kT/gq mean the

bimolecular recombination losses, and 2kT/q signify trap assisted-Shockley Read-Hall
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(SRH) recombination losses. The plot of Voc vs. ILis shown in Fig. 6.5 (b). The slope =
1.89kT/q for Device 2, suggest that only trap assisted-SRH recombination exist in
P3HT:PCBM blend. Whereas in PTB7-th:PCBM blend, slope = 1.25kT/q, signify that
both bimolecular and trap assisted-SRH recombination coexist yet the effect is weak.
However in P3HT:PTB7-th:PCBM ternary blend, slope close to 1.1kT/q prove that very
weak recombination losses exclusively due to bimolecular recombination accounting the
fast charge transport observed in these ternary blends.

6.2.4 Stability of TPSCs
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Figure 6.6 Stability characteristics of Device 1, Device 2 and Device 3. (a) Normalized
PCE. (b) Normalized Jsc. (c) Normalized Voc. (d) Normalized FF

The fabricated devices were tested for degradation, the studies were extended to
examine the stability of the fabricated TPSC devices, as described elsewhere [12]. For

stability studies, the measurements were taken every 50-100 hrs of storage. The stability
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characteristics of TPSC Device 1 is compared with binary blend Device 2 (P3HT:PCBM)
and Device 3 (PTB7-th:PCBM), and also with TPSC Device 4 (with only-PDOT:PSS
HTL). Figure 6.6 (a-d) shows the stability characteristics of all the Devices representing
the normalized PCE, normalized Jsc, normalized Vo, and normalized FF. On comparing
data of Device 1 with Device 2 and Device 3, we observed that the devices with
P3HT:PTB7-th:PCBM (0.3:0.7:1) ternary blend showed better stability compared to
(P3HT:PCBM) and (PTB7-th:PCBM) binary blend devices, where PCE is retained for
500 hrs with only 10% reduction from its initial value. Hence, [P3HT:PTB7-th:PC7:BM]
(0.3:0.7:1) ternary blend based TPSCs using PEDOT:PSS-GO (1:1) display good

performance and stability.

6.3 Conclusions

In this chapter, TPSCs employing P3HT:PTB7-th:PC71:BM (0.3:0.7:1) ternary
blend and PEDOT:PSS-GO (1:1) composite HTL have been reported. These TPSCs
showed PCE ~7.1%, which signify that there is an enhancement of 48% and 45%
compared to P3HT:PC7:BM (PCE ~3.7%) and PTB7-th: PC71.BM (PCE ~4%) binary
BHJ solar cells. This is primarily due to an increase of short circuit current (Js¢) to 12.3
mA/cm?, open circuit voltage (Voc) to 0.74V , and Fill factor (FF) to 0.78 in case of
ternary solar cells. When compared with the TPSC device with only-PEDOT:PSS HTL,
an enhancement of 55% in PCE has been observed in devices in which GO nanosheets is
added in PEDOT:PSS HTL. Besides, these devices showed long-term photostability. We
present a detailed analysis and a closer look at the underlying photovoltaic processes and
corresponding prevailing mechanisms accounting for the improvement of the
performance of the TPSCs. We found that the improvement in the performance of the
P3HT:PTB7-th:PC771BM (0.3:0.7:1) ternary blend based TPSC devices with
PEDOT:PSS-GO (1:1) composite HTL, is attributed to (i) broad spectral coverage of
solar light harvesting owing to strong and complementary absorption; (ii) Efficient
exciton dissociation into free charge carriers via FRET and CT at the D1/D, and D/A
interfaces; (iii) High charge extraction ability at HTL/active layer interface due to well-
matched HOMO level of PEDOT:PSS-GO with HOMO of polymer donors; (iv) efficient
electron blocking capability of PEDOT:PSS-GO reduces the probability of HTL/active
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layer interface states induced-recombination losses, facilitating carrier collection. This

work unveils the device physics which is fundamentally important for the design and

development of better stable and efficient TPSCs.
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CHAPTER 7

PHOTOVOLTAIC PERFORMANCE OF (D1:A1:A2) -[PTB7-
th:PCBM:F-rGO] TERNARY SOLAR CELLS

7.1 Introduction

In the past few years, research on 2D materials such as graphene oxide (GO) and
reduced-graphene oxide (rGO) have been intensely growing as hole transport layer
(HTL) exclusively for high-performance organic photovoltaics (OPV), owing to their
extraordinary carrier transporting abilities, high conductivity, excellent chemical and
thermal stability, and a well-matched work function [1-4]. On the other hand, several
groups have reported that GO/rGO can significantly improve the efficiency and stability
of PSCs when incorporated in BHJ as a ternary acceptor additive [5-9] by inducing
balanced hole and electron mobilities, increased charge dissociation ability via energy
level alignment, and decreased recombination via effective interface modification.
Recently, the versatile functionalization of graphene has demonstrated the controllability
of the electronic properties of graphene which enable to achieve high performance PSCs,
and leads to the widespread use as HTL as well as ternary additive in the active layer of
PSCs [9-13]. Tunable open circuit voltage is also one of the added advantage of these
graphene based acceptor additives. Various functionalized derivatives of graphene are
reported till now such as GO functionalized with butyl amine [14], nitrogen [11], chlorine
[15], fluorine [16-18] atoms etc, have been demonstrated as the most promising
interfacial material which has lead to the achievement of enhanced performances of
OPVs. Among all these, mainly the fluorinated graphene has shown significant
improvement rendering most proficient hole transporting properties because fluorine
could successfully modify electronic and chemical properties of graphene [16-19].
Besides, fluorinated graphene show many excellent properties such as wide band gap of
3.1eV, high conductivity, good thermal stability below 400 °C, and high hydrophobicity
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[20,21]. Considering these properties highly beneficial, several groups have utilized
fluorinated graphene and demonstrated the Maximum PCE ~7-8% in PSCs [22].

Above reports have sufficiently revealed the application of F-rGO as efficient
HTL for enhancing the performance the OPV devices [9-12]. However it is noteworthy
that the feasible use of F-rGO in the active layer ternary additive has not yet been
explored and addressed so far. In this chapter, we successfully demonstrated the use of
novel solution-processable F-rGO, as an electron acceptor ternary additive in the active
layer donor-acceptor blend of PTB7-th:PCBM BHJs, opening up a new avenue for the
improvement of device performance. It was established that PTB7-th:PCBM:F-rGO
ternary blend based PSCs (with 5 wt.% of F-rGO) exhibited an enhanced PCE ~ 7.36%.
There is an significant enhancement of 107% in the ternary solar cell compared with the
binary reference cell based on PTB7-th:PCBM without F-rGO. Results revealed that F-
rGO nanosheets simultaneously enhance the charge transfer from the donor (PTB7-th) to
acceptor (PCBM), facilitate the exciton dissociation after charge transfer, and also

promote the charge transport though the active layer ternary blended films.

7.2 Results and Discussion

The F-rGO nanosheets are dispersed within polymer PTB7-th matrix as the
electron acceptor in polymer solar cells in different weight percentages. Subsequently,
ternary blend of PTB7-th:PCBM:F-rGO was optimized for active layer with improved
photovoltaic properties. In-depth morphology, charge carrier dynamics and charge
transport properties of PTB7-th:PCBM:F-rGO ternary blends were examined and

compared with that of constituent binary bland based solar cell.

7.2.1 Photo-excited carrier dynamics of ternary blend

In view of above, firstly, F-rGO nanosheets were incorporated in PTB7-th in
increasing weight percentages i.e., 2 wt.%, 5 wt.%, and 10 wt.%, and corresponding
steady-state Photoluminescence(PL) were investigated (as shown in Fig. 7.1 (a)). It is
evident that [PTB7-th:F-rGO] with 5 wt % shows maximum PL quenching of m*-n
transition peak of PTB7-th (~744nm). It is also shown that when PCBM is mixed in
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[PTB7-th:F-rGO(5wt%)], PL gets further more quenched drastically making it ideally

suited for solar cell application.

Probed at peak 745 nm Aexc =465 nm
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Figure 7.1 (a) Steady state PL spectra of PTB7-th films without and with incorporation
of F-rGO nanosheets in different composition at the excitation wavelength of 465 nm. PL
emission quenching is observed with increasing wt. % of F-rGO in PTB7-th. (b) The
TRPL curves for PTB7-th blends without and with addition of F-rGO nanosheets in
different composition (without and with acceptor PCBM). Fitting of PL decay curve is
shown by solid lines using bi-exponential and decay equation where t represents is the
photon-exciton life time and the y2 value is found to be ~1.1 in the numerical fitting
parameter.

Furthermore, to probe into the photo-excited carrier dynamics in the respective
blend samples, we recorded the time-resolved PL spectra of PTB7-th, and PTB7-th:F-
rGO without and with PCBM, represented in Fig. 7.1 (b), at excitation wavelength ~465
nm. The PL decay profiles were fitted with well-known bi-exponential and tri-

exponential decay equation reported elsewhere [ref.] as,

IGIRGINRG
| =Ae ‘" +Ae 7/ +Ae "
where, 11, T2, and T3 represent the PL decay time assigned to faster non-radiative
recombination time, medium radiative recombination time, and slowest radiative
recombination time owing to recombination from interface surface states/traps,

respectively. A1, Az, and Az are the respective amplitude constants. The PL decay profiles
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of pure PTB7-th, and PTB7-th:F-rGO blends fit reasonably well with a bi-exponential
decay function. However, PL decay of the ternary blend [PTB7-th:PCBM:F-rGO] fit with
tri-exponential decay function. The corresponding lifetimes t1, T2, 73, and Tavg (average

lifetime) and amplitude components are listed/summarized in Table 7.1.

Table 7.1. PL decay lifetime obtained for different active layer blend combinations
on adding F-rGO in different weight percentages.

Active layer blends A1 T1 A2 T2 As T3 Tavg
(ps) (ps) (ps)  (ps)
PTB7-th 0.10 101 0.90 431 398
PTB7-th: F-rGO (2 wt. %) 037 87 0.63 379 271
PTB7-th: F-rGO (5 wt. %) 0.68 52 0.32 275 123
PTB7-th: F-rGO (10 wt. %) 054 61 0.46 288 165
PTB7-th: PCBM: F-rGO (5 wt. %) 077 29 0.14 96 0.09 117 46

The faster non-radiative component 11 dominate the PL decay. It reduces from t1=
129 ps in PTB7-th polymer to t1 = 87 ps when F-rGO is added into the polymer in 2 wt.
%, and further decreased to 11 = 52 ps when F-rGO is in 5 wt. %, indicating that the
photogenerated excitons are transferred to the acceptor more promptly in the later.
However, when the F-rGO concentration is increased to 10 wt. %, t1 increases to 61 ps
ascertain relatively more contribution due to radiative recombination (t2 = 560 ps) within
the F-rGO induced surface states interfaces and the existing traps within the bulk
polymer. Further, when PCBM is added in the PTB7-th:F-rGO (5 wt.%) blend to make
ternary blend, the recombination life time drastically drops down to 29 ps, which is an
evidence that the charge transfer at the donor-acceptor interface has been initiated leading
effective PL quenching, Hence, [PTB7-th:PCBM:F-rGO (5 wt. %)] ternary blend is more

favorable for photovoltaics devices.
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7.2.2 Photovoltaic performance

[PTB7-th:PCBM:F-rGO (5 wt. %)] ternary blend solar cell devices were fabricated in

device configuration,

Binary Solar Cells:
Device 1: ITO/ PEDOT:PSS(~40 nm)/ PTB7-th:PCBM:F-rGO (5 wt. %) (~180 nm) /
LiF/ Al]

Ternary Solar Cells:
Device 2 : ITO(¢~4.8 eV)/ PEDOT:PSS (~40 nm)/ PTB7-th:PCBM (~180 nm) / LiF/ Al
(p~4.3eV)]

The J-V characteristics of Device 1 and Device 2 under Air Mass 1.5 Solar
illumination are presented in Fig. 7.2 (a), and the device parameters are summarized in
Table 7.2. Here, it is evident that on incorporation of F-rGO nanosheets in PTB7-
th:PCBM, significantly enhance the Jsc from 9.6 mA/cm?to 12.1 mA/cm?, Voc from 0.71
V10 0.77 V, and FF from 0.58 to 0.79.

80

50
—®— Device 1: PTB7-th:PCBM
—®— Device 2: PTB7-th:PCBM:F-rGO (5 wt%) 70 |
o 25
€ 60 |
L
< 00 T T T T 1 50
E op 0.2 0.4 0.6 8 1.0
> — L
= 25 Voltage (V) S 40
c
) w30 F
0 50 o4
e PCE ~ 3.54% w
s 20
5 -7.
3 5 10
-~ 0,
-10.0 PCE ~7.36% ok —/— Device 1: PTB7-th:PCBM
—— Device 2: PTB7-th:PCBM:F-rGO (5 wt%)
.10 1 1 1 1 1

-125 F 300 400 500 600 700 800

Wavelength (nm)

Figure 7.2 (a) J-V characteristics of TPSC (Device 1) : ITO/ PEDOT:PSS/ PTB7-
th:PCBM (1:1)/ LiF/Al, and Device 2:1TO/ PEDOT:PSS/ PTB7-th:PCBM:F-rGO (5wt.
%)/ LiF/Al, under Air Mass 1.5 Solar illumination (Pin =100 mW/cm?). (b) Comparison
of EQE spectra of Device 1 and Device 2.
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Table 7.2. Photovoltaic device parameters obtained for Device 1 and Device 2.

J.. vV,.(V) FF PC R, R,
2 E
(mA/cm)) (%) (Qz (Qz
cm) cm)
Device 1 9.6 0.71 058 354 31 2307
(with PTB7-th:PCBM)
Device 2 12.1 0.77 0.79 7.36 14 3971
[with PTB7-th:PCBM:F-rGO
(5wt%)]

In order to understand the exact effect of F-rGO nanosheets on the photovoltaic
performances, we examined the hole mobilities in pure PTB7-th without and with
addition of F-rGO nanosheets, in hole-only device configuration, ITO/ PEDOT:PSS/
polymer/ Au, and The J-V characteristics of electron-only devices in the dark for PC7:BM
(Al/ PC71BM/AI) is presented in Fig. 7.3 (a) and (b), respectively. The J-V characteristics

are measured at room temperature (~288K).

7.2.3 Charge Transport mechanism in ternary blend

In order to understand the exact effect of F-rGO nanosheets on the photovoltaic
performances, we examined the hole mobilities in pure PTB7-th without and with
addition of F-rGO nanosheets, in hole-only device configuration, ITO/ PEDOT:PSS/
polymer/ Au, and The J-V characteristics of electron-only devices in the dark for PC7:BM
(Al/ PC71:BM/AL) is presented in Fig. 7.3 (a) and (b), respectively. The J-V characteristics
are measured at room temperature (~288K).

Earlier studies in organic materials have suggested that the charge transport is
governed by strong power-law dependence, J~ V" in dark. Based on exponent m of J-V
curve, transport could either be trap-free (m = 2) of trap-limited transport(m > 2) [23].

Assuming Pi < P, charge transport follows Mott-Gurney law [22-25],

9 V2
J :gé‘ogrﬂd—s
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where, J is the current density, V is applied voltage, & is the permittivity of free space, &
is the relative permittivity of the materials,  is the carrier mobility, d is the film

thickness.
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Figure 7.3 (a) J-V characteristics in the dark for PTB7-th, and PTB7-th:F-rGO (5wt.%)
in hole-only device configuration, ITO/ PEDOT:PSS/ polymer/ Au, (b) J-V
characteristics of electron-only devices in the dark for PC71.BM, Al/ PC7:BM/AI. The
measurements are taken at room temperature (288 K).

In Fig. 7.3 (a), the J-V characteristic of PTB7-th film and of PTB7-th:F-rGO
(5wWt.%) blend film show m = 2 regime at high electric fields indicating a trap-free
transport of holes in both the films. The experimental curves are fitted with the
theoretical curves generated by Eq. (2) (Mott-Gurney Child's law), result in pr=8x10"*
cm?V!'s7! in PTB7-th films (using &=3.5 and d=180 nm), and pn=7x10" cm?V's™! in
PTB7-th:F-rGO (5wt.%) blend films (using &=3.5 and d=180 nm). Importantly, there is a
remarkable increase in hole mobility from 8x107* cm?V s to 7x103 cm?V!s! without
and with incorporation of F-rGO nanosheets in PTB7-th films. The hole trap density N is
calculated by the equation [49],

gN,d?
VTFL = :

28,8,
where VrrL is the trap-filled limit voltage, q is the elementary, charge of an electron, d is

the thickness of the film, & is the dielectric constant of the material, & is the permittivity
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of the free space. The calculated N; for PTB7-th, PTB7-th:F-rGO films is 0.91x10'" cm™
and 0.15x10*" cm3, respectively. On the other hand, the J-V characteristic of PC71BM
thin film in the electron-only device configuration shown in Fig. 7.3 (b), also show trap-
free electron transport due to m = 2 at high electric fields. The fitting with Mott-Gurney
Child's law as Eq. (2), yield electron mobility, pe=2x10" cm?V"!s™! obtained by using
&=4 and d=180 nm. From the VrrL = 8.1V, N; = 1.08x10%" cm™ is derived. The decrease
in trap density is supported by the improved morphology with low surface roughness
(RMS) ~0.71 obtained in PTB7-th:PCBM:F-rGO (5 wt.%) films as compared to ~ 2.1nm
obtained in PTB7-th:PCBM films, as revealed in AFM images of these respective films
(refer Fig. 7.4). Hence, hole mobility get enhanced in PTB7-th:F-rGO compared to pure
PTB7-th.

(a) 2onm  (b) 20nm

RMS roughness=2.1 nm RMS roughness =0.71 nm

00 1 Heght m '00 1 Heght m

Figure 7.4 AFM of (a) PTB7-th:PCBM binary blend (b) PTB7-th:PCBM:F-rGO (5 wt.
%) ternary blend.

It is noteworthy that a balanced hole and electron mobilities (pe/pin =0.28) have
been achieved in PTB7-th:PCBM:F-rGO (5 wt. %) ternary blend as compared to (e/pn
=2.5) PTB7-th:PCBM binary blend. Hence, the charge transport is facilitated in the
ternary blend which is governed by the trap-free limited current with weak bimolecular

recombination. Better charge transport and markedly improved film morphology in turn
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supports the enhancement in Jsc and decreases Rs observed in TOSC device 2. In addition,
the energy level alignment of PTB7-th:PCBM:F-rGO ternary blend, as shown in Fig. 7.5,
reveal that the incorporation of F-rGO in PTB7-th:PCBM promote the exciton
dissociation owing to high work function (¢ ~5.1 eV) [16,20] (i.e., high accepting
properties of F-rGO nanosheets due to available C-F high polar bonds) leading to
increase in Jsc obtained in case of F-rGO based ternary blend devices compared to

binary blend devices.
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Figure 7.5 The Energy level alignment of (PTB7-th:PCBM:F-rGO) TPSC.

7.3 Conclusion

In conclusion, we report high-performance TOSC by blending the F-rGO
nanosheets in PTB7-th: PC71BM bulk-heterojunction binary blend. The optimized device
based on PTB7-th:PCBM:F-rGO with 5wt% F-rGO, achieved a higher PCE of 7.36 %
with an open-circuit voltage (Voc) of 0.77V, a short-circuit current density (Jsc) of 12.1

mA/cm? and a fill factor (FF) of 79%. The enhancement in PCE compared to the
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reference binary blend PTB7-th:PCBM cell (~3.54%) attributed to, (i) F-rGO induced
enhanced exciton dissociation at F-rGO/PTB7-th interfaces owing to high work function
and electron accepting property (p-type doing effect) resulting in better carrier
generation, (ii) enhanced charge transport from donor to acceptor via balance electron
and hole mobility and availability of more efficient exciton dissociation pathways
throughout the active layer blend, over all resulting in high charge extraction time, and
(iii) good morphology of PTB7-th:PCBM:F-rGO ternary blend resulting in suppressed
carrier recombination rates. Hence, the work demonstrate F-rGO as a promising acceptor

ternary additive for realizing efficient TOSCs.
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CHAPTER 8

SUMMARY, CONCLUSIONS AND SCOPE FOR FUTURE WORK

This chapter presents the summary and the conclusion drawn from the

investigations carried out in the present thesis on the study of photophysics, charge

carrier dynamics, and device stability of the ternary blend based solar cells (TPSCs). The

scope for future work is also discussed in this chapter.

8.1 Summary

The present thesis work explores the fundamental device physics of ternary blends

which is the bottleneck and crucial for the design and development of TPSCs.

The brief summary of the thesis work is as follows:

1.

(P3HT:PTB7-th:PCBM)Ternary Blends have been optimized for solar cell
applications. (P3HT:PTB7-th:PCBM) (0.3:0.7:1) composition offer good
photovoltaic properties and hence showed potential to use as active layer.

GO and F-rGO nanosheets have been successfully utilized for improving the
properties of HTL and active layer, respectively.

PEDOT:PSS-GO(1:1) composite provides beneficial hole transport properties over
PEDOT:PSS. Hence, it is an potential alternative HTL.

Ternary solar cells composed of (P3HT:PTB7-th:PCBM) (0.3:0.7:1) ternary blends,
and PEDOT:PSS-GO(1:1) HTL have showed the best and enhanced performance
(PSC ~7.1%) and stability~only10% loss after 500 hours) compared to other binary
blend and other HTLs based devices.

The utilization of F-rGO as the electron acceptor material in PTB7-th:PCBM bulk
heterojunction photovoltaic devices has been demonstrated, yielding in a PCE
enhancement (~7.36%) compared to PTB7-th:PCBM (~3.54%) based devices with
good device stability.
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8.2 Conclusions

The conclusions derived from the present work based on exploring the utilization
of carbon 2D materials for improving the performance of (D1:D2:A)/ (D:A1:Az) type of
TPSCs; and the studies related to photophysics and charge carrier dynamics of the ternary
blend and photovoltaic performance of TPSCs, are given below:

«+ The synthesized GO and FGO sample characterized by FESEM, TEM, AFM,
revealing the size of nanosheets 5-10um, and thickness of one single sheet ~1.1nm
indicating the availability of two or three layers.

+ XRD, Raman, and FTIR revealed the (001) main graphitic peak, D and G
bands(1340 and 1605 cm™1) and all the oxygenated functional groups present on the
basal plane of the graphene sheet, respectively, which is consistent with the previous
reports.

+ The chemical composition of the GO sample was investigated by XPS where the
peaks at binding energy values of 284.60 eV and 532.57 eV are assigned to C 1s and
O 1s, respectively. Hence, XPS confirmed that the chemical structure of GO
consists of chemical functional groups such as carboxyl, hydroxyl, and epoxy groups
along with main C—C (sp? and sp®) bond.

«+ Further, PEDOT:PSS-GO composite films were deposited by dispersing GO in
PEDOT:PSS in different weight ratios i.e., (2:1), (1:1), and (1:2). Surface
morphology of these PEDOT:PSS-GO composite thin films revealed by FESEM
images and AFM images, the low surface roughness (RMS) = 1.21 nm obtained in
(2:1) weight ratio signify that GO is dispersed homogeneously in PEDOT:PSS after
acheiving good steric stabilization in the matrix.

w+ Also, it is found that the dispersion of GO is in PEDOT:PSS not only lowers the
sheet resistance but also increases the conductivity significantly because of the
available conducting paths provided by GO nanosheets. Henceforth, the conductivity
raises from 16.9 x10° S/cm for PEDOT:PSS-GO (2:1) to 32.2 x103 S/cm for
PEDOT:PSS-GO (1:1) film, and which subsequently reduces to 26 x10 S/cm in
PEDOT:PSS-GO (1:2) film i.e., on a further increase of GO concentration in
PEDOT:PSS. Finally, it is concluded that the PEDOT:PSS-GO with (1:1) weight
ratio shows the lowest sheet resistance and enhanced electrical conductivity.
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The transmittance of PEDOT:PSS-GO films [all three different ratios i.e., (2:1),
(1:1), and (1:2)] ~ 88-90% at wavelength 550 nm, which is relatively higher
compared to the transmittance shown by its two individual components is GO (89%)
and PEDOT:PSS (84%).

From, UPS measurements, the work function on incorporation GO in PEDOT:PSS
increased to 4.9 eV [PEDOT:PSS-GO (2:1) composite], 5.0 eV [PEDOT:PSS-GO
(2:1) composite], and 4.88 eV [PEDOT:PSS-GO (1:2) composite], compared to
4.23 eV obtained for pristine GO and 4.8 eV calculated for pure PEDOT:PSS. Here,
the increase of work function of PEDOT:PSS-GO is a consequence of the benzoid-
quinoid transition of PEDOT:PSS originating by the addition of GO in PEDOT:PSS.
It is concluded that PEDOT:PSS-GO(1:1) is the optimum composition as it shows
good film morphology, enhanced conductivity, and highest HOMO level (Exomo =
5.22 eV). Therefore, PEDOT:PSS-GO(1:1) is considered as a potential HTL
alternative to PEDOT:PSS, and more ideally suited for effective HTLs in solar cell
devices.

The absorption spectra confirmed that all three P3HT:PTB7-th films (in three
different weight propositions i.e., (0.7:0.3), (0.5:0.5) and (0.3:0.7) weight ratios)
exhibit strong and complementary absorption covering a wider wavelength range
from 500-750nm. This widening of the absorption window is due to the contribution
of both P3HT in 480-640nm, and PTB7-th in 650-750nm region of the solar
spectrum. Evidently, P3HT:PTB7-th with (0.3:0.7) weight ratio displays more
stronger and wider coverage in the entire solar light spectrum as compared to the
other two compositions.

Further, the recorded PL characteristics of pure P3HT, PTB7-th, and P3HT:PTB7-th
mixed blends, show sensitized emission leading to an additional peak at 747nm
compared (due to the incorporation of PTB7-th) to the quenching of regular PL
emission at 650nm due to P3HT component. Both this PL quenching (in P3HT) and
sensitized emission (towards PTB7-th) are due to dominating energy transfer as well
as electron transfer processes from P3HT (D1) to PTB7-th (D2).

It is found that the absorption edge of PTB7-th is lying exactly at the PLpeak of

P3HT, satisfies the criterion for Forster resonance energy transfer (FRET)
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occurrence. This confirms that FRET is taking place from one donor i.e., P3HT to
the other donor i.e., PTB7-th [26, 27]. The parameter which is important in any
FRET process is the Forster radius (Ro) which reveals the distance for 50% of FRET
efficiency, is calculated as ~5.7 nm. Further, when the PCBM acceptor is blended
with the donor:donor P3HT:PTB7-th (0.3:0.7) composite, PL at both the
characteristic peaks of P3HT (650nm) and PTB7-th (747nm) gets completely
quenched. This PL quenching due to non-radiative exciton de-excitation confirms
markedly enhanced charge transfer at the donor-acceptor, i.e., P3HT/PCBM and
PTB7-th /PCBM interfaces due to providing the energy cascade structure leading to
efficient exciton dissociation.

The TRPL studies demonstrated the reduction in photo-exciton lifetime drastically
from 11 = 129ps (in P3HT) and 11 = 17ps (in P3HT:PTB7-th:PCBM), which signify
that both FRET and cascade energy level alignment charge transfer dominated
mechanisms lead to effective exciton dissociation in the ternary blend. Hence, it is
concluded that P3HT:PTB7-th:PCBM (0.3:0.7:1) is the optimized  blend
combination for solar cell application.

A remarkable enhancement in PCE of [P3HT:PTB7-th:PCBM] (0.3:0.7:1) ternary
blend based solar cells (TSC) from 3.2% to 7.1% without and with the addition of
GO nanosheets in PEDOT:PSS HTL has been achieved. Such an enhancement in
PCE of TPSC devices when PEDOT:PSS-GO (1:1) composite is used as HTL is
attributed to the fact that the dispersion of GO nanosheets in PEDOT:PSS HTL, (i)
reduced HTL/active layer interface barrier via tuning the work function making it
perfectly matched with the highest occupied molecular orbital (HOMO) of the donor
polymer, (ii) enhanced o of HTL films, and (iii) improved morphology of
PEDOT:PSS-GO films owing to low RMS surface roughness enabling the trap-free
carrier transport, (iv) better electron blocking capability of PEDOT:PSS-GO,
promoting the carrier collection at the anode without interface-state recombination at
the HTL/active layer interface.

It has also been found that these TSCs showed significant improvement in device
stability retaining PCE for 500 hours with only a 10 % loss from its initial value.

This is due to good photo-stability of GO which significantly improved the overall
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air-stability of PEDOT:PSS-GO composite HTL based TSC devices. Hence,
PEDOT:PSS-GO composite offers the most desirable hole transport properties over
the conventional PEDOT:PSS-only HTLs. In conclusion, [P3HT:PTB7-th:PC7:BM]
(0.3:0.7:1) ternary blend based TSCs display high performance and good stability
when PEDOT:PSS-GO (1:1) is utilized as HTL.

Furthermore, the J-V characteristics of [P3HT:PTB7-th:.PCBM] (0.3:0.7:1) ternary
blend based TSCs fabricated is compared with the respective binary devices i.e.,
P3HT:PCBM and PTB7-th:PCBM binary blends based devices. TPSCs with
[P3HT:PTB7-th:PCBM] (0.3:0.7:1) ternary blend showed PCE ~7.1%, which signify
that there is an enhancement of 48% and 45% compared to P3HT:PC7:BM (PCE
~3.7%) and PTB7-th: PC7:.BM (PCE ~4%) binary BHJ solar cells. This is primarily
due to an increase of short circuit current (Jsc) to 12.3 mA/cm2, open circuit voltage
(Voc) to 0.74V, and Fill factor (FF) to 0.78 in case of ternary solar cells.

We found that the improvement in the performance of the P3HT:PTB7-th:PC7:BM
(0.3:0.7:1) ternary blend based TPSC devices with PEDOT:PSS-GO (1:1)
composite HTL, is attributed to (i) broad spectral coverage of solar light harvesting
owing to strong and complementary absorption; (ii) Efficient exciton dissociation
into free charge carriers via FRET and CT at the D1/D, and D/A interfaces; (iii) High
charge extraction ability at HTL/active layer interface due to well- matched HOMO
level of PEDOT:PSS-GO with HOMO of polymer donors; (iv) efficient electron
blocking capability of PEDOT:PSS-GO reduces the probability of HTL/active layer
interface states induced-recombination losses, facilitating carrier collection.

It is concluded that the devices with P3HT:PTB7-th:PCBM (0.3:0.7:1) ternary blend
showed better stability compared to (P3HT:PCBM) and (PTB7-th:PCBM) binary
blend devices, where PCE is retained for 500 hrs with only 10% reduction from its
initial value. Hence, [P3HT:PTB7-th:PC7:BM] (0.3:0.7:1) ternary blend based
TPSCs using PEDOT:PSS-GO (1:1) display good performance and stability.

The optimized device based on PTB7-th:PCBM:F-rGO with 5wt% F-rGO, achieved
a higher PCE of 7.36 % with an open-circuit voltage (Voc) of 0.77V, a short-circuit
current density (Jsc) of 12.1 mA/cm? and a fill factor (FF) of 79%.
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+ The enhancement in PCE compared to the reference binary blend PTB7-th:PCBM
cell (~3.54%) attributed to, (i) F-rGO induced enhanced exciton dissociation at F-
rGO/PTB7-th interfaces owing to high work function and electron accepting
property (p-type doing effect) resulting in better carrier generation, (ii) enhanced
charge transport from donor to acceptor via balance electron and hole mobility and
availability of more efficient exciton dissociation pathways throughout the active
layer blend, over all resulting in high charge extraction time, and (iii) good
morphology of PTB7-th:PCBM:F-rGO ternary blend resulting in suppressed carrier
recombination rates. Hence, the work demonstrate F-rGO as a promising acceptor

ternary additive for realizing efficient TPSCs.

8.3 Scope for Future Work

In the present work some important fundamental and applied facets of Graphene
oxide, binary blend and ternary blend have been addressed via studying in detail and
systematic way their synthesis, structural, optical and photophysics and charge carrier
dynamics properties. The knowledge generated through this work would prove beneficial
for future researchers in this important and potential area of ternary blend solar cells.
Other 2D materials such as WSe», MoS», MoSe; etc., along with other polymer donor and
acceptors can be explored and utilized in the ternary blend solar cells, and in-depth
studies can be carried out. The work revealed the device physics which is fundamentally
important for the design and development of better stable and efficient ternary solar cells.
More importantly, the in-depth studies carried out in the thesis open a new avenue for the

potential commercialization of low-cost and solution-processed TSCs.
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