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SYNOPSIS

Currently the estimated energy requirement for the world population is about 13
terawatts (TW), which is expected to increase upto 25 TW by 2050. To meet this demand, it
is desirable to explore all possible sources of available energy. Sunlight, an abundant energy
resource is freely available and amount of energy reaching the surface of the earth is 120000
TW. Harvesting this energy directly from the sunlight using photovoltaic (PV) technology
with efficiency of 10% could easily meet our demand for huge energy consumption. Since
1954, when the first modern Si p-n junction solar cell were invented at Bell labs, many
efforts have been made in search of high-efficiency and low-cost solar cells, which lead to
the advent of various photovoltaic technologies, such as, (i) crystalline Si cells (single crystal
and multi-crystalline), (ii) single-junction GaAs, (iii) thin film photovotaics e.g.
Cu(In,Ga)Se>, CIGS, CdTe etc. These photovoltaic technologies require both high energy
for processing and high purity materials, and in many cases use of toxic materials. In parallel,
researchers discovered alternative photovoltaic technologies such as polymer solar cells,
dye-sensitized solar cells, and quantum dot solar cells. During last two decades, polymer and
dye sensitized solar cells have gained importance owing to their low material costs, ease of
fabrication, high throughput, flexibility, etc. The maximum efficiency of ~15% in perovskite
based dye sensitized solar cells has been reported. However, the reported efficiency of
polymer and dye sensitized solar cells varies over a wide range of 0.1-15%. To understand
this wide variation in efficiency, it is desirable to investigate various aspects of polymer and
dye sensitized solar cells, including optimization of various device parameters, selection of
appropriate materials, device structures and understanding of processes etc. In the case of

polymer solar cells, light absorption, exciton dissociation, charge transport and collection



are the primary concern for low efficiencies, whereas in the case of dye sensitized solar cells

light absorption, electrolyte leakage/ evaporation, and electron recombination are the key

issues. This thesis aims at solving some of these issues. The specific studies carried out
during the thesis work are as follows:

() Understanding the in-situ morphology evolution of P3BHT:PCBM blend as a function
of temperature using Raman and optical microscope, and the relationship between
the morphology and efficiency of the bulk-heterojunction polymer solar cells.

(i) Studies on fabrication and characterization of porphyrin/polyfullerene diffuse bilayer
solar cells and porphyrin-modified ZnO-NW/P3HT hybrid solar cells.

(iii)  Studies on dye-sensitized solar cells fabricated using: (a) different photoanodes e.g.
ZnO or TiO2; (b) photoanodes sensitized using single or two dyes; (c) different
electrolytes, liquid or gel; and (d) different counter electrodes, Pt or novel free-

standing polypyrrole films.

Above mentioned investigations have been organized into five chapters and contents of each

chapter are briefly discussed in the following.

Chapter 1: Introduction

In this chapter, we begin with the basics of solar energy and brief history of various
solar technologies that have emerged during past three decades. This chapter introduces the
basic concepts of silicon solar cells and their working mechanism with a schematic
depiction. Current-voltage characteristics and photovoltaic parameters such as open-circuit

voltage, short-circuit current density, and fill factor are introduced with equivalent circuit
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models. A brief history and illustrative working mechanism of polymer solar cells, dye-
sensitized solar cells are presented. A literature survey has been carried out and major current
issues pertaining to the polymer and dye-sensitized solar cells are discussed. The Chapter

concludes by bring out the scope of the thesis.

Chapter 2: Experimental techniques

In this chapter we describe various tools used for the fabrication of the bilayer and
bulk heterojunction polymer solar cells as well as dye sensitized solar cells. Bulk
heterojunction polymer solar cells are fabricated in an inert glove box (H20 and O2< 0.1
ppm) containing spin coating unit and thermal evaporator. Various polymer films are
prepared using interfacial polymerization, electrodeposition or spin coating. The process for
fabrication of dye-sensitized solar cell is described. Various characterization techniques,
such as, scanning electron microscopy (SEM), atomic force microscopy (AFM), Fourier
transform infra-red spectroscopy (FTIR), UV-visible spectroscopy (UV-Vis), scanning
Kelvin probe system (SKP), High resolution transmission microscopy (HREM),
electrochemical setup and Raman spectroscopy are briefly described. The details of the solar
simulator and spectral response instrument employed for the measurement of the

photovoltaic parameters of fabricated solar cells are presented.

Chapter 3: Bulk-heterojunction and bilayer polymer solar cells

This chapter describes the studies pertaining to the fabrication and characterization
of (i) P3HT:PCBM bulk-heterojunction solar cells, (ii) porphyrin/fullerene bilayer solar

cells, (iit) porphyrin-modified ZnO-NW/P3HT hybrid solar cells.



P3HT:PCBM bulk-heterojunction solar cells fabricated with device configuration
ITO/PEDOT:PSS/P3HT:PCBM/AI, showed improved photovoltaic performance when
subjected to thermal annealing at various temperatures. A maximum efficiency of 3.2% was
obtained on annealed at 130°C for 30 min. To investigate the structural and morphological
changes occurring in the blend films during heating and cooling stages of thermal annealing,
we employed an in-situ Raman spectroscopy equipped with an optical microscope. The full-
width at half-maximum of symmetric C=C stretching mode, C=C/C-C intensity ratio and
Raman shift of C=C mode of P3HT reveals, molecular disorder/order of P3HT chains during
heating/cooling cycles of thermal annealing. A correlation between the morphological
evolution and various photovoltaic parameters of the P3HT:PCBM solar cells has been

established.

Porphyrin/polyfullerene bilayer solar cells have been fabricated using layer by layer
electrodeposition of donor and acceptor layers for the first time. For this purpose, the growth
of donor (i.e., porphyrin) and acceptor (polyfullerene) layers was individually studied on
ITO substrates. Porphyrin thin films were deposited on ITO substrates by cycling the
potential from 0 to 1 V in a three electrode electrochemical cell, containing 1:1 v/v ratio of
0.1M THPP and 0.1M TBAP in methanol. The growth of these films with varied number of
CV scans was studied by UV-Vis spectroscopy, SEM and other techniques. Polyfullerene
films were deposited, initially by reducing Ceo solution to Ceo?, and later linearly sweeping
the potential from -1V to OV in a three electrode electrochemical cell, containing 1:1 v/v
ratio of Cgo? and 0.1M TBAP in dichloromethane. The thickness and morphology of these
films varied with number of linear scans, which was confirmed by increased UV-Vis

absorbance and SEM. The bilayer solar cells fabricated with device configuration



ITO/PEDOT:PSS/porphyrin/fullerene/Al, showed modest photoactivity yielding short-

circuit currents of 0.02-0.08 mA/cm?, open-circuit voltages of 100-300 mV, and power

conversion efficiency of 0.004 - 0.01%.

Hybrid solar cells based on ZnO-NW/P3HT and porphyrin-modified ZnO-

NW/P3HT configurations were fabricated and the results obtained are discussed.

Chapter 4: Dye-sensitized solar cells:

Dye-sensitized solar cells (DSSC) typically comprise a photoanode (dye adsorbed on

mesoporous TiO; electrode), a redox electrolyte (usually 137/1" redox couple), and a platinized

counter-electrode (CE). This chapter deals with several approaches which have been

attempted to individually study and improve these components.

(i)

(i)

ZnO Photoanodes: Vertically grown ZnO nanowires, synthesized by hydrothermal
route were employed as photoanodes in DSSCs. The DSSC was fabricated using the
low cost organic BODIPY dye as well as inorganic N3 dye. The efficiencies obtained
were 0.7 and 0.8%, respectively. The reported efficiency for BOIPY dye is one of
the highest reported till date. The low efficiency in case of N3 is attributed to the
formation of Zn** dye aggregates at ZnO surface in N3 based devices.

TiO2 photoanodes: The co-sensitization of TiO, electrode with an inexpensive
rhodamine 19 perchlorate (RhCI) laser dye along with N3 dye not only enhanced the
incident-photon-to-current conversion efficiency but also reduced dark current. The
devices showed an average power efficiency of 4.7% as against 2.3% and 0.6%
obtained for N3 and RhCI dye based devices, respectively. The improvement in

efficiency is attributed to the enhanced dye absorption on TiO; electrode as well as



(iif)

(iv)

reduced dye aggregation that resulted from the usage of two dyes on different
anchoring sites of single TiO> electrode.

Effect of Electrolyte: The stability and performance studies were carried out using
five different electrolytes: (a) 1713 redox couple in acetonitrile solvent, (b) I7/1s" redox
couple in 3-methoxypropionitrile solvent, (c) I7/1s” redox couple in D.l. water, (d)
Fe™3/Fe*2 redox couple in D.I. water, and (e) gel polymer electrolyte (GPE) with
polyethylene oxide as a polymer matrix. Typical issues of electrolytes such as
evaporation and leakage were minimized by incorporation of gel polymer electrolyte.
The power conversion efficiencies retain to 60% of the initial values after 72 hours
in case of GPE, while cells with other electrolyte show poor stability.

Conducting polymer counter electrode: Studies were carried out to replace expensive
Pt/FTO counter electrodes with free-standing polypyrrole counter electrodes, which
are synthesized by liquid-liquid interfacial polymerization in a beaker containing (1:1
v/v ratio of 0.1M pyrrole in dichloromethane and 0.1M FeCls in water. The films
thus formed have a unique morphology of porous top (useful for high interfacial
catalytic area) and dense base (useful for charge transport and mechanical strength).
The films exhibit good catalytic activity towards 1/13” redox couple which are studied
by cyclic voltammetry and electrochemical impedance spectroscopy measurements.
These films were successfully employed as counter electrodes for the very first time
in DSSCs yielding power conversion efficiency of 3.5% under AM 1.5, 100 mW/cm?
illumination. These results demonstrate that free-standing polypyrrole films are
potential candidate as substrate-free and Pt-free counter electrodes for low cost

DSSC fabrication.



Chapter 5: Summary and Conclusions

The summary of the thesis work and main conclusions are presented in this chapter.

The chapter concludes with the future scope of the research, related to the thesis work.



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

LIST OF FIGURES

Solar irradiance at Sun, AM 0, and AM1.5G illumination

A schematic depiction of p-n junction Si solar cell

(&) Typical J-V characteristics of solar cells under dark and 1Sun
illumination, (b) Another way of representing the J-V data, which is obtained
after changing the sign of the photocurrent. This usually done as power

generated by the device is positive.

Equivalent circuit diagram of a solar cell. The blue shaded region represents

the inside of the solar cell.

Efficiency improvement of various solar cell technologies.

Schematic view of the typical substrate structure of CIGS solar cells (with

typical thickness).

Schematic depiction of polymer solar cells with corresponding energy

diagram

(a-d) Schematic depiction of various processes during the operation of

polymer solar cells under 1Sun illumination

(a-f) various process involved in polymer solar cells.

Schematic depiction of carrier transport in inorganic and organic

semiconductors

(a-d) various device architectures employed in the fabrication of polymer

solar cells



Figure 1.12

Figure 1.13

Figure 1.14

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Schematic depiction of a dye-sensitized solar cell

Simple energy level diagram for a DSSC. The basic electron transfer
processes are indicated by numbers (1-7). The potentials for a DSSC based

on the N3 dye, TiO., and the I7/13” redox couple are shown.

Various possible recombination processes (indicated with red solid line)

occurring in (a) polymer solar cells, and (b) dye-sensitized solar cells.

The photograph of the MBraun modular glove box system.

A schematic depiction of various processes involved in making 3 x 3 array

polymer solar cell.

Schematic depiction of fabrication of bilayer solar cells

Schematic depiction of ZnO NW growth on ITO substrates via hydrothermal route

through ZnO nanoparticles. The schematic shows step by step process from seed

layer to nanowire growth

Hybrid solar cells based on (a) ZnO-NW structures and (b) porphyrin-modified

ZnO-NW structures.

Schematic depiction of preparation of platinum films on FTO electrodes with

hexachloroplatinic acid solution.

(a) Schematic showing the formation of free-standing PPy films at the
aqueous (0.1 M FeCls)/organic (0.1 M pyrrole) interface. (b) & (c)
Photograph of the free-standing PPy films mechanically lifted with a pair of

tweezers.



Figure 2.8

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Figure 3.5

Photographs of DSSC components, (1) Highly transparent TiO> photoanode,
(2) Dye-coated TiO2 photoanode, (3) platinum/FTO counter electrode, and

(4) DSSC assembly with (2) and (3) electrodes

Measured (symbol) and fitted (solid line) J-V characteristics of as-prepared
and thermally annealed (at various temperatures) P3HT:PCBM bulk-

heterojunction solar cells.

Variation of different photovoltaic parameters namely open-circuit voltage
(Voc), short-circuit current (Js¢), fill factor (FF), and power conversion
efficiency () of P3HT: PCBM bulk-heterojunction solar cells as a function

of annealed temperature.

Raman spectra of as-cast P3HT, PCBM and P3HT:PCBM films recorded
using 514 nm excitation. Inset shows the molecular structure of P3HT

molecule. Substrate peak is represented by(*)

Typical normalized Raman spectra with respect to the intensity of the C—C
mode for (a) P3HT and (b) P3HT:PCBM films. (1) as-deposited films at room
temperature; (2) at 130°C and (3) again at room temperature after cooling

from 130°C.

(@ and (b) are the variation of full-width-half-maximum (FWHM) of
symmetric C=C stretching mode for P3HT and P3HT:PCBM films,
respectively during heating and cooling cycles upto annealing temperature of
180°C. (c) and (d) are the variation of the C=C/C-C intensity ratios for P3HT
and P3HT:PCBM films, respectively during heating and cooling cycles of

annealing temperature upto 130°C.

10



Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 3.12

Real time optical micrographs of P3HT:PCBM films at different
temperatures (al) room temperature, (a2) at 130°C after 30 min of annealing,
and (a3) at 25°C after cooling from 130°C. (b1) morphology at 180°C after
30 min of annealing, (b2) morphology at 25°C after cooling from 180°C, and

(b3) magnified version of b2 image.

(a) Room temperature Raman spectra (in the range of symmetric C=C
stretching mode) of P3HT:PCBM films recorded after annealing them at
different temperatures. (b) Variation of corresponding FWHM's of symmetric

C=C stretching mode as a function of annealing temperature.

UV-Vis spectra of P3HT:PCBM films as-cast, and annealed at 130-180°C
for 30min.

5 um x 5 um AFM images of (a) bare ITO substrate, (b) as-cast P3HT:PCBM
film, (c)—(f) are after annealing at 110, 130, 150 and 180°C, respectively. (g)
RMS roughness of the films as a function of annealing temperature (inset

shows the magnified version of the selective area).

() and (b) are the SEM images of the P3HT:PCBM films annealed at 130
and180°C, respectively. (c) and (d) are the carbon X-ray counts across the

lines drawn in (a) and (b) respectively.

(a—c) Schematic depiction of morphology evolution in P3HT:PCBM films as
a function of temperature. Typical selective area Raman spectrum in each

case is also presented.

First 5 cyclic voltammograms of electrodeposition of porphyrin on ITO

substrates.

11



Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

UV-Vis spectra of (a) porphyrin films deposited on ITO substrates after

different number of scans and (b) porphyrin monomer in methanol.

SEM images of electrodeposited porphyrin films after (a) 5 scans and (b) 10

scans.

AFM image of porphyrin film deposited for 3 CV scans, a height profile

showing formation of granular morphology.

The Raman spectra of (a) electrodeposited porphyrin film and (b) drop-casted
porphyrin film,

(a) Cyclic voltammogram recorded for Ceo solution prepared in DCM and
TBAP as a supporting electrolyte. (b) UV-Vis spectra recorded for Ceo and
Ceo®>~ solutions. Inset shows photographs of Ceo (violet) and Ceo*~ (light

brown) solutions.

(a) Typical linear sweep voltammograms (LSV) recorded using ITO as
working electrode and Ceo*> + TBAP solution after different numbers of
scans. Peaks (1) and (l) correspond to Ce® to Cg ~ and Ceo to Ceo
oxidations, respectively, which occur at ITO surface. (b) Schematic of the

proposed pathways of polymerization of Ceo.

(a) Cyclic voltammogram recorded using electrodeposited polyfullerene film
as working electrode and 0.1 M TBAP as electrolyte. (b) Typical FTIR
spectrum of polyfullerene film in the wavenumber range 500 — 800 cm 2.

Inset shows the FTIR spectrum in the range 800—1500 cm™2.

(a) Typical UV-Vis spectra recorded for C60 solution (i) and electrodeposited

polyfullerene films on ITO after different numbers of LSV scans: (ii) 50, (iii)
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Figure 3.21

Figure 3.22

Figure 3.23

Figure 3.24

Figure 3.25

Figure 3.26

Figure 3.27

Figure 3.28

100, (iv) 150, (v) 200 and (vi) 300. (b) Energy band gap of polyfullerene
films as a function on numbers of LSV scans used for deposition. Inset shows

a typical Tauc plot used for determination of band gap.

SEM images of bare ITO surface (a), and polyfullerene films deposited after

50 (b) and 100 (c) LSV scans.
AFM image of polyfullerene films deposited after 100 LSV scans.

Workfunction mappings of (a) ITO substrate; (b) electrodeposited
polyfullerene on ITO substrates for 200 LSV scans.

(a) Work function mapping of ITO-Cg interface (Blue indicates Cego region,
Red indicates ITO region); (b) 3D work function mapping of ITO-Ceo
interface.

SEM images of (a) polyfullerene films deposited on ITO substrate for (a) 200
LSV scans, (b) 300 LSV scans and (c) magnified view of single poly-
fullerene nano whisker

HREM micrographs of Ceo on ITO (300 scan) showing avg. roughness of
30nm, The Ceo — Ceo periodicity along the chain is 10A%11A° and the
interchain distance observed is around 8 A° — 9A°.

(a) Energy level diagram of porphyrin-polyfullerene bilayer solar cell, (b)
UV-Vis spectra showing absorbance of porphyrin, polyfullerene, and
porphyrin/polyfullerene bilayer.

J-V characteristics of (a) porphyrin/fullerene bilayer solar and (b)
Porphyrin/PCBM Dbilayer solar cells under 5 mW/cm? white light

illumination.
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Figure 3.29

Figure 3.30

Figure 3.31

Figure 3.32

Figure 3.33

Figure 3.34

Figure 3.35

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

SEM Images of ZnO seed layer deposited on ITO substrate by using (a) 5 pl,
(b) 10 pl, (c) 15 ul, and (d) 20 pl of ZnO NP solution.

SEM Images of ZnO NW grown on ITO substrate by using (a) 5 pl, (b) 10
ul, (c) 15 pul, and (d) 20 pl of ZnO NP solution as seed layers.

(a) X-ray diffraction pattern and (b) Raman spectrum of ZnO NW array
grown onto ITO substrate.

(a) First 5 cyclic voltammograms of electrodeposition of porphyrin on ZnO-
NW electrodes, (b) UV-Vis spectra of ZnO-NW electrode and porphyrin-
modified ZnO-NW electrodes.

Energy level diagram of (a) ITO/ZnO-NW/P3HT/Au and (b) ITO/porphyrin-
modified ZnO-NW/P3HT/Au hybrid bilayer solar cells.

Photoresponse of (a) short-circuit current density’s (b) open-circuit voltages
under dark and white light illumination (5mW/cm?)

A plot of (a) ideality factor, saturation current obtained by fitting J-V curves
vs. efficiency of the respective devices obtained experimentally; (b) Rs/Rsh,
photogenerated current obtained by fitting J-V curves vs. experimentally
obtained efficiency of bilayer and bulk-heterojunction solar cells.

UV-Vis spectra of the ZnO NW array sensitized with (a) PM567 and (b) N3
dyes. Inset shows the pictures of the sensitized electrode.

J-V characteristics of the dye sensitized solar cell using PM567 and N3 dye
sensitized electrode in (a) I57/1" electrolyte and (b) Fe*3/Fe*? electrolyte
UV-Vis spectra of TiO2 photoanodes sensitized with RhCI, N3 and co-
sensitized with RhCl & N3 dyes.

FTIR spectra of untreated and formic acid treated TiO> surface
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Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

FTIR spectra of free RhCl dye and RhCI loaded TiO: electrode in two
different regions.

Schematic representation of the binding of RhCl and N3 dyes on the formic
acid treated TiO surface. Dashed lines represent the hydrogen bonding
between OH groups and N3 dye.

Typical dark and photo (measured (symbol) and fitted (solid line)) J-V
characteristics of co-sensitized DSSC under dark, and AM 1.5, 1Sun
condition with different dipping times in N3 dye.

(a) Typical dark and photo (measured (symbol) and fitted (solid line)) J-V
characteristics of solar cells made using RhCI, N3, and both dyes (b) Typical IPCE
spectra of N3 and N3+RhClI dyes

Power conversion efficiency of N3 dye-sensitized solar cell with different
electrolytes.

Variation of power conversion efficiency (Normalized efficiency = n(t)/n(0))
of N3 dye-sensitized solar cells under illumination with time.
Cross-sectional SEM images of the free-standing PPy films polymerized at
aqueous/organic interface for: (a) 2h, (b) 4h, (c) 18h, and (d) magnified cross-
section of (c)

SEM and AFM images of the denser and porous surfaces of the PPy films
polymerized for 18 h. (a) and (b) are respectively the SEM and AFM images
of the denser surface. (c) Schematic showing the oriented polymerized
pyrrole chains forming a dense layer at the aqueous/organic interface due to

enhanced p—p interactions. (d) Magnified SEM image of the porous surface.
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Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

(e) Schematic showing the formation of coil-like structure away from the
aqueous/organic interface that leads to the formation of porous structure.

(a) FTIR and (b) UV—Vis spectra of free-standing PPy films.

Cyclic voltammograms of free-standing PPy films and Pt/FTO in 10 mM L.il,
1 mM Iz, and 0.1 M TBAP in acetonitrile solution at 50 mV/s scan rate. The
inset shows the magnified peak after background subtraction for free-
standing PPy film.

Nyquist plots of DSSCs with (a) Pt/FTO, (b) free-standing PPy counter
electrodes. Insets on left show the magnified version of charge transfer
resistances at counter electrode interfaces and on right shows the porous
behaviour of counter electrodes. (c) and (d) are the equivalent circuits
employed for fitting the experimentally measured data. (e) and (f) show Bode
plots of DSSCs with Pt/FTO, and free-standing PPy counter electrodes.
Schematic depiction of (a) Nernst diffusion in Pt/FTO based DSSC and (b)
Nernst and pore diffusions in free-standing PPy based DSSC

Schematic of the DSSC assembly using free-standing PPy film as counter
electrode

Measured (symbol) and fitted (solid line) current—voltage characteristics of
DSSCs with Pt/FTO and freestanding PPy counter electrodes under one sun
illumination.

A plot of (a) ideality factor, saturation current obtained by fitting J-V curves
vs. efficiency of the respective devices obtained experimentally; (b) Rs/Rsh,
photogenerated current obtained by fitting J-V curves vs. experimentally

obtained efficiency of dye-sensitized solar cells.
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Figure 5.1

Figure Al

Figure A2

Figure A3

A plot of ideality factor obtained by fitting J-V curves vs. experimentally
obtained efficiency of the polymer (square) and dye-sensitized solar cells
(open-circle).

Molecular structures of (a) porphyrin (THPP), (b) fullerene, (c) P3HT, (d)
PCBM materials employed in the fabrication of polymer solar cells
Molecular structures of (a) Bodipy, (b) RhCI, (c) N3 dyes employed in the

present thesis work

(a) Absorbance versus concentration of N3, and RhCl dye in 0.1 M KOH
aqueous solution and (b) UV-Visible spectra of desorbed (i) co-sensitized
electrode and (ii) N3 dye electrode of area 1 cm? in 3ml of 0.1 M KOH

aqueous solution.
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1.1 Introduction to solar cells

The current world energy requirement is estimated to be ~13 terawatts (TW), which
is expected to increase up to 25 TW by 2050[1]. So far the fossil fuels have been the major
sources of energy. However, the reserves of fossil fuels are depleting. In addition,
excessive use of fossil fuels have led to enhanced CO: level in the atmosphere that is
responsible for the global warming. These issues have made researchers to exploit
alternative sources of energy that are environmental friendly. Renewable energy (wind,
solar, hydro, bio, etc.) which neither run out nor have any significant harmful effects on the
environment has been one of the frontier alternative energy sources. Among various
renewable energy sources, solar power has several advantages over other renewable
resources. For example, wind, geothermal and hydroelectric power systems are limited to
specific geographic regions and have limited potential, whereas solar power can be
collected at almost any location on the earth surface and can easily meet world energy

requirement.

1.1.1 Solar energy spectrum

Sunlight is an abundant energy resource freely available to everyone as the amount
of solar energy reaching the surface of the earth is 1.7 x 10° TW and a practical terrestrial
global solar potential value is estimated to be about 600 TW. The spectrum of the solar
light that reaches the earth is influenced by absorption of radiation in the earth’s
atmosphere and therefore by the path length of the photons through the atmosphere. Fig.

1.1 shows the spectrum of solar radiation, which is close to that of a black body at
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temperature of about 5800K. The AMO spectrum corresponds to solar irradiance just
outside atmosphere (1353 W/m?), whereas AM1.5G spectrum corresponds to an angle
between the incident solar radiation and the zenith point of the measurements of 42° (1000
W/m?)[2]. The decrease in irradiance from 1353 W/m? to 1000 W/m? (or the dips in AM
1.5G spectrum) arise from atmospheric absorption by H>0O, O3, and CO- gases (as shown
in Fig. 1.1). Harvesting the energy directly from the sunlight using even low efficiency

photovoltaic (PV) technology could supply the demand for huge energy consumptions.

— Blackbody at 5800K

2000 AM 0O
—_— AM 1.5
O,
1500 H,0
P \\ O, HO
1000 )

500 inir

T T
0.0 0.5 1.0 15 2.0 2.5

H,0 CO,

Spectral Irradiance (W/m?*/um)

Wavelength (um)

Figure 1.1: Solar irradiance at Sun, AM 0, and AM1.5G illumination.
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1.1.2 Basics of solar cells

Solar cells are semiconductor devices that convert sunlight into direct current
electricity. Si-solar cells typically comprise of a thin wafer consisting of an ultra-thin layer
of phosphorus-doped (n-type) silicon on top of a thicker layer of boron-doped (p-type)
silicon. An electrical field is created near the top surface of the cell where these two
materials are in contact, called the p-n junction. The p side contains holes as majority
charge carriers, while n side contains electrons as majority charge carriers. In the region
near the junction an electric field is formed. The electrons and holes, which are generated
through light absorption in the bulk of Si, diffuse to this junction, where they are directed
by the electric field towards the respective electrodes (as shown in Fig. 1.2). The amount of
current or power generated from a solar cell along with some other characteristics are

presented in next sections.

Antireflection coating

Front contact

Emitter

Base

External
load

Rear contact

+
Figure 1.2: A schematic depiction of p-n junction Si solar cell.

22



1.1.3 Characteristics of solar cells

The most basic parameters of solar cells are the power conversion efficiency (PCE)
usually measured under simulated AM1.5 G (1 Sun) standard conditions, and the spectral
dependent external quantum efficiency (EQE), which is also called as incident photon to

current collected efficiency (IPCE).

(@) 1-V Characterization

The current density-voltage measurements of solar cells are usually performed under
1 sun AM 1.5G illumination of intensity 100 mW/cm?. A typical I-V curve is shown in

Fig. 1.3, from which following parameters are determined.

Short-circuit current (Isc): The short-circuit current is the cell photocurrent measured at

zero voltage. In general, it is presented in the form of the short circuit current density (Js)

defined as the ratio of the short circuit photocurrent to the active cell area.

Open-circuit voltage (Voc): The open-circuit voltage (Voc) is the cell voltage measured

when current within the cell is equal to zero. Maximum open circuit voltage is limited to
difference in Fermi levels on p and n sides and may only be obtained at very high incident
radiation intensity.

Fill Factor (FF): The fill factor (FF) is defined as the ratio of the maximum power output

(Pmax) to the product of short circuit photocurrent and open circuit voltage, which is

defined as:

FF — Pmax — Imameax (1.1)

ISCVOC ISCVOC
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where Imaxand Vmax represent the current and voltage corresponding to the maximal power

point, respectively.

2
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Figure 1.3: (a) Typical J-V characteristics of solar cells under dark and 1Sun illumination, (b)
Another way of representing the J-V data, which is obtained after changing the sign of the
photocurrent. This usually done as power generated by the device is positive.

Power conversion efficiency: The energy conversion efficiency is defined as the ratio of

P .. to the incident radiation power (P, ) illuminated on the solar cell surface.

Prax — Jsc -Voc -FF
Pin Pin

n = (1.2)
As 7 is a function of I_, V_and FF, improvement of the solar cell performance is

achieved by optimization of all the three parameters. # is also dependent on the incident
irradiation power Pin, a white light intensity of 5, 20 mW/cm? was used in some of solar

cell measurements.

24



(b) Incident photon to current conversion efficiency

The IPCE is measured by illuminating the solar cell with monochromatic light
with the power Pin and recording the short circuit current Isc at different wavelengths A.

Thus, the IPCE can be calculated as follows:

number of collected electrons 12407 * Jsc
IPCE (%) = — *100 = —————* 100
number of incident photons A (nm) = Py,

1 b 1 lsh

Figure 1.4: Equivalent circuit diagram of a solar cell. The blue shaded region represents the inside
of the solar cell.

In order to understand the current voltage characteristics of a solar cell, the equivalent
circuit diagram (ECD) of a solar cell can be drawn as shown in Fig. 1.4. From this, the

external current is given as
I'=Ipp— Iqg— Isp (1.3)

Where diode current (1) and shunt current (Ish) are written respectively as

= ofern (422 1)
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V+IR;

I R (1.5)
Therefore the circuit equation is rewritten in the form of

_ _ V+IRS) _ } _ V+IRg
I = L, — I {exp (q T 1 Ror (1.6)

Where Ipn is photo current, lo is saturation current, Rs is series resistance, Rsn is shunt

(parallel) resistance, n ideality factor, g elementary electric charge, k Boltzmann constant,

T is an absolute temperature.

In this equation:

The first term i.e. lpn (photocurrent) is generated by the device upon illumination.
This current results from the generation of excitons and their subsequent
dissociation into free charges. The magnitude of the current will depend on the
illumination intensity but it is assumed to be independent of the voltage in this
model.

The second term is the current due to recombination, which depends upon dark
current (lo), series resistance (Rs), and the ideality factor (n). Ideally the Rs should
be as low as possible. The n describes how closely the J-V curve follows the
theoretical model, and provides information on the recombination processes. The
value of n=1 implies solar cell is close to an ideal diode. The values of n>1,
indicates recombination from the localized states (traps) [3].

The third term represents the shunt currents, which is governed by shunt resistance
(Rsh), and represents losses due to any leakage in the device. Ideally the value of

Rsh should be infinity.
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With the help of the equivalent circuit diagram and the Eq.1.6, measured J-V curves can be
fitted to obtain characteristic parameters of the components. Even though this simplified
model may not fully represent the physical reality, it helps to detect problems in the device
limiting the device efficiency, from which improvements of the device structure can be

deduced.
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Figure 1.5: Efficiency improvement of various solar cell technologies.

1.2 Evolution of solar cell technology

The evolution of various solar cell technologies along with their efficiencies are
summarized in Fig 1.5 (taken from NREL solar cell efficiency charts). It is clearly evident
from this figure, many different solar technologies have emerged over a period of time,

which can be broadly classified into three generations: (1) First generation solar cells based
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on single crystal Si, GaAs, and multi-junctions; (2) Second generation solar cells based on
thin films of chalcogenides and amorphous Si; and (3) Third generation solar cells based

on organic semiconductors, inorganic quantum dots and hybrid materials.

1.2.1 First generation solar cells

The first crystalline silicon solar cell having an efficiency of 6% was developed at
Bell Laboratories during 1950s, and today its efficiency has reached upto 24% [4, 5] .
These crystalline Si solar cells currently account for more than 85% of the commercial
market. Along with crystalline Si solar cells, technologies based on single-junction GaAs
(current efficiency ~34.1%) and multi-junctions (current efficiency ~43%) are developed.
Despite of such high efficiencies of these single and multi-junction solar cells, they could

not find commercial market owing to high-cost and limitation in large-scale production.

1.2.2 Second generation solar cells

The second generation solar cells are based on thin film technology, where the material
cost is believed to be reduced due to less quantity of the material used. In addition, thin
film solar cell materials can be deposited onto large surfaces, which is beneficial for
volume production (i.e. high throughput). The materials used in thin film solar cells
include, amorphous silicon (a-Si), cadmium telluride (CdTe), copper indium gallium
diselenide (CIGS) etc.[6-8]. Most of these materials have much higher absorption
coefficient than silicon, and therefore, needed effective thickness of the film is < 1um

thick, which is ~300 times less than in single crystal Si solar cells.
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Among various thin film solar cell technologies, the CIGS solar cells have reached
an efficiency of ~20%. A typical device structure of CIGS solar cells with typical
individual layer thicknesses is shown in Fig. 1.6. Soda lime glass or flexible substrates
(polyimide or metal foils) coated with molybdenum layer (as back contact and for
reflection of unabsorbed light back into the device) are used as substrates. A p-type CIGS
absorber layer is then deposited followed by deposition of thin n-type buffer layer
(typically CdS). The buffer is overlaid with a thin, intrinsic ZnO layer (i-ZnO) which is
capped by a thicker, Al doped ZnO layer (serves as a transparent conducting oxide to
collect and move electrons out of the cell while absorbing as little light as possible). The
efficiencies of a-Si and CdTe solar cells have reached to 13 and 19.6%, respectively. The
major problem with a-Si has been the degradation of efficiency with time. CdTe thin films

solar cells may not be suitable for deployment at large scale due to the presence of

poisonous cadmium content of the cells.

111

Figure 1.6: Schematic view of the typical substrate structure of CIGS solar cells (with typical film
thickness).
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1.2.3 Third generation solar cells

Though the first generation solar cells have demonstrated high efficiencies, they
lack large area production and do not have possibility of using flexible surfaces. The
second generation solar cells have overcome the limitation of the flexibility of first
generation as well as large area production to certain extent. However, their efficiencies
are moderately low and the employment of hazardous cadmium material has a bearing on
environment. Therefore, the third generation solar cells have emerged which are largely
based on organic materials, inorganic nanocrystals and hybrids (shown in Fig. 1.5, Inset

box with no. 3).

Briefly, organic solar cells are typically fabricated by employment of organic
semiconductors as absorber materials. Small molecule solar cells (introduced by C.W.
Tang et.al.[9]) have shown efficiencies upto 12% (Heliatek), whereas polymer solar cells
(introduced by Heeger et.al.) have reached efficiencies upto 10% (Toray). These solar cells
with tandem structure comprising two or more sub cells (with complementary absorption)
show improved efficiencies with their individual counterparts either resulting in increase of
currents (connected in parallel) or voltages (connected in series). Dye-sensitized solar cells
introduced by Gritzel and O’Regan in 1991[10] have emerged as low-cost solar cells,
which have already demonstrated a potential market for portable electronics and Bi-PV.
Gratzel’s group holds current world record efficiency of 12.6% with novel porphyrin based
dyes and cobalt redox electrolytes [11]. The molecular engineering of dyes, novel catalyst
materials and new electrolytes (quasi solid electrolytes) made this technology very near
towards commercialization. Quantum dot solar cells employing semiconductor

nanocrystals with tunable bandgaps (by changing the quantum dot size) have attained
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efficiencies of ~10%. Perovskite solar cells, with organic-inorganic perovskites as absorber
materials have shown efficiencies upto 15 % [12]. Among the several emerging solar cells,
polymer solar cells and dye-sensitized solar cells are of interest for thesis work and are

discussed in detail in further sections.

Vaccum level 0 eV

A\

Polymer solar cells
+ -

Increasing energy

Figure 1.7: Schematic depiction of polymer solar cells with corresponding energy diagram

1.3 Polymer solar cells

Device structure: A polymer solar cell is a solar cell made by sandwiching the photon
absorber layer (typically called as photoactive layer) between two different electrodes (as
shown in Fig. 1.7). The active layer consists of either a “mixture of conducting polymer
(electron donor) and fullerene molecules (electron acceptor)” or “stacked layers of
conducting polymer and fullerene”, a corresponding energy diagram is described in
Fig.1.7. A 100-150nm thickness of active layer is sufficient to harvest all the incident light

illuminated on solar cells. However, charge carriers generated in the active layer are bound

31



to form an electron-hole pair (termed as exciton), whereas in Si solar cells which leads to
formation of free electrons and holes. The detailed working principle of these polymer
solar cells are described as follows.

1.3.1 Working principles

Working mechanism: In a typical polymer solar cell operation, there are the four

fundamental physical processes, which are described by schematic depiction (Fig. 1.8) and

energetics of materials (Fig. 1.9)[13]:

(a) (b)
&
&
| - | -
()
)

Figure 1.8: (a-d) Schematic depiction of various processes during the operation of polymer solar
cells under 1Sun illumination
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Step 1: Light absorption

When light is absorbed in the donor material (usually a conjugated polymer), strongly

bound electron-hole pairs (so called excitons) are created (Fig. 1.8a, Fig. 1.9a).

Step 2: Exciton diffusion

The photogenerated excitons are strongly coulomb bound due to the low dielectric constant
in organic materials, and the correspondingly low screening length. Thus, electrically
neutral excitons can only move by diffusion in order to dissociate into an electron-hole pair

at interface of donor-acceptor molecules (as shown in Fig. 1.8b & Fig.1.9b).

Step 3: Exciton dissociation

The excitons dissociate only at energetically favorable donor acceptor interfaces when the
energy gain is larger than the exciton binding energy. An electron transfer (or charge
transfer) takes place, dissociating the exciton into an electron on the fullerene acceptor, and
a hole remaining on the polymer (shown in Fig. 1.8c and Fig. 1.9c). After dissociation, this
electron-hole pair is still coulombically bounded, which is called geminate pair or polaron

pair.

Step 4: Charge transport

The polaron pair are dissociated into free electron and hole with built-in electric field
provided by two different electrodes. Finally the electrons and holes are transported to the
respective electrodes, driven by the electric field. The carriers in respective phases are
moved by a hopping transport process, which is a very slow charge transport with low

carrier mobility (at least a factor of 1000 smaller) compared to crystalline silicon.
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However, there are several loss mechanisms involved during the operation of solar cells

(shown in Fig 1.9 e/[f). Briefly, the loss mechanisms are an exciton decay, geminate

recombination of bound electron-hole pairs, and bimolecular recombination of free charge

carriers.
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Figure 1.9: (a-f) various process involved in polymer solar cells.
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1.3.2 Literature survey and issues

The concept of organic solar cells originates from conventional p-n junction silicon
solar cells, where the former employ organic semiconductors and later inorganic
semiconductors as the active materials. As schematically depicted in Fig. 1.10, light
absorption in “Inorganic semiconductors” leads to free charge carriers owing to their
perfectly ordered atomic structures, whereas in “Organic semiconductors” light absorption
leads to formation of “Excitons” (coulombically bound electron-hole pair) due to high
exciton binding energy in organic materials. Typically, Frenkel Excitons having binding
energy ~ 0.1 - 0.4 eV, binding radius ~ 10 A are observed in organic semiconductors.
These localized neutral excitons which are bound to specific atoms or molecules move by
hopping from one atom to another. Organic semiconductors can be widely classified into
two groups on the basis of their molecular weight, conjugated polycyclic compounds of
molecular weight less than 1000, and heterocyclic polymers with molecular weight greater
than 1000. Solar cells fabricated with small molecules as active materials are termed as
“Small molecule solar cells”, whereas solar cells employing high molecular weight
conducting polymers as active materials are called as “Polymer solar cells”. Among this,
polymer solar cells have attracted a great interest in research and industrial community due
to their potential advantages over conventional Si solar cells, such as, low cost, light

weight, flexibility, ease of fabrication, high throughput etc.[14-18].
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Figure 1.10: Schematic depiction of carrier transport in inorganic and organic semiconductors
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The field of polymer solar cells (often called as polymer-fullerene solar cells) has
taken a huge splurge with the discovery of conducting polymers [14]. Conducting
polymers are highly conjugated polymers, having backbones of continuous sp? hybridized
carbon centers which have a large overlap between p; orbitals providing large delocalized
states. As described in above section, polymer solar cells employ conducting polymers as
electron donor materials and fullerenes as electron acceptor materials. Since its inception,
the power conversion efficiency of polymer solar cells has improved rapidly from below
1% to over 9 %. This impressive achievement is mainly achieved by molecular engineering
(synthesis) of novel low-bandgap polymers, introduction of various transport layers (hole
& electron transport), tuning of active layer morphologies, employment of various device
structures etc.[19]. In this regard, various conducting polymers were evolved, (i) firstly,
poly(phenylene  vinylene)s 1,4-

(PPV),  poly(2-methoxy-5-(2'-ethylhexyloxy)-
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phenylenevinylene) (MEH-PPV) and poly(2-methoxy-5-(3',7- dimethyloctyloxy)-1,4-
phenylenevinylene) (MDMO-PPV) were introduced. Power conversion efficiencies upto
3% were achieved by employing PPV based polymers as donors and Phenyl-Cs:-butyric
acid methyl ester (PCs1BM) as acceptors materials [20, 21]. (ii) Secondly, smaller-band-
gap polymers (thiophenes) were investigated. Regioregular poly(3-hexylthiophene) (rr-
P3HT) with PCBM as acceptor material demonstrated PCE upto 5% [22, 23]. (iii) Lately,
polycarbazole based polymers and some patented absorber materials have demonstrated
world record efficiencies over 9%. Although, many investigations were made during this
period, no suitable materials were found to replace highly efficient fullerene derivatives
(PCes1BM, PC71BM, ICMA, ICBA) as acceptor materials in polymer solar cells. Some of
the photovoltaic properties with various conducting polymers are presented from the

literature in Table 1.1.

Table 1.1: Photovoltaic parameters of BHJ with different conducting polymers.

Polymer Optical Acceptor Jse Voe FF n Ref.
Bandgap (eV) (mA/cm?) | (V) (%)
MDMO-PPV 23 [60]PCBM | 5.25 0.82 |0.61 |25 |[20]
P3HT 1.9 [60]JPCBM | 12 057 | 067 |46 |[24]
PFDTBT 1.9 [60]JPCBM | 4.66 1.04 [ 046 |22 |[25]
PCDTBT 1.9 [70]PCBM | 10.6 0.88 |0.66 |6.1 |[26]
PCPDTBT 1.4 [70]PCBM | 16.2 062 | 055 |55 |[27]
C-PCPDTBT 1.3 [70]PCBM | 15.5 037 | 048 |27 |[29]
PBNDT-DTffBT 1.7 [60]JPCBM | 12.91 091 [061 |72 |[29]
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(a) D-A Bilayer (b) D-A Bulk Heterojunction

Donor

Acceptor

(c) D-A(Nanoparticles) (d) Ideal D-A junction

Figure 1.11: (a-d) various device architectures employed in the fabrication of polymer solar cells

In the initial stages of research, the polymer solar cells were fabricated by
sandwiching a thin film of conducting polymer (called homojunctions) between two
different metal electrodes [19]. Since, the excitons generated in this homojunctions are so
strongly bound, the field in a photovoltaic device, which arises from the work function
difference between the electrodes, is much too weak to dissociate the excitons. Later, Tang
et. al. [9] used two different materials (called donor and acceptor materials), which are
stacked in layers, to efficiently dissociate the photogenerated excitons. This donor and
acceptor materials are selected by carefully matching their energy levels, to prompt

electron transfer from the donor to the acceptor (or hole transfer from the acceptor to the
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donor)[19]. Since then, the various device structures evolved (as shown in Fig 1.11) in

polymer solar cells are presented as follows.

(a)

(b)

Bilayer solar cells: In bilayer heterojunction solar cells, donor and acceptor layers

are sequentially stacked on top of each other (Fig. 1.11 a) [30, 31]. In this devices,
only excitons created within the distance of 10-20 nm (known as exciton diffusion
length) from the interface can reach the heterojunction interface. Hence, the
thickness of the individual films chosen typically ~20-30 nm. The thin films
doesn’t absorb all the incident radiation, while the thicker films results in
recombination of charge carriers generated away from the donor-acceptor interface.
Thus the efficiency of bilayer solar cells are mostly limited by the thickness of the

active materials.

Bulk-heterojunction solar cells: The concept of bulk-heterojunction (BHJ) solar
cells was introduced to overcome the limitations presented in the bilayer solar cells.
In this solar cells, an active layer comprising a blend of both donor and acceptor
materials, is sandwiched between two electrodes [32-34]. Unlike in bilayer solar
cells, the interface is not planar but spatially distributed over the entire volume of
the active layer. This results in a formation of three dimensional interpenetrating
network with increased interfacial area between phase-separated donor and
acceptor materials. As listed in Table 1.1., among the many conducting polymers
employed in polymer solar cells, till date, the most successful BHJ polymer solar
cells are based on P3HT and PCBM materials[35]. The efficiencies of this system
is dependent mainly on film morphologies to provide high interfacial area between

P3HT and PCBM phases and charge transport properties[13]. However, achieving
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(©)

such morphology is difficult in reality as the structure and morphology depends
upon interplay between various complex thermodynamic and kinetic factors [36].
Experimentally, the efficiencies of bulk heterojunction P3HT:PCBM based solar
cells have been reported in the range of 2-5%[1], whereas the theoretically
predicted value is as high as 8% [37, 38]. Thus there is a great experimental interest
in the investigation of the structural and morphological evolution of P3HT:PCBM
films so that the solar cells fabricated using them has high efficiencies. In order to
control the structure and morphology of P3HT:PCBM films different approaches
such as thermal annealing [39, 40], solvent annealing [41], electrical field annealing
[42] and nano-patterning [43] have been employed. Among these, thermal
annealing is widely employed owing to its simplicity and effectiveness in
controlling the morphology via de-mixing of PCBM and stacking of P3HT in
coplanar conjugated segments. Experimental results show that the highest
efficiency is obtained when the active layer is annealed at a temperature in the
range of 120-150°C [13, 44]. As of now it is not fully understood that how
annealing processes affects the ordering of molecules, morphology and domain size
of each component in the P3HT:PCBM films.

Hybrid solar cells: To increase the interfacial area further between donor and

acceptor phases, inorganic semiconductor nanoparticles were introduced as
acceptor materials forming hybrid solar cells (Fig. 1.11 c). Although, efficiencies
upto 5% were achieved, this technology still has poor control of morphologies with

increased aggregates of nanoparticles[45].
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(d) Ideal solar cells: Ideal solar cells are derived from ordered BHJ concept, where

photogenerated excitons are within the exciton diffusion length of each phases.
Also, this structure provide donor-acceptor phases a continuous straight pathways
to the respective electrodes, to reduce carrier recombination and increase charge
collection efficiency. Efforts were made to fabricate this ideal device structure by
nano-patterning of conducting polymers [43]. Although, the efficiency of this solar
cells are low, the ideal device architecture is among the most promising approach to
obtain high efficiency in polymer solar cells.

(e) Novel device architecture: As ideal device structures with individual widths within

exciton diffusion lengths are difficult to make, a new device architecture which are
conceptually in between the bilayer and bulk-heterojunction configurations, so
called “diffuse bilayer solar cells” are introduced. This device structure has the
advantages of both device configurations, i.e., an increased donor-acceptor
interface and spatially uninterrupted pathway for the opposite charge carriers to
their respective electrodes. This device configuration has been achieved earlier in
several ways. (i) Laminating two polymer thin films by applying moderate pressure
and temperatures[46]. (ii) Spin-coating the second layer from a solvent that
partially dissolves the underlying polymer layer[47, 48]. (iii) Annealing a bilayer
device just over its melting point to cause inter-diffusion between donor and
acceptor phases vyielding intermixed interfacial regions [49]. All the above
approaches have resulted in diffuse interface which improves their performance.
Briefly, from the above literature survey, the specific issues which limit the performance of

polymer solar cells are as follows:
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(1) Charge dissociation, extraction and collection.
(2) Low interfacial area between donor and acceptor phases etc.

(3) Low efficiencies and limited device architectures

All these issues play a vital role in determining the performances of polymer solar cells,

and therefore, their roles need to be investigated in detail.

1.4 Dye-sensitized Solar Cells (DSSCs)

Dye-sensitized solar cells, also known as Gréatzel cells, were invented by Grétzel
and O’Regan at Ecole Polytechnique Fédérale de Lausanne (EPFL) in 1991 [10]. The
concept/mechanism for dye-sensitized solar cells was originated from nature’s
photosynthesis principle. In photosynthesis, plant leaves are tiny factories in which
sunlight absorbed by chlorophyll converts carbon dioxide gas and water into carbohydrates
(glucose) and oxygen, thus providing for the energy requirements of the plant. Dye-
sensitized solar cells (artificial photosynthesis) are based on the concept of a dye analogous
to chlorophyll absorbing light and thus generating electrons which enter the conduction
band of a high surface area semiconductor film and further move through an external
circuit, thus converting light into "green” power ( a schematic of DSSC is shown in Fig.

1.12).

A typical DSSC contains a fluorine-doped tin oxide (SnOZ:F, FTO) covered glass

as transparent conducting substrate, a thin wide-bandgap oxide semiconductor, such as

ZnO or TiO2 film coated on FTO, a monolayer of dye attached to the surface of TiO2 layer

by self-assembly, an electrolyte (liquid-state dye-sensitized solar cell) or hole transport

material (HTM) (solid-state dye sensitized solar cell) which fully covers the TiOZ/dye
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surface and a counter electrode (such as platinum on glass used for electrolyte contained
DSSCs, silver or gold electrode for hole transport materials contained solid-state dye-
sensitized solar cells. Although DSSC have achieved excellent device performance, several
limitations hinder their large scale applications.

1.4.1 Working principle

The schematic of the interior of a DSSC is shown in Fig. 1.12. Generally it
comprises, the mesoporous oxide layer composed of a network of TiO2 nanoparticles that
have been sintered together to establish electronic conduction. Typically, the film thickness
is say 10 um and the nanoparticle size 10-30 nm in diameter. The mesoporous layer is
deposited on FTO on a glass or plastic substrate. Attached to the surface of the
nanocrystalline film is a monolayer of the charge-transfer dye (say Ruthenium polypyridyl
complexes). Photoexcitation of the dye molecules results in the injection of an electron
into the conduction band of the TiO2, leaving the dye in its oxidized state. The dye is
restored to its ground state by electron transfer from the electrolyte, usually an organic
solvent containing the iodide/triiodide redox system. The regeneration of the sensitizer by
iodide intercepts the recapture of the conduction band electron by the oxidized dye. The I35
ions formed by oxidation of I diffuse a short distance (<50 um) through the electrolyte to
the cathode, which is coated with a thin layer of platinum catalyst, where the regenerative
cycle is completed by electron transfer to reduce Is” to I. The voltage generated under
illumination corresponds to the difference between electrochemical potential of the
electron at the two contacts, which generally for DSSC is the difference between the Fermi

level of the mesoporous TiO- layer and the redox potential of the electrolyte.
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Figure 1.12: Schematic depiction of a dye-sensitized solar cell.

The basic electron transfer processes in a DSSC, comprising ruthenium based N3
dye adsorbed on TiO2 and 1713 as redox couple in the electrolyte is shown in Fig. 1.13.
Besides the desired pathway of the electron transfer processes (with black arrow 3, 4, 5,
and 8) occurring in DSSC, the recombination processes (with red arrow 2, 6, and 7) are
indicated. Reaction 2 is direct recombination of the excited dye, which is reflected by the
excited state lifetime. Recombination of injected electrons in the TiO2 with either oxidized
dyes or acceptors in the electrolyte are shown in 6 and 7, respectively. In principle,
electron transfer to 13” can occur either at the interface between the nanocrystalline oxide

and the electrolyte or at areas of the anode contact (usually a fluorine-doped tin oxide layer
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on glass) that are exposed to the electrolyte. In practice, the second route can be suppressed

by using a compact blocking layer of oxide deposited on the anode by TiCls treatment [50,

51].
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Figure 1.13: Simple energy level diagram for a DSSC. The basic electron transfer processes are
indicated by numbers (1-7). The potentials for a DSSC based on the N3 dye, TiO2, and the I7/l5
redox couple are shown.
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1.4.2 Literature survey and issues

As described earlier, dye-sensitized solar cells compose many individual components
that have to be optimized, both individually and then again as a whole device. The key
components, affecting the performance of the DSSC are dye coated photoanodes,
electrolyte, and counter electrodes. The progress made in each of these key areas with

current major issues are discussed as follows.

a) Photoanode: Photoanodes typically comprise of dye molecules adsorbed on the surface
of wide bandgap metal-oxide semiconductor films, which are deposited on TCO
(Transparent conductive oxide) substrates. So far, ITO has been the most commonly
employed substrates for photonic and optoelectronic devices. The employment of high
temperature annealing conditions limits the usage of ITO as substrates for DSSC, because
of poor thermal stability of 1TO. Hence, fluorine-doped tin oxide (F:SnO2, FTO) with
superior performance are employed as substrates for both electrodes, which accounts to
half of total cost of the solar cell. Many wide bandgap metal-oxide semiconductors (such
as TiO2, ZnO, SnOy, etc.) have been employed as photoanodes for DSSC. Among them,
TiOz (in its anatase form) mesoporous films and one dimensional (1D) ZnO nanostructures
have turned out to be the most versatile materials delivering better efficiency.

ZnO as photoanode: ZnO had an advantage of high electron mobility as compared to that

of TiO2[52]. Unfortunately, ZnO suffers from several problems as listed below.
(1) The amount of dye loading onto ZnO is generally low, which to certain extent
can be increased by prolonged sensitization.
(i) Prolonged sensitization often leads to the formation of ZnO/dye complexes. This

requires designing of new dyes which do not react with ZnO.
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(iii) Formation of Zn?*/dye complexes could block the injection of electrons from the
dye molecules to the electrodes [53]. In addition, the interface can act as deep
traps for the electron transfer resulting in enhanced dark current.

(iv) Desorption of dye into electrolyte takes place as the DSSC works for prolonged
period.

TiO; as photoanode: Although TiO- has less electron mobility as compared to ZnO, it has

been studied widely owing to its superior dye loading capacity with many organic and
inorganic dyes. Although it has been widely been investigated, there are several issues
pertaining to the TiO2 photoanode that remained yet unsolved. Some of these are:
(1)  The recombination of photo-electrons from TiO: to electrolyte is significant, which
causes enhanced dark currents.
(i)  Mesoporous structures of TiO2 yields poor connectivity of nanoparticles, which
leads to low electron mobility.
(iii) Desorption of dye into electrolyte takes place as the DSSC works for prolonged

period for some specific dyes.

All the above three issues leads to poor efficiency of TiO2 photoanode based DSSC’s. In
order to improve the power conversion efficiency of DSSCs, following three approaches

have been normally employed:

(i)  Fabrication of tandem device, i.e., a DSSC made by using different dyes being
connected in series [54]
(i)  Use of single panchromatic sensitizers that are capable of absorbing light from

visible to IR region [55] and
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(iif)  Usage of mixture or cocktail of dyes on TiO; electrode to achieve broad absorption

range [56, 57].

While tandem cells require tuning of Jsc and Vo along with adjustment of
transmittance of the top cell; usage of single panchromatic sensitizers with wide absorption
spectrum causes difficulty in injection of electrons from the dye to the TiO; electrode. This
difficulty in single panchromatic sensitizer arises because the lowest unoccupied molecular
orbital (LUMO) of the dye is at the same level as the conduction band (CB) of TiO>
whereas a minimum gap of 0.2 eV is necessary to provide the thermodynamic force for
efficient electron injection from the dye to TiO> CB [58]. Sensitization of TiO. electrode
by a cocktail of dyes has been adopted widely for attaining higher levels of efficiency in
DSSCs. However, this introduces problems in controlling the dye sensitization process on
a TiOz electrode, as the adsorption Kinetics of different dyes on TiO2 electrode could be
widely different. In addition, it becomes difficult to inject electrons from a mixture of dyes
because of occurrence of unfavorable electron transfer between the dyes themselves, which
consequently lowers the cell efficiency. This issue was addressed by either using step-by-
step sensitization of TiO> electrode with dyes under pressurized CO> environment [59] or
by introducing a blocking layer of Al>Os between two dyes while fabricating the DSSC
[60]. All these processes while improving the efficiency of DSSCs, involve an increase in
the number of steps for device fabrication, and therefore, tend to be cumbersome at a

commercial scale.

b) Electrolyte: Electrolytes typically consist of a redox couple and additives dissolved in a

liquid solvent. The main function of the electrolyte is the dye regeneration and charge

48



transport between the TiO, photoanode and platinized counter electrodes. The photovoltaic
performances of dye-sensitized solar cells mainly depend on the choice of redox couple
and on the choice of electrolyte solvent employed. Generally, either organic solvents or
ionic liquids have been used as liquid electrolyte solvents in DSSC. A huge number of
organic solvents have been employed such as alcohols, ethylene carbonate,
tetrahydrofuran, acetonitrile, propionitrile, valeronitrile, methoxyacetonitrile etc.
Acetonitrile (ACN) has been the most successfully and efficient organic solvent used in
electrolytes due to its low viscosity, good solubility to dissolve organic components and
additives. However, owing to its high vapor pressure and liquid electrolyte, leakage and
evaporation of solvent has become a critical issue in encapsulation of devices. In this
regard, less volatile organic solvents such as 3-methoxypropionitrile (MPN) and
butyronitrile got great attention owing to its high boiling point which showed a good
stability performance, retaining over 90% of their initial efficiencies under light soaking at
60°C for 1000 hours [61]. However, the common problems of leakage and evaporation are

still investigated by employing polymer matrix materials.

c) Counter electrode: The catalytic activity of counter electrodes is the main important

step for the efficient reduction of triiodide ions into iodide ions at the surface of the
electrode. So far platinum (Pt) coated on FTO glass substrates is the most common catalyst
material used for reduction of I3~ to I" ions in redox electrolyte due to its excellent
electrochemical activity. In this regard, various methods have been used for the formation
of Pt thin layer, such as sputtering, electro-deposition, and electrophoresis, in which

sputtering is the most commonly employed method. However, sputtering requires ultra-
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high vacuum environment and uses more amount of platinum to produce one flat surface
while the amount of Pt necessary to obtain the desired catalytic effect is very small. The
usage of platinum as a counter electrode in DSSCs has been limited (However, the
commercial viability of platinum as CE has been limited) because of
I. High cost and limited flexibility,
ii. Corrosion of the platinum in presence of small traces of water in the electrolyte,
iii. High temperature processing (> 400°C),

iv. Platinum dissolution in corrosive electrolyte and formation of Ptls and H2Ptle [62].

To address these issues, a great deal of research is oriented towards finding an alternative
to platinum counter electrodes. In the pursuit, conducting polymers show the promise for
enabling the replacement of platinum CEs in DSSC because of their unique properties,
including low cost, ease of synthesis, good catalytic activity, and remarkable stability.
Many conducting polymers such as, poly(3,4-ethylenedioxythiophene) (PEDOT) [63],
poly(3,3-diethyl-3,4-dihydro-2H-thieno-[3,4-b][1,4]dioxepine)  (PProDOT-Ety))  [64],
polyaniline [65], and polypyrrole [66] were studied as alternative CEs for DSSCs. In most
cases, the films of conducting polymers were prepared by spin casting on TCO substrates
and annealed at high temperatures in order to improve film adhesion on TCO substrate.
However, the conducting polymer films prepared in this manner have limited thickness.
Additionally, the poor film adhesion on the substrate requires high temperature processing.
In order to avoid the use of high temperature processing, Xia et. al. [67] deposited
conducting polymer films on TCO substrates by vapor phase polymerization in two steps:
first an oxidant material was spin casted on TCO substrate and then the substrate was kept

in monomer saturated vapor to polymerize the monomer on the substrate. However, the
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conducting polymer films formed this way have low surface area owing to the limited
thickness of the film. It is reported that conducting polymers based CEs require thicker and
porous films for efficient charge transport properties. This issue was addressed by adopting
template assisted electrochemical deposition of conducting polymer, which resulted in high
surface area films [68]. However, the electrochemical deposition of conducting polymers
requires TCO substrates, which adds to the cost of the DSSCs. Since the use of TCO
substrate and platinum account for 50% of the total cost of DSSCs [69], a greater need for

the development of cost effective (TCO-free and Pt-free) counter electrodes are required.

All these components play a vital role in determining the overall efficiencies of the

DSSCs, and therefore, their roles need to be investigated in detail.
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Figure 1.14: Various possible recombination processes (indicated with red solid line) occurring in
(a) polymer solar cells, and (b) dye-sensitized solar cells.
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1.5 Scope of thesis

Polymer solar cells as well as dye sensitized solar cells are promising candidates
for the flexible and low-cost photovoltaic devices. In the case of polymer solar cells the
efficiency depends on several factors, such as, molar extinction coefficient of donor and
acceptor materials, energy gap, energy level alignment between donor-acceptor phases,
exciton dissociation, interface between donor and acceptor phases, extraction and
collection of carriers and selectivity of hole/electron transport layers etc. For dye sensitized
solar cells the major factors that govern the efficiency are molar extinction coefficient of
dyes, energy gap, energy level alignment between dye and TiO2 semiconductor, charge
injection, charge recombination, electrolyte leakage and evaporation, catalytic activity of
counter-electrodes etc. However, in both polymer and dye sensitized solar cells, as shown
in Fig. 1.14, recombination is a major factor that strongly influence the efficiency. In case
of polymer solar cells, geminate and bimolecular recombinations are predominant, whereas
in case of dye-sensitized solar cells recombinations at TiO2-dye (recombination with the
oxidized dye), and TiOz-electrolyte (recombination with the oxidized redox mediator)
interface are significant. In both devices, presence of disorders at the interfaces causes
trapping of charge carries, which enhances the charge recombination. Therefore, in order
to enhance the efficiency it is essential to minimize the disorders in the devices, which can
be done by optimizing the materials parameters (i.e. morphology, structure, interfaces etc).

Both polymer and dye sensitized solar cells have been investigated because the
primary aim of the thesis is to develop low cost and flexible technologies. Among such
technologies, polymer and DSSC have been selected due to following similarities between

them:
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a. Fabrication uses similar contact materials and substrates i.e. Indium tin oxide (ITO)
or Fluorine tin oxide (FTO) coated glass substrates.

b. Both type of devices have varying degree of sensitivity to environment and involve
similar encapsulation techniques.

c. Conducting polymers are used in both type of solar cells (for example solid state
DSSC also use polymer hole transport layers) and we have employed free-standing
polypyrrole in DSSC and poly(3-hexylthiophene) and PEDOT:PSS etc. in polymer
solar cells.

d. ZnO, TiO and other inorganic semiconductor nanomaterials are employed in both
type of solar cells: as photoanode in DSSC and electron transport layer in polymer
solar cells.

e. Both devices require similar understanding of semiconductor organic molecules
and use solution processes for fabrication. Similar techniques as electrochemistry,

infrared absorption spectroscopy are used for characterization.

This thesis aims at fabrication of both polymer and dye sensitized solar cells with an
emphasis to enhance their efficiency by tailoring the materials properties. We have
measured the photovoltaic characteristics of the devices and estimated various device
parameters by fitting to an equivalent circuit model. The correlations between materials
parameters and device parameters have been established. The specific devices investigated

during this thesis work are as follows:
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(i) Polymer solar cells namely, bulk-heterojunction P3HT:PCBM,
porphyrin/polyfullerene diffuse bilayer solar cells, and porphyrin-modified ZnO-
NW/P3HT hybrid solar cells, have been investigated.

(if) Dye-sensitized solar cells have been fabricated using: (a) different photoanodes e.g.
ZnO or TiO2; (b) photoanodes sensitized using single or two dyes; (c) different
electrolytes, liquid or gel; and (d) different counter-electrodes, Pt or novel free-

standing polypyrrole films.

The experiments and obtained results on above mentioned investigations have been
organized into following chapters

In Chapter 2, we describe details of experimental procedure employed for the
fabrication of diffuse bilayer solar cells and bulk-heterojunction polymer solar cells;
growth of ZnO nanostructures by hydrothermal method; fabrication of dye-sensitized solar
cell; synthesis of novel gel polymer electrolyte and free-standing polypyrrole films. The
details of various characterization tools studied during the thesis work are presented.

In Chapter 3, results of various studies pertaining to bulk-heterojunction
P3HT:PCBM, porphyrin/polyfullerene diffuse bilayer solar cells, and porphyrin-modified
ZnO-NW/P3HT hybrid solar cells are discussed. The devices characteristics of
P3HT:PCBM BHJ solar cells were found to depend upon annealing temperatures.
Therefore, temperature dependent in-situ Raman spectroscopy of P3HT:PCBM films were
investigated to gain insight into the structural and morphological changes. Diffuse bilayer
solar cells, were fabricated by simultaneous deposition of porphyrin and fullerene films on

ITO substrates yielding moderate photo-responses. In hybrid solar cells, the modification
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of ZnO-NW surface with porphyrin yields better performance as compared to ZnO-

NW/P3HT configuration.

In Chapter 4, the dye-sensitized solar cells were fabricated using different
photoanodes, electrolytes and counter-electrodes. Briefly, we show that a proper selection
of an organic dye with ZnO photoanodes results in better performances compared to
ruthenium counterparts. In addition, the major recombination loss in TiO> photoanodes
was restricted with an application of co-adsorbent (formic acid), which later used as an
anchoring site for a co-sensitization of two dyes resulting in improved efficiencies. A gel
polymer electrolyte was synthesized to prevent common leakage and evaporation problem
of typical liquid based electrolytes. A novel free-standing polypyrrole films synthesized by
interfacial polymerization were applied as substrate-free, TCO-free counter-electrodes for

cost effective DSSC.

The summary of the present thesis work and the future scope of work are presented

in Chapter 5.

55



56



Chapter -2

Experimental and Characterization Techniques
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This chapter deals with the brief description of various materials employed in the
fabrication of polymer and dye-sensitized solar cells and details of the fabrication
processes. In addition, brief descriptions of the equipment utilized for the fabrication and

characterization of the solar cells are presented.

2.1 Materials

The molecular structures of various materials employed in the fabrication of both
polymer and dye-sensitized solar cells are presented in Appendix (Fig. Al & Fig. A2). The

key materials employed during this thesis work are presented as follows.

2.1.1 Materials for polymer solar cells

(a) ITO Substrates: Indium tin oxide (ITO) coated glass substrates were purchased

from Visiontek systems Itd., U.K. The soda lime float glass is coated with a primary
layer of silicone oxide (SiO2), which acts as a barrier layer and secondary layer of
ITO with a thickness of 150nm. These substrates have a sheet resistance of 6 — 12
ohm/sq as measured by four-probe resistivity, transmittance >80% at 550 nm as
measured by UV-Vis spectroscopy, and rms roughness of 0.5 nm measured by
atomic force microscopy. These properties make ITO substrates ideal for the
fabrication of polymer solar cells.

(b) PEDOT:PSS - Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) of make
Heraeus Clevios™ (PH1000) was purchased from Ossila, U.K. PEDOT:PSS thin
films on glass substrates have conductivities of 100 S/cm measured by four-probe
resistivity, transmittance > 80 % at 550 nm as measured by UV-Vis spectroscopy.

PEDOT:PSS thin films have a work function of 5.1 eV, which matches
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energetically with most p-type conducting polymers and ITO substrate acting as a
hole transport material.

(c) P3HT: Poly(3-hexylthiophene-2,5-diyl) of make Plextronics (Plexcore® OS 2100)
was purchased from Sigma Aldrich, India. P3HT is an electronic grade material
with an average molecular weight M, = 54000-75000, ultra-high purity (< 25 ppm
trace metals), and regioregularity (98% head-to-tail), was employed as an electron
donor material in polymer solar cells.

(d) PCBM: [6,6]-Phenyl C71 butyric acid methyl ester ([70]PCBM), hereafter termed as
PCBM, was purchased from Sigma Aldrich, India. PCBM is a functionalized
fullerene (suitable for solution processing) with extended visible absorption for
more energy harvesting, which is employed as an electron acceptor material in
polymer solar cells.

(e) Porphyrin: 5,10,15,20-tetrakis(4-hydroxyphenyl)- porphyrin, hereafter termed as
THPP, was purchased from Sigma Aldrich, India. Porphyrin being naturally
occurring chromophore has a strong visible absorption, was employed as an
electron donor for bilayer polymer solar cells.

(f) Fullerene: Sublimed grade fullerene (Ceo), with 99.9 % purity was purchased from
Sigma Aldrich, India. Fullerene which has a high electron-affinity, was
polymerized via electro-polymerization and later used as an electron acceptor for
bilayer polymer solar cells.

(9) Aluminum: Aluminum evaporation slug with 99.999% trace metal basis was
purchased from Sigma Aldrich, India for deposition of top metal contacts for both

bilayer and bulk-heterojunction solar cells.
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(h) Sealant: UV curable encapsulation epoxy has been used for sealing polymer solar
cells fabricated in Glove Box, which was purchased from Ossila Limited, U.K. The
devices fabricated inside the Glove Box are sealed for photovoltaic
characterization.

(1) Kelvin clips: The contacts for top and bottom electrodes of the sealed devices are
made by using a gold coated flat alligator clip (known as Kelvin clips), purchased
from Synkera Technologies Inc.

(J) Solvents: 1,2-dichlorobenzene (anhydrous) was used in the preparation of Active
layer mixture, methanol (anhydrous) & dichloromethane (anhydrous) were used for
electro-deposition of poly-THPP and poly-fullerene films. Hellmanex-11l glass
cleaning detergent, ultrapure milli-Q water, semiconductor grade solvents

(Acetone, 2-propanol) were used for cleaning ITO substrates.

2.1.2 Materials for dye-sensitized solar cells

(a) ETO Substrates: Fluorine-doped tin oxide (FTO) coated glass substrates, with trade

name “TCO22-7” were purchased from Solaronix Inc. Switzerland. As the
preparation of nanostructured TiO: electrodes and platinum counter electrodes
involve high annealing temperatures of 450°C, FTO has been the only choice of
TCO, stable at these temperatures. These substrates have a sheet resistance of 7
ohm/sq, with transmittance >80% at 550 nm.

(b) Photoanodes

() ZnO photoanodes: For the growth of ZnO nanostructures, Zinc acetate

dihydrate of reagent grade with purity >98 %, AR grade Sodium hydroxide
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(NaOH) pellets (purity >98.5%), reagent grade Zinc nitrate hexahydrate
(Zn(NO3); .6H20) with purity 98%, and ACS reagent grade
hexamethylenetetramine (HMT) with purity >99% were purchased from Sigma
Aldrich, India.

(i) TiO2 photoanodes: Highly transparent nanocrystalline Titanium dioxide (TiOz)

paste with trade name “Ti-Nanoxide HT” was purchased from Solaronix Inc.
Switzerland. The paste containing anatase TiO2 nanoparticles of 8-10 nm yields

highly transparent films after deposition.

(c) Sensitizer Dyes
(i) Organic dyes — High molar extinction coefficient BODIPY based laser dye with
trade name “PM567” was synthesized in our research labs. Rhodamine 19
perchlorate (RhCI) with absorption maxima at 517nm was purchased from
Sigma Aldrich, India.

(ii) Ruthenium dyes — Widely employed ruthenium polypyridyl complex, N3 dye

(cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(ll))
was purchased from Solaronix Inc. Switzerland.

(d) Electrolyte: Electrolyte containing 171s" redox couples were prepared by using
Lithium lodide (Lil) and lodine (I.) purchased from Sigma Aldrich, India. Solvents
required for different types of organic, aqueous, and gel polymer electrolyte were
purchased from Sigma Aldrich India.

(e) Counter electrodes

() Platinum precursor: Hexachloroplatinic(IV) acid with 11-15% Pt in Iso-

propanol was purchased from Merck GmbH.
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(i) Pyrrole: Analytical grade pyrrole was purchased from Sigma Aldrich, India to
synthesize polypyrrole thin films via electro-deposition and interfacial
polymerization.

(f) Sealant: Prior to photovoltaic characterization, the devices were sealed by using
either a parafilm or a 60 um thermoplast hot-melt sealing foil. (Suryln®, Solaronix

Inc.)

2.2 Fabrication of polymer solar cells

2.2.1 Glove box: spin coater and thermal evaporator

Conducting polymers and small molecules commonly employed in the fabrication
of solar cells readily degrade (are doped) when exposed to atmospheric conditions. Hence,
an inert Glove Box (MB 20G, M. BRAUN INERTGAS-SYSTEME GMBH) with oxygen
and moisture levels <0.1 ppm, was used to fabricate the polymer solar cells. The Glove
Box system works by the principle of gas circulation, where the working gas circulates
between the Glove Box and the gas purifier. The gas purification system removes moisture
and oxygen from the inert gas Glove Box atmosphere. It utilizes a proprietary reactive
agent to withdraw oxygen from the inert gas and a proprietary adsorbent to remove water,
thus maintaining both H>O and O, at <0.1 ppm. The photograph of the Glove Box is
shown in the Fig. 2.1. The custom-made Glove Box contains two boxes, Box 1 contains a
Spin coater (Delta6 BM/TT, Suss Microtec Lithography GmbH) for deposition of thin

films and Box 2 contains a thermal evaporator (custom made by BOC Edwards Inc.) for
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metal contacts. The entire fabrication of polymer solar cells starting from solution

preparation to final device encapsulation is carried out in Glove Box.

Figure 2.1: The photograph of the MBraun modular glove box system.

2.2.2 Fabrication process

In this section we describe the detail fabrication process of P3HT:PCBM bulk-
heterojunction solar cells, porphyrin/polyfullerene diffuse bilayer solar cells, and

porphyrin-modified ZnO-NW/P3HT hybrid solar cells

@ P3HT:PCBM bulk-heterojunction solar cells

Bulk-heterojunction polymer solar cells with a device architecture of
ITO/PEDOT:PSS/P3HT:PCBM/AI were fabricated inside Glove Box as depicted in

schematically Fig. 2.2. The steps involved in the fabrication are as follows:
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(i)

(if)

ITO substrates were cut into required dimensions of 1” x 17, and patterned into
definite stripes by masking through a tape. These masked substrates are placed in
Acid etchant solution for 30 min. The patterned substrates are subsequently cleaned
using detergent, de-ionized water, acetone and 2-propanol respectively.

hole transport layer PEDOT:PSS (thickness: 50 nm) was deposited onto clean ITO
substrates by spin coating, which were then transferred to glove box having
moisture and oxygen <0.1 ppm. These samples were then annealed at 130°C for 30

min.

(iii) A mixture of P3HT and PCBM (with 1:1 W/W, 20 mg/ml) were dissolved in 1,2-

dichlorobenzene solvent by continuous stirring for 24 hrs and later filtered through
0.45 um syringe filters. An active layer P3HT:PCBM (thickness:100 nm) layer was
deposited by spin coating the filtered solution onto PEDOT:PSS coated ITO
substrates. These samples were annealed at various temperatures between 25 and

180°C for 30 min.

(iv) The solar cell configuration was established by thermal deposition of Al under a

v)

base vacuum of ~ 10° torr through a shadow mask to obtain an active area of 6
mm?,
These solar cells were encapsulated using UV curable epoxy inside the glove box

and taken out for the photovoltaic characterization.
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Figure 2.2: A schematic depiction of various processes involved in making 3 x 3 array
polymer solar cell.

(b) Porphyrin/polyfullerene diffuse bilayer solar cells

Bilayer polymer solar cells were fabricated by sequential deposition of donor and acceptor
layers on ITO substrates as mentioned below. A schematic picture representing fabrication
of bilayer solar cells is shown in the Fig 2.3. Firstly, porphyrin was electro-deposited on
PEDOT:PSS coated ITO substrates which acts as donor, and later poly-fullerene films
were electro-deposited on top of porphyrin films, thus forming a bilayer heterojunction.
Finally, thermal evaporation of Al defines the active area of the devices. The deposition of

porphyrin films and poly-fullerene films are presented individually as follows.
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Figure 2.3: Schematic depiction of fabrication of bilayer solar cells

Electro-deposition of porphyrin: The following procedure was employed for electro-

deposition of 5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin (THPP) on ITO substrates.

()  1mM THPP in methanol as a monomer solution and 0.1M tetra butyl ammonium
perchlorate (TBAP) in methanol as a supporting electrolyte are prepared in
volumetric flasks.

(i)  After total dissolution of the above two solutions, they are mixed in 1:1 (V/V) ratio

in a separate weighing bottle.
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(ii)

(iv)

v)
(vi)

The solution is now placed in a conventional three electrode cell where ITO
substrate acts as working electrode, platinum strip as counter electrode, and
Ag/AgCl wire as reference electrode.

The polymerization is carried out with a potentiostat/galvanostat system by cyclic
voltammetry (CV) method. Briefly for electro-deposition, the solution mixture is
cycled between 0 to 1V for 5-100 cycles/scans at a scan rate of 50 mVs™,

This yields in uniform growth of polymeric THPP on ITO substrates.

The porphyrin coated substrates are washed in methanol, dried under N2 stream and
stored in desiccator under dark, which are later characterized by spectroscopic
techniques and used as a working electrode for deposition of poly-fullerene, to

fabricate diffuse bilayer solar cells.

Electrodeposition of polyfullerene films: The following procedure was employed to

electro-polymerize fullerene on ITO substrates

(i)

(i)

(i)

(iv)

(v)

The ITO coated glass substrates were first cleaned with detergent, ultrasonicated in
acetone and isopropyl alcohol, and subsequently dried under Argon flow.

Ceo solution (0.72 mM) in Dichloromethane was extensively sonicated prior to use
and mixed (1:1, v/v) ina 0.1M TBAP.

The resulting solution was reduced extensively at -1.5V vs Ag/AgCl reference
electrode using platinum strip as working and counter electrode.

After reduction (a color change from pale pink to pale brown was observed), linear
sweep voltammetry was carried using ITO as working electrode and
electrochemical measurement was done.

It is observed that the thickness of Ceo films increased with no. of linear sweeps.
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(vi)  All characterizations were performed in an ambient environment without a

protective atmosphere.

(©) Hybrid solar cells

Growth of ZnO-NWSs on ITO substrates

A two-step process has been followed to grow ZnO nanowires from ZnO seed particles

[70, 71], and the growth of ZnO nanostructures were schematically depicted in Fig 2.4.

ZnO NP ZnO NW

Figure 2.4: Schematic depiction of ZnO NW growth on ITO substrates via hydrothermal route
through ZnO nanoparticles. The schematic shows step by step process from seed layer to nanowire
growth

The major steps involved are:

Step 1: ZnO NPs have been synthesized by acetate route, where 50 mM zinc acetate
dihydrate and 100 mM NaOH solution in ethanol were reacted for 6 h at
temperature, 70-75°C, to produce ZnO nanocrystals of size, 15-30 nm. Our
objective was to control the density of the nanorods that were grown on these
seeds. The density of the rods grown depends on the density of the seed particles.

To grow the nanorod arrays with controlled density, we have optimized the process
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Step 2:

using different amounts of ZnO seed particles. ZnO nanoparticles so formed were
of size 30-40 nm, which were used as the seed layer for ZnO NWs array growth.
The ZnO nanoparticles were dispersed thoroughly in ethanol and then coated onto
ITO substrates by drop casting different amounts of the solution. The seeded
substrates were annealed for lhr at a temperature of 150°C for good adhesion of
seed particles on to the substrate. The seed layer thus prepared, act as nucleating
sites for growth of nanowires due to the lowering of the thermodynamic barrier
[72].

The ZnO NWs are grown by solution phase hydrothermal route due to ease of
handling, low temperatures, low cost, and scalability for large area applications. A
precursor solution containing an equimolar mixture of zinc nitrate hexahydrate
(Zn(NO3)2 .6H20) and alkaline reagent (such as hexamethylenetetramine (HMT))
are used for ZnO NW growth. The various chemical reactions occurring with this
precursor solution are presented in Eqg. 2.1 - 2.4. The ZnO seeded substrates were
dipped in constantly stirred aqueous solution of 30 mM Zn(NO3).. 6H.Oand 30
mM HMT for 6hrs at a temperature of 95°C. The seed layer promotes the
nucleation for the growth of ZnO NW due to lowering of the thermodynamic
barrier [72]. The resultant substrates were then washed with de-ionized water
followed by annealing at 120°C in vacuum for 30 minutes, in order to improve

adhesion of ZnO NW onto ITO substrates.

The following chemical reactions occur during the growth of ZnO NW’s

Decomposition reaction:

(CH,)eN, + 6H,0 — 6HCHO + 4NHj (2.1)
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ii.  Hydroxyl supply reaction:

NH; + H,0 < NH," + OH- (2.2)
iii.  Supersaturation reaction:

20H™ + Zn?** - Zn(OH), (2.3)
iv.  ZnO nanowire growth reaction:

Zn(OH), — ZnO + H,0 (2.4)

Fabrication of hybrid solar cells

Two different solar cells were fabricated by employing device structures (i) 1TO/ZnO-
NW/P3HT/Au and ITO/porphyrin-modified ZnO-NW/P3HT/Au as depicted schematically

in Fig 2.5.

Q) The hybrid solar cells with device configuration as shown in Fig. 2.5 (a) are
fabricated by spin-coating P3HT solution onto ZnO-NW electrodes thermally
grown on grown on patterned ITO substrates, followed by thermal evaporation
of gold.

(i)  The hybrid solar cells with device configuration as shown in Fig. 2.5(b) are
fabricated by first electrodepositing porphyrin film onto ZnO-NW electrodes
(hereafter called as porphyrin-modified ZnO-NW), followed by spin-coating of

P3HT and thermal evaporation of gold.
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Porphyrin

Figure 2.5: Hybrid solar cells based on (a) ZnO-NW structures and (b) porphyrin-modified ZnO-
NW structures.

2.3 Fabrication of dye-sensitized solar cells

2.3.1 Fabrication process

The fabrication of dye-sensitized solar cell involves preparation of three individual
components, instead polymer solar cells are fabricated on single substrate. (i) Fabrication
of photoanodes on FTO substrates, (ii) Fabrication of counter electrode on either FTO or
ITO substrates, and (iii) preparation of redox electrolyte. The fabrication of all these

individual components are discussed below briefly.
2.3.2 Synthesis of photoanodes

As mentioned in Chapter 1, typical photoanodes are either prepared by ZnO nanostructures

or TiO2 nanostructures. The fabrication of this two photoanodes are discussed briefly.

(a) ZnO photoanodes
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ZnO-NWs on ITO substrates as described in above section were used as ZnO photoanodes

for dye-sensitized solar cells.

(b) Co-sensitized TiO. photoanodes

In the present work we used following two dyes for the co-sensitization: (i)
Rhodamine 19 perchlorate, which is a very stable and economical laser dye and has not
been explored earlier for DSSC, and (ii) N3 dye (widely employed ruthenium polypyrrole
complex). RhCI dye was chosen on account of its high molar extinction coefficient
(2x10°M*cm?) as compared to N3 dye (10* M™cm™) owing to which only a little amount
of RhCI dye is required to be absorbed on TiO, surface for yielding sufficient optical
density for effective PCE. Briefly, the co-sensitized electrode is fabricated as follows:

Q) TiO2 photoanodes are prepared by doctor blading TiO2 paste (solaronix make) on

FTO substrates, followed by annealing at 450°C for 30 mins in a tubular furnace.
(i) Prior to sensitization, the TiO. electrode was treated with formic acid solution

(0.05M in ethanol) for 2 h and later washed with ethanol and dried under N2 stream.
(iii)  This formic acid treated TiO2 electrode were refluxed in a round bottomed flask

containing RhCI dye solution (0.6 mg/ml in ethanol) equipped with a water-

jacketed reflux condenser and a heating source at 70°C for 2 h. This RhCI dye
coated electrodes were later removed and washed with ethanol and dried under N2
stream.

(iv)  RNhCI sensitized TiO. photoanodes are later dipped in N3 dye solution (0.3 mg/ml
in ethanol) for different time intervals (tq) and later washed with ethanol solvent

and dried under N stream thus forming co-sensitized TiO2 photoanodes.
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2.3.3

Synthesis of electrolyte

Electrolytes typically consist of a redox couple and additives dissolved in a liquid or quasi

gel. The main function of the electrolyte is the dye regeneration and charge transport

between the TiO2 photoanode and platinized counter electrodes. Electrolytes employed in

the present thesis work are described below.

b)

d)

Organic electrolyte 1: Typically this electrolyte is prepared by mixing 0.1 M Lil

and 0.05 M Iz in dry acetonitrile organic solvent.

Organic electrolyte 2: this electrolyte is prepared by mixing 0.1 M Lil and 0.05 M

I> in dry 3-methoxypropionitrile solvent.

Aqueous electrolyte 1: Briefly the electrolyte is prepared with 0.5 M Lil and 0.05

M I, in deionized water.

Aqueous electrolyte 2: Briefly the electrolyte is prepared with 0.01 M FeClz and

0.1M KClI in deionized water.

Gel polymer electrolyte: The quasi-solid state electrolyte or gel polymer electrolyte

(GPE) is the electrolyte being in a state of both liquid and solid coexistence.
Generally, this electrolyte is defined as a system which consists of a polymer
network (polymer host) swollen with liquid electrolytes. Quasi-solid-state
electrolytes are usually prepared by incorporating a large amount of a liquid
electrolyte into organic monomer or polymer matrix, forming a stable gel with a
network structure via a physical or chemical method. Briefly, it is prepared by first
dissolving 1.338 g lithium iodide (Lil) and 0.254 g lodine (I2) in 4 ml propylene

carbonate and 10 ml acetonitrile solution and then 3 g of polyethylene oxide (PEO,
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MW- 1x10°, Alfa Aesar) was added to this mixture. Later, this mixture was heated
at 70-80°C under continuous stirring for 7-8 h. Finally, a homogeneous highly

viscous GPE was obtained.

38

£

Platinum precursor Drop-casting Firing on hot plate Platinized electrode

Figure 2.6: Schematic depiction of preparation of platinum films on FTO electrodes with
hexachloroplatinic acid solution.

2.3.4 Synthesis of counter electrodes

The fabrication details of counter electrodes used in the present thesis work are briefly

discussed in the following:

a) Pt/FTO counter electrode: These counter electrodes are prepared by thermal

decomposition of platinum either by drop-casting or spin-coating of 5 mM H2PtCls
in 2-propanol solution on FTO substrate, and reducing the Pt precursor in the air
furnace at 450°C for 30 min (as schematically depicted in Fig. 2.6). Although the
thermal cluster Pt has many advantages, such as, low Pt loading, the superior

catalytic activity, and good mechanical stability, it requires heating up to 450°C,
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which is energy consumptive and not suitable for commercial applications and
flexible solar cells.

b) Growth of free-standing polypyrrole films: Pyrrole (Aldrich, 98%) was double

distilled under reduced pressure prior to use. PPy free-standing films were
synthesized typically by placing 20 ml, 0.1M aqueous FeClz and 20 ml, 0.1M
pyrrole in dichloromethane (DCM) in a beaker for varied times (4hrs to 18 hrs). A
free-standing PPy film of thickness ~ 1um is formed at the liquid-liquid interface
after 4 hrs. The free-standing PPy film thickness increases with polymerization
time, and finally a thick 75 um film was formed after 18 hrs. These films are later
lifted onto glass/plastic substrates, and subsequently, washed with de-ionized water
and DCM to remove un-reacted FeCls and pyrrole. The films thus obtained were

dried overnight and can be handled using a pair of tweezers (shown in Fig.2.7).

a9 =3

PPy film

dense

% W"J
~~¥ porous
Growth direction

Figure 2.7: (a) Schematic showing the formation of free-standing PPy films at the aqueous (0.1 M
FeCls)/organic (0.1 M pyrrole) interface. (b) & (c) Photograph of the free-standing PPy films
mechanically lifted with a pair of tweezers.
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Figure 2.8: Photographs of DSSC components, (1) Highly transparent TiO, photoanode, (2) Dye-
coated TiO; photoanode, (3) platinum/FTO counter electrode, and (4) DSSC assembly with (2) and
(3) electrodes

2.3.4 Device assembly

All the three components (i.e, photoanode, electrolyte, and counter electrode) are
assembled together as described in Fig. 2.8. The dye coated electrode and counter-
electrode are either sandwiched together by using a stretched parafilm or suryln
thermoplastic film as spacer. The electrolyte is injected between the electrodes through a
perforated counter electrode by using a vaccum syringe filter and later encapsulated with
epoxy or surly film. The assembled device is thus characterized by taking connections

through alligator clips.
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2.4  Characterization techniques

Several characterization techniques were employed during the course of thesis, which are

described briefly as follows

UV- visible spectroscopy: UV-Vis spectroscopy is an absorption/reflectance spectroscopy
technique used to determine the electronic transitions of materials, whose absorption is in
the ultraviolet and visible region of an electromagnetic spectrum. The following data were

recorded by using (Jasco V-530) UV-Vis spectrophotometer.

a) The transmittance of ITO, FTO, PEDOT:PSS coated ITO, Pt/FTO, electro-
deposited platinum on ITO/PEN substrates.

b) Absorption of conducting polymers, PCBM, porphyrin dye in solution and their
respective films.

c) Absorbance of dye sensitized photoanodes and the amount of dye loading on TiO>

photoanodes were recorded.

Fourier transform infrared spectroscopy: Fourier Transform Infrared spectroscopy (FTIR)
provides the information of different vibrational frequencies related to chemical bonds and
the nature chemical functional groups present in the organic molecule. FTIR works on the
principle of interferometer that gives an interferogram, a plot of light intensity versus
optical path difference. This interferogram is finally Fourier transformed to give a
spectrum of infrared radiation intensity versus wave number. The following spectra were
recorded using Bruker spectrometer (model: Vertex 80 V) in ATR mode from 4000 to 400
cm with a resolution of 4 cm™. Prior to measurements, the instrument was calibrated by

recording the spectra with a standard sample.
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a) The electro-deposited fullerene films were characterized by FTIR for the
confirmation of poly-fullerene.
b) Structural changes in TiO2 photoanode after acid treatment, the adsorption of dye

molecules onto TiO2 photoanodes are recorded by FTIR spectroscopy.

Scanning electron microscopy: The SEM is the focused probe of electrons accelerated to a
moderately high energy and positioned on to the sample by electro-magnetic fields. These
beam electrons interact with atoms of the specimen by inelastic (energy is transferred to
the sample leads to secondary electrons emission) and elastic (energy is not transferred to
the sample leads to back scattered electrons emission) collisions. The most widely used
signal, produced by the inelastic interaction of the primary electron beam with the sample
is the secondary electron signal, which is used for examining surface structure with best
resolutions <100 nm. The surface morphologies of thin films deposited by either spin-
coating or electro-deposition or interfacial polymerization technique are imaged by
TESCAN (VEGA MV2300T/40) scanning electron microscopy at an accelerating voltage

30 kV.

Atomic force microscopy: Nanonics (Multiview 4000) atomic force microscopy was used
in the present thesis work to image surface morphology of thin films. Briefly, the probe
used for imaging is made of the glass fiber tip (diameter 10nm) which is attached to tuning
fork with piezocrystal. The images are recorded in the tapping mode by oscillating the tip
at resonance frequency (20-50 kHz depending on the tips). The probe was scanned in
phase mode. During scan, phase changes due to tip surface interaction. The difference in
signal called an error signal; t signal is sent to proportional, integrator and differentiator

(PID) controller. PID sends the feedback via high voltage piezo driver to make constant
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phase by moving piezo driver in z direction at that x, y point, thus generating an image.
The surface morphology with surface roughness of ITO/FTO substrates, thin films
deposited by spin-coating or electro-deposition technique were imaged in the present work.
Prior to imaging, the system was calibrated by imaging a standard grid (defined Au pads of

10 um x 10 um x 120 nm on Si wafer)

Kelvin probe microscopy: Kelvin probe microscopy is a versatile technique to measure the
surface potentials of the samples. In this technique an AC voltage with frequency of 27kHz
is applied to gold coated tip mounted just above the sample surface which is kept at a
ground potential. When the tip is at a proximal distance to the sample, it senses an
electrical force, which is used as a feedback to estimate the work-function of sample. The
work-function measurements were performed at room temperature and ambient conditions
using Au electrode having tip diameter of 2mm. 2D work function mapping of ITO/FTO
substrates, PEDOT:PSS thin films, electro-deposited porphyrin and polyfullerene films are

imaged by KP technology (SKP 5050) kelvin probe system.

Raman spectroscopy: Structural characterization of PEDOT:PSS, P3HT:PCBM, Porphyrin
thin films are studied by Jobin-Vyon (LabRAM HR800) Raman spectrophotometer. The
spectra were collected in the 180° backscattering geometry using the Ar* laser (514nm) as
an excitation source. In-situ Raman measurements of P3HT:PCBM films were recorded by
placing 1" x 1" substrates in a Linkam (THMS 600) heating stage, which has an accuracy
and stability of 0.1°C. Prior to measurements, the system was calibrated by using the
spectral position of Si wafer. The obtained spectra were fitted using a Lorentzian function

to determine the peak position, bandwidth and intensity ratio with Labspec5 software.

79



Photovoltaic characterization

a)

b)

d)

Current-Voltage (J-V) characteristics: current-voltage characteristics of polymer
solar cells and dye-sensitized solar cells were recorded with computer controlled
Keithley 2400 digital source-meter and PARSTAT32 potentiostat/galvanostat. For
photovoltaic characterization, the measurements were measured using a custom
made solar simulator (Sciencetech, Canada) under 1sun (AM1.5G), 100 mW/cm?
illumination. Prior to measurements, the intensity of the solar simulator was
calibrated using a reference silicon solar cell.

Incident-photon to current conversion efficiency (IPCE): The spectral response of
dye-sensitized solar cells were measured using custom made solar simulator
(Sciencetech, Canada).

Electrochemical  Impedance  Spectroscopy:  Electrochemical  impedance
spectroscopy (EIS) technique is employed to study the various electron transfer
processes occurring at the interfaces, during the operation of DSSC. EIS
measurements were carried out by using potentiostat/Galvanostat (PGSTAT 30,
Autolab, Eco Chemie, Netherlands), the DSSC was kept at open circuit potential
and an AC amplitude of 10mV was applied under an illumination of 1 Sun (AM 1.5
G, 100 mW/cm?). The measured data were fitted by using ZSimpwin software.
Solar cell parameter evaluation: The obtained (measured) current-voltage
characteristics of both polymer and dye-sensitized solar cells were fitted by using
Shockley one diode equation (Eg. 1.6). The fitted solar cell parameters (ideal diode
factor, diode saturation current, series resistance, shunt resistance, and

photogenerated current) are presented with respective J-V characteristics.
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Chapter -3

Bulk-heterojunction and bilayer

polymer solar cells
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In this Chapter, the results on the characteristics of P3HT:PCBM bulk-
heterojunction solar cells measured as a function of annealing temperature are discussed.
In order to investigate the temperature dependent evolution of structural/morphological
changes in P3HT:PCBM films, the results of in-situ optical and Raman spectroscopy are
presented and a correlation between the morphology and efficiency of P3HT:PCBM solar
cells is established. We also present results on the two different types of bilayer solar cells:
(1) porphyrin/polyfullerene solar cells fabricated for the first time using electrochemical
technique. For this purpose, the growth mechanism of electrodeposited porphyrin and
polyfullerene films on ITO substrates are investigated. (ii) porphyrin-modified ZnO-

NW/P3HT hybrid solar cells.

3.1 P3HT:PCBM bulk-heterojunction polymer solar cells

As discussed in Chapter 1, BHJ polymer solar cells based on P3HT and PCBM
blends are widely studied owing to their low-cost, flexibility, ease of material synthesis
and manufacturing advantages[14-18]. In these solar cells, thermal annealing is widely
employed as post processing treatment for controlling the morphology of the blend, and
hence, the efficiency. Literature survey shows that the best efficiency is obtained when the
active layer is annealed at a temperature in the range of 120-150°C[13, 44]. As of now it is
not fully understood that how annealing processes affects the ordering of molecules,
morphology and domain size of each component in the P3HT:PCBM films. In order to
gain an insight into the annealing induced structural and morphological changes, we

present In-situ Raman spectroscopy - a powerful inelastic light scattering based technique
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that is capable of monitoring the nanoscale changes in the polymer structure through the

measurement of vibrational modes[73].
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Figure 3.1: Measured (symbol) and fitted (solid line) J-V characteristics of as-prepared and
thermally annealed (at various temperatures) P3HT:PCBM bulk-heterojunction solar cells.

3.1.1 Photovoltaic characteristics

Fig. 3.1 shows the measured current-voltage (J-V) characteristics of as-prepared and
thermally annealed (75°C, 110°C, 130°C, 150°C, and 180°C for 30 min) P3HT:PCBM
bulk-heterojunction solar cells, which were measured under AM 1.5G, 1 Sun illumination.
From these data, various photovoltaic parameters i.e. open-circuit voltage (Voc), short-
circuit current (Js¢), fill factor (FF), and power conversion efficiency (1) were calculated.
The variation of these parameters as a function of annealing temperature is shown in Fig.

3.2. From this figure following inferences can be drawn:
(i)  The value of Vo is ~0.5 V for as fabricated solar cells, which almost remains
independent of the annealing temperature upto 130°C. However for higher

annealing temperatures it marginally decreases.
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(i) Jsc initially remains unaffected upto 75°C, increases rapidly with annealing
temperature and attains a maximum of 12.4 mA/cm? at 130°C. However at higher
annealing temperature the Jsc decreases sharply. This behavior is associated with
structure/morphological evolution as a function of annealing temperature, and this
will be elaborated in the next section.

(iii) Both FF and n follows the same trend as that of Js, indicating a critical role
played by annealing induced structure/morphology of the P3HT:PCBM films. The
maximum values FF and r obtained at 130°C are 0.5 and 3.1% respectively. The
value of m is reasonable considering the fact that we have not employed any
electron transport layers. A higher efficiency is normally obtained when calcium

is used as top electrode and Lithium fluoride is used as electron transport layer
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Figure 3.2: Variation of different photovoltaic parameters namely open-circuit voltage (Voc), short-
circuit current (Jsc), fill factor (FF), and power conversion efficiency () of P3HT: PCBM bulk-
heterojunction solar cells as a function of annealed temperature.
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The measured J-V characteristics presented in Figure 3.1 were fitted using the
Shockley one diode equation (Eqg. 1.6). The initial values of various parameters i.e.,
ideality factor (n), diode saturation current (lo), series resistance (Rs), shunt resistance (Rsh),
and photogenerated current (Ion) were estimated as follows[75].

At short circuit condition, I = Iscand V =0, Eq. 1.6 becomes

I, = I {exp (%:TC) — 1} + % — Ipp (3.1)

At open circuit condition, 1 =0, and V = V., Eq. 1.6 derives as

0= 1, {exp (qV"C) — 1} + % — L (3.2)

nkgT sh
Combining Egs. 3.1 and 3.2, leads to
(1 Bt 00) exp ()

1_exp<Q(RsTIlskcB—TVoc))

and

Rglsc—V
Lo+ slsc=Voc

R v,
Ly, +1,= sh + =2 3.4
ph 0 1—exp<msrll+3_;/m) Rep, ( )

The above expressions can be simplified if we make the assumption that

q(Rslsc— Voc)
exp (W) K1 (3.5)

this assumption reduces Egs. 3.3 and 3.4 to

_ Rslsc— Vo —qVoc
lo= (ISC + Rgn ) exp (nkBT) (36)
Rglgc
Iph + 1y = I+ E (3.7)

Again from Eq. 1.6, dV/dI is expressed as
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av nkgT/q
Al Ly+lg+1-(V-Rel—

+ Ry

nkBT
q

)/Rsh

Substituting Eq. 3.7 into 3.8,

av nkgT/q R
T V_ nkpT  (+Is0)Rs + R
Rsp  4qRsp Rsp

al Ige+]1

At short-circuit condition, | = I, and V=0

av

dl = Rsn + Ry = Ry
=I5, V=0

And around the open-circuit condition (1=0 and V=V o)

av nkgT/q R
i V_ nkpT  (+Is0)Rs T R
Rsp  4Rsp Rsp

al Ige+]

nkgT/q
~ —— + R;

I+ 11—
$ Rgsp

Which can be rewritten as

av Vi
T (—tv> Xn+ R
ISC+I_E

Where V¢ (= keT/q = 0.0258V) is thermal voltage.

The initial values of n and Rs are calculated by linear fitting of dVv/dl as a function of V;/
(Isc + I — VIRsy). The value of y-intercept yields the value of Rs and the slope gives the

value of n. Using these calculated initial values of n, Rs, and Rsh, and experimentally
measured values of Isc, and Voc the initial values of lo and Ipn were calculated using Egs.

(3.6) and (3.7). Using these initial values, the transcendental equation (1.6) is solved using

(3.8)

(3.9)

(3.10)

(3.11)

(3.12)

(3.13)

softwares, and the extracted parameters are summarized in Table 3.1.
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Table 3.1: Solar cell parameters evaluated from current-voltage characteristics presented in Fig.

1.
?)evice P3HT-25 | P3HT-75 | P3HT-110 | P3HT-130 | P3HT-150 | P3HT-180
parameters
n 2.4 2.2 1.69 1.55 1.6 1.78
Rs (Q-cn?) 78 70 14.5 6 115 21
Ren (kQ-cm?) 0.28 0.32 0.11 0.14 0.10 0.12
lo (NA/cm?) 1100 790 84 33 72 190
Ion (MA/Cm?) 5.25 5.90 10.60 11.96 10.94 8.0
Isc (MA/CM?) 4.0 4.6 9.5 11.5 9.8 6.8
Voc (V) 0.50 0.49 0.49 0.50 0.47 0.46
FF (%) 0.3 0.32 0.42 0.49 0.4 0.39
1 (%) 0.7 0.9 2.1 3.2 2.2 1.4

From Table 3.1 it is evident that the active layer annealed at 130°C, yields highest

efficiency of 3.2 %, along with lowest value of n, lo, Rs and highest values of Iph. These

results indicate that there a correlation among the materials and device parameters. Before,

we discuss these correlation, it is essential to investigate why an annealing temperature of

130°C leads to best efficiency. It may be noted that similar annealing temperature variation

in 1 has been reported by several groups [76-78], with an optimum temperature in the 110-

150°C range. This relatively wide annealing temperature range could be possibly due to a

difference in the temperature calibration of the heating stage. To under this behavior, we

have investigated the structure/morphological evolution by conducting the in-situ Raman

as well as optical microscopy, which were further supported by ex-situ AFM, SEM,
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elemental x-ray imaging and UV-Vis spectroscopic measurements. The results of these

studies are discussed below.
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Figure 3.3: Raman spectra of as-cast P3HT, PCBM and P3HT:PCBM films recorded using 514
nm excitation. Inset shows the molecular structure of P3HT molecule. Substrate peak is represented

by(*).
3.1.2 In-situ Raman spectroscopy and optical microscopy

Typical Raman spectra of as-deposited P3HT, PCBM and P3HT:PCBM films
reordered at room temperature are shown in Fig. 3.3. The inset of the figure shows the
molecular structure of P3HT. Various identified Raman modes observed in the case of
P3HT films are 1449 cm? (symmetric C=C stretch mode), 1380 cm™ (C-C intra-ring
stretch mode), 723 cm™ (C-S-C ring deformation), 1204 cm™ (inter-ring C-C stretch mode)
and 1170 cm® (C-H bending mode with C-C inter-ring stretch mode)[79, 80]. Among
various these modes, symmetric C=C ring stretching (1449 cm™) and skeletal C-C

stretching (1375 cm™) modes are of major concern, as they are sensitive to m-electron
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delocalization i.e. conjugation length[80, 81]. In literature, Raman spectra of P3HT and
P3HT:PCBM films under both non-resonant (e.g. excitations at 785 and 633 nm) and
resonant (e.g. excitations at 514, 488 or 496.5 nm) excitations have been reported[79-81].
It has been shown that the peak position of C-C mode at 1380 cm is not only insensitive
to degree of molecular order, but also to the excitation wavelength i.e. same for the non-
resonant and resonant excitation. On the other hand, for C=C mode, its peak position, line-
width and intensity is found to strongly dependent on the excitation wavelength (i.e.
resonant excitation yield better results as compared to non-resonant excitation) and the
molecular ordering. Therefore, Raman shift of P3HT C=C mode can be used as a measure
of the conjugation length due to its symmetry with respect to the conjugation direction.
The blue shift in this mode, therefore, indicates reduced conjugation length which might
arise due to disorder occurring in the P3HT chains or PCBM incorporation as reported by
Tsoi and Carach[80, 82]. In the case of PCBM films, the major peak observed at 1566 cm™

corresponds to A1 mode[83].
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Figure 3.4: Typical normalized Raman spectra with respect to the intensity of the C—C mode for
(@) P3HT and (b) P3HT:PCBM films. (1) as-deposited films at room temperature; (2) at 130°C and
(3) again at room temperature after cooling from 130°C.
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For P3HT:PCBM films, peaks corresponding to both P3HT as well as the
predominant peak of PCBM have been observed, indicating presence of both P3HT and
PCBM. In order to gain insight into the evolution of P3HT:PCBM structure, the in-situ
Raman spectra of pristine P3HT and P3HT:PCBM films were recorded during both
heating and cooling cycles at an interval of 25-30°C. In different experiments, films were
annealed to different temperatures between 75°C and 180°C. Typical Raman spectra
normalized with respect to the intensity of C-C stretching mode for P3HT and
P3HT:PCBM films during different stages of thermal annealing are shown in Fig. 3.4. It is
evident that the symmetric C=C stretching mode (vc=c) undergoes a slight blue shift on
heating to 130°C; while cooling back to room temperature it has a red shift. In the
literature it has been reported that the P3HT C=C band consists of contributions from
ordered (aggregated) and amorphous (un-aggregated) components which appear at 1450
cm? and 1470 cm?, respectively[80]. The relative ratio of these contributions are
dependent on the processing conditions as well as regioregularity of the P3HT[81]. Tsoi et
al. [80] have carried out detailed analysis of regioregular and regiorandom P3HT, and
found high degree of ordered components (1450 cm™) in case of regioregular P3HT having
FWHM ~31 cm™. In our case, both P3HT and P3HT:PCBM blend already have significant
ordered structure as indicated by relatively narrow FWHM ~26 cm™ of C=C peak. Such
differences in the films may arise because of differences is the sample preparation. In our
case, high molecular weight P3HT was used and the cast films were left overnight in the
glove box. The slow evaporation of the solvent may lead to slightly high molecular
ordering in P3HT films than reported by Gao et al[81]. Because of relatively low

concentration of amorphous region, the deconvolution of C=C Raman peak does not
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provide two Lorentzian curve fitting. Therefore, we have extracted FWHM from the fitted
single Lorentzian curve to the C=C Raman mode. When the temperature is raised to
180°C, contributions from the amorphous region (1470 cm™ peak) is increased, which
intrinsically have broader linewidths.. This lead to broader FWHM~35 cm™ owing to
linear dependence of the spontaneous Raman scattering on the concentration of scatterers.
As temperature decreases, P3HT chains re-assemble into aggregates causing an increase of
the crystalline component. The slight blue shift in C=C Raman mode on heating suggest
molecular disorder in P3HT which in present case is induced by thermal annealing. During
cooling, a red shift in this mode occurs, suggesting that during cooling the P3HT

undergoes molecular ordering.
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Figure 3.5: (a) and (b) are the variation of full-width-half-maximum (FWHM) of symmetric C=C
stretching mode for P3HT and P3HT:PCBM films, respectively during heating and cooling cycles
upto annealing temperature of 180°C. (c) and (d) are the variation of the C=C/C-C intensity ratios
for P3HT and P3HT:PCBM films, respectively during heating and cooling cycles of annealing
temperature upto 130°C.
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The molecular ordering of P3HT was further supported by the data on full-width
half-maximum (FWHM) of symmetric C=C stretching mode (1449 cm™) and C=C/C-C
intensity ratio (lc=c/lcc). The variation of FWHM and lc=c/lc.c (extracted by fitting the
data with Lorentzian) as a function of heating as well cooling cycles for P3HT and
P3HT:PCBM films (annealed upto a maximum temperature of 130°C) are plotted in Fig.
3.5. The major inference drawn from these results are as follows.

() It is well established that smaller values of FWHM s indicative of improved
ordering of P3HT chains. As shown in Fig. 3.5 (a) and (b), the lower FWHM value
of as-deposited P3HT film (cm?) as compared to that of P3HT:PCBM film,
suggests that the inclusion of PCBM hampers the ordering of P3HT[84]. In both
the case, during heating the FWHM increases, which is expected owing to the
thermal induced disordering of P3HT chains. On the other hand, during cooling
cycle the FWHM decreases sharply at ~100°C, indicating thermally induced H-
aggregation (or m-stacking) of polymer chains. After annealing, the FWHM’s at
room temperature are lower as compared to pre-annealed films, suggesting that the
molecular ordering is frozen in the films.

(i)  The intensity of C-C intra-ring stretch mode relative to C=C Raman mode is
sensitive to the conjugate backbone planarity of the P3HT. Based on the simulated
C=C and C-C Raman modes in oligothiophene, Tsoi et al. [80] have suggested that
planarity of the P3HT chains is higher for higher relative intensity of C-C mode
and vice versa. This might be because of better electron-phonon coupling of C-C
mode and/or increased charge transfer from C=C bonds. More planar backbone

conformation favors the n-stacking of the polymer chains and therefore, results in
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more molecular ordering. Fig. 3.5 (c) & (d) clearly shows that lc=c/lcc ratio
increases with temperature during heating cycles, which indicates an increase in
disorder in the films that is in agreement with the FWHM measurements. A lower
value of lc=c/lcc after completion of the cooling cycle also supports the fact that
annealing enhances the molecular ordering owing to an increase of m electron

density in C-C bonds resulting from an increase in planarity of P3HT chains[81].

In order to find out how the film morphology evolves as a function of annealing
temperature, we have carried out in-situ optical imaging during heating as well as cooling
cycles of the annealing. Typical optical images for the films subjected to the annealing of
130 and 180°C are shown in Fig. 3.6. As shown in Fig. 3.6 (al-a3), the morphology of the
films remains uniform when heated upto 130°C and subsequently cooled down to room
temperature. However, this situation is not the same when the films are annealed upto
180°C, as shown in Fig. 3.6(b1-b3). It is seen that at 180°C large aggregate of size 2-4 um
forms at the surface, which remains there on the surface even after cooling. This result
suggests that a phase segregation occurs when films are annealed to temperatures >130°C
[85]. Similar results of P3HT:PCBM blends were observed by Yang et al. [86] and Hoppe
et al. [87]. Using transmission electron microscopy (TEM) and SEM results, they have
shown that thermal annealing leads to the crystallization of P3HT chains via stacked
coplanar conjugated segments and dispersion of PCBM molecules forming large
aggregates. A detailed study of the thermal annealing effect on PCBM aggregation was

reported by Kiel et al. [88]. On the basis of their neutron reflectivity results, they showed
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that upon annealing the PCBM concentration is increased at the sample-air interface and a

little change at the buried interface of substrate and blend.

= -

Figure 3.6: Real time optical micrographs of P3HT:PCBM films at different temperatures (al)
room temperature, (a2) at 130°C after 30 min of annealing, and (a3) at 25°C after cooling from
130°C. (b1) morphology at 180°C after 30 min of annealing, (b2) morphology at 25°C after
cooling from 180°C, and (b3) magnified version of b2 image.

3.1.3 Ex-situ Raman and UV-Vis spectroscopy

As discussed above, the in-situ Raman spectroscopic and optical microscopic studies
clearly show that when P3HT and P3HT:PCBM films are annealed to 130°C, the disorder
nature increases in the films due to thermal energy, while molecular ordering of P3HT
chains takes place during the cooling cycle. In order to investigate the role of maximum
annealing temperature, the Raman spectra were recorded at room temperature after
subjecting them to various annealing temperatures i.e. 110, 130, 150, and 180°C. Fig.

3.7(a) shows the recorded Raman spectra in the C=C stretching mode region of
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P3HT:PCBM films. The calculated FWHM values as a function of annealing temperature
are plotted in Fig. 3.7(b). It is seen that the FWHM decreases with increasing annealing
temperature and attains a minimum of 28.9 cm™ at 130°C, and beyond that the FWHM
starts increasing. This clearly indicates that the maximum molecular ordering of P3HT in

P3HT:PCBM is attained when the films are annealed to 130°C.
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Figure 3.7: (a) Room temperature Raman spectra (in the range of symmetric C=C stretching mode)
of P3HT:PCBM films recorded after annealing them at different temperatures. (b) Variation of
corresponding FWHM's of symmetric C=C stretching mode as a function of annealing temperature.

In order to further confirm our data, we recorded UV/Vis spectra of the films
annealed at different temperatures, which are shown in Fig. 3.8 and also provide a clue on
the aggregation of PCBM and crystallization of P3HT. For as-deposited films, the peaks at
485 nm correspond to that of n-7t* (So —S1) transition of P3HT chains. On the other hand,
551 and 602 nm peaks are indicative of the inter-chain ordering and intra-chain ordering
respectively. This may arise because of increase in conjugation within the polymer chains
and the =-rt stacking. Well-defined peaks for inter-chain ordering and intra-chain ordering
in our as-cast films suggest that significant molecular ordering already exist in as-cast

films as corroborated by Raman spectrum. In addition to P3HT peaks, a peak at 380 nm
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corresponding to the PCBM is also observed. As the films are annealed to temperatures
>130°C, the m-n* transition peak exhibits a strong red-shift from 485 to 517 nm, which has
been attributed to the crystallization of P3HT [40, 89]. Similarly, increase in relative
intensity of 551 nm peak on annealing suggests that the inter-chain ordering of P3HT has
improved [84]. In addition to this, the intensity peak of PCBM decreases at 180°C, which

has been attributed to the aggregation of PCBM.
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Figure 3.8: UV-Vis spectra of P3HT:PCBM films as-cast, and annealed at 130-180°C for 30min.

In order to further investigate the phase segregation in P3HT:PCBM films, we have
carried out AFM and SEM studies on the films annealed at different temperatures. Typical
AFM images of the bare ITO substrate, as-deposited P3HT:PCBM film, films annealed to
different temperatures are shown in Fig. 3.9 (a-f). The AFM images were analyzed and the
rms roughness was measured. The obtained results are plotted in Fig. 3.9(g). It is evident

that the bare ITO substrate has an rms roughness of 3nm, whereas the as-deposited

96



P3HT:PCBM film has a reduced rms value of 0.5 nm, indicating a very high uniformity of
the film. The film roughness increases marginally upto 1.3 nm after annealing at 130°C.
However for higher annealing temperature, the roughness increases rapidly, which is a
consequence of phase segregation (as revealed by AFM image as well as by in-situ optical
micrographs. The size of these aggregates is in the range of 2-5 um with an average height
of 250 nm. Similar images were reported in literature by scanning of near-field microscopy

(SNOM) and AFM[90].

40 80 120 160 200
Temperature (°C)

Figure 3.9: 5 um x 5 um AFM images of (a) bare ITO substrate, (b) as-cast P3HT:PCBM film,
(c)—(f) are after annealing at 110, 130, 150 and 180°C, respectively. (g) RMS roughness of the
films as a function of annealing temperature (inset shows the magnified version of the selective

area).
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Figure 3.10: (a) and (b) are the SEM images of the P3HT:PCBM films annealed at 130 and180°C,
respectively. (c) and (d) are the carbon X-ray counts across the lines drawn in (a) and (b)

respectively.

In order to investigate the composition of the aggregates observed in the

P3HT:PCBM films, we have carried out the carbon X-ray elemental imaging of the SEM

micrographs for the films annealed at 130 and 180°C. The obtained results are shown in

Fig. 3.10. The SEM image of the films annealed at 130°C is featureless and the carbon X-

ray imaging is very uniform. This result indicates that the P3HT and PCBM are uniformly

distributed. However, for films annealed at 180°C, the SEM image shows aggregates (in
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agreement with AFM image shown in Fig. 3.9). The line profile of carbon X-ray imaging
across the two such aggregates indicates that they are rich in carbon, suggesting that the
aggregates are composed of PCBM because the intense carbon counts are due to presence

of Cro.

3.1.4 Correlation between morphology evolution and photovoltaic parameters

Based on the analyses of in-situ Raman spectra and optical imaging, ex-situ AFM,
SEM and UV/Vis results, we envisage a schematic representation of the annealing induced
morphological evolution of P3HT:PCBM films, as depicted in Fig. 3.11. In the as-
deposited P3HT:PCBM films, both P3HT and PCBM have disordered structure and
uniformly distributed across the film. As the temperature is increased to 130°C, P3HT
undergoes molecular ordering (i.e. inter-chain and intra-chain ordering) without any phase
segregation (i.e. PCBM remains uniformly distributed). Therefore, the Raman intensity
corresponding to the PCBM molecules is very low in pristine as well as annealed (~130°C)
films. However, as the annealing temperature is raised to 180°C, the segregation of PCBM
molecules from the P3HT matrix takes place to form large PCBM aggregates of size 2-4
pum as reflected in our in-situ Raman spectroscopic and optical microscopic images. This
induces the phase separation of PCBM from the P3HT matrix and thereby, restrict
homogeneous P3HT:PCBM blend. Therefore, in homogeneous region more P3HT chains
tend to crystallize (or order), resulting in stronger Raman signals for C=C peaks. The
Raman signals, on the other hand, on PCBM aggregates are higher than those observed at

the homogeneous part owing to linear relationship between Raman scattering and
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concentration of scatterers. This aggregation of the PCBM at the active layer surface may

have significant effect on the photovoltaic properties.
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Figure 3.11: (a—c) Schematic depiction of morphology evolution in P3HT:PCBM films as a
function of temperature. Typical selective area Raman spectrum in each case is also presented.

Now we discuss the correlation between the photovoltaic parameters (shown in Fig.
3.2) and the morphology of the films, shown in Fig. 3.11 (a-c), which were annealed at
different temperatures. The value of Vo (~0.5 V) almost remains independent of the
annealing temperature upto 130°C. This is expected because Voc is a measure of the
difference between HOMO of donor and LUMO of acceptor, which is not very much
affected by the annealing. However, a slight decrease in the Vo is observed, when the
annealing temperature is increased beyond 130°C. This is attributed to the significant
segregation of PCBM at the sample surface as reflected in the in-situ Raman spectroscopy

and optical microscopy. The Jsc and FF on the other hand, increases significantly upto an
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annealing temperature of 130°C, and then reduce for higher annealing temperature. As

schematically presented in Fig. 3.11(d), in as-cast blend films, P3HT can have twisted

polymer chains, which can cause a disorder, and as a result, a reduced Jsc and FF. When

the blend films are cooled after annealing at 130°C, during cooling the P3HT chains can

get planar, as shown in Fig 3.11(e), which can then induce molecular ordering via m-n

stacking (i.e. H-aggregation), which is supported by a decrease in Ic=c/lc-c ratio in in-situ

Raman data. This enhanced molecular ordering is responsible for maximum FF and Js

owing to the reduced transport resistance within the blend film. However, when the

temperature is increased beyond 130°C, a decrease in the Jsc and FF is observed. This

decrease Jsc and FF is attributed to following facts:

(i)

(i)

Increase in the annealing temperature higher than 130°C results in growth of
molecular ordered P3HT domains which is bigger than the exciton diffusion
length within the blend, as indicated by increase in the C=C Raman intensity
and shown schematically in Fig. 3.11(c). This, in turn limits, the transport of
free electrons and holes towards electrodes upon exciton dissociation

The PCBM molecules diffuse out of the blend towards sample-air surface,
forming large aggregates, in agreement with increase in surface roughness
deduced from AFM images, in-situ optical images as well as increased intensity
of Raman A:r mode of PCBM. In spite of increased ordering of P3HT
molecules beyond 130°C, the interfacial area between P3HT and PCBM in the
blend films reduces significantly owing to the diffusion of PCBM molecules
towards the sample-air surface. The reduced interfacial area in the blend films

then results in the reduction of Js.. The increased aggregation of the PCBM at
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the sample-air interface also damages the metal electrode as shown by Chirvase
et al. [91] which leads to poor contact between the active layer (i.e.

P3HT:PCBM blend) and the cathode, resulting in decrease in FF.

3.1.5 Correlation between materials parameters and device parameters

As discussed in the previous section the material properties, such as morphology,
crystallinity etc. govern the efficiency of the device. Also, as seen from Table 3.1, the
device parameters (n, lo, Rs, Rsh, and lpn) are intimately correlated with annealing
temperature of the device. It was observed that the values of n, lo, R, initially decreases
with annealing temperature upto 130°C and thereafter increases upon further increase in
annealing temperature. On the other hand, Ipn increases upto 130°C, which however
decreases upon increasing the annealing temperature. The lowering of n, lo, Rs values and
increase in lpn for device annealed at 130°C can be attributed to the enhanced ordering or
crystallinity of P3HT chains, leading to an improved charge transport. However, at lower
and higher annealing temperatures these parameters deteriorate owing to the respectively
poor ordering and formation of large PCBM aggregates.

Ideality factor of the device provides an indication on the overall quality of the
device, as it describes how closely the J-V curve follows the theoretical model.
Essentially, ideality factor provides an important information on the transport and
recombination processes in solar cells. The value of n changes depending on the type of
carrier recombination present in the device. A band-to-band or Schottky contact

recombination gives n = 1 (close to the ideal diode), while n = 2 may attribute to Shockley-
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Read-Hall (SRH) recombination traps, and an intermediate ideality factor (between 1 and
2) would attribute to the presence of a distribution of localized states (traps) [92]. Hence,
the ideality factor may reflect more than one recombination mechanism, and the dominant
mechanism may depend on the specific material and device condition. As shown in Table
3.1, n=1.55 has been obtained for the device annealed at 130°C, whereas for all the other
device higher n values have been obtained. As described earlier, device annealed at 130°C
has the best ordering/crystallinity among all the devices, and therefore, are expected to
have minimum localized states, leading to minimum recombination. For all other devices,
the localized states are higher due to the disorder in the system, and therefore, higher n

values are obtained.

3.2 Porphyrin/polyfullerene diffuse bilayer solar cells

In this Section, we present the results on porphyrin/diffuse bilayer solar cells. As
discussed in Chapter 1, in diffuse bilayer solar cells, the donor and acceptor layers
interpenetrate. The diffused interface results in high interfacial area and improved charge
transport, and therefore, are potential candidate for further investigation. The fabrication
process of porphyrin-polyfullerene diffuse bilayer solar cells is described in Chapter 2,
which is based on a sequential electrodeposition of porphyrin and polyfullerene films.
Porphyrin-polyfullerene are selected because porphyrin is strongly light absorbing
chromophores and fullerene has high electron affinity. Before we present the photovoltaic
characteristics of diffuse bilayer solar cell, we discuss the results on the optimization of the

electrodeposition of individual porphyrin and polyfullerene layers.
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3.2.1 Electrodeposition of porphyrin films

As discussed in Section 2.2.2, the porphyrin films were deposited on ITO substrates by
electrodeposition[93, 94]. Fig. 3.12 shows the typical cyclic voltammograms of first 5
scans recorded between 0 and 1 V at a scan rate of 50 mVs™. It is evident from the figure
that porphyrin undergoes an electrochemical oxidation at a potential (Eox) of ~0.4 V. This
peak is irreversible, which indicates that the molecule is covalently grafted to the working
ITO electrode. The intensity of this peak decreases monotonically and vanishes after 5

scans, indicating a complete coverage of the molecules onto ITO substrate.
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Figure 3.12: First 5 cyclic voltammograms of electrodeposition of porphyrin on ITO substrates.

Characterization of electrodeposited porphyrin films

Typical UV-Vis spectra of the electrodeposited porphyrin films on ITO substrates
after different scans (recorded at scan rate 50 mV/s) are shown in Fig. 3.13 (a). In the
inset, we show the absorption spectra of porphyrin monomer in methanol. The absorption

spectrum of porphyrin monomer in methanol solution has a strong Soret band at 417 nm
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and four weak Q bands at 515, 553, 592, and 650 nm [95-97]. The absorption spectrum of
the porphyrin films is shown in Fig. 3.13 (a), which is broader as compared to that of
monomer in solution. This indicates that the porphyrin molecules do not decompose during
electrodeposition. The Soret band is broadened and red-shifted from 417 nm (for porphyrin
in methanol) to 432 nm (for the electrodeposited film), which is consistent with excitonic
interactions between densely packed porphyrins owing to the J-type aggregation. This
result suggests that electrodeposited porphyrin films are well packed. The absorbance of
the Sorret band increases with increasing number of scans, which indicates that the
thickness of the film is increasing. The typical thickness of the films after 10 and 75 scans

measured using profilometer was respectively 20+3nm and 75+3nm.
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Figure 3.13: UV-Vis spectra of (a) porphyrin films deposited on ITO substrates after different
number of scans and (b) porphyrin monomer in methanol.
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Figure 3.14: SEM images of electrodeposited porphyrin films after (a) 5 scans and (b) 10 scans.

The typical SEM images of the electrodeposited porphyrin films deposited for
different number of scans are shown in Fig. 3.14. It is seen that upto 5 scans, a uniform
porphyrin film is deposited onto the ITO substrate. However, at higher scans, the
multilayers grow that has a random granular interpenetrated network, leading to a
morphology similar to gyroid structure. Typical AFM image of porphyrin film
electrodeposited for 5 scans is shown in Fig. 3.15. The height profile analysis show that the
film has a rms roughness of ~7 nm for 2um x 2um area. The morphology consists of
elongated grains, which is consistent with UV/Vis data that porphyrin molecules arrange in
the form of J-aggregate. This type of morphology is appropriate for the fabrication of

diffuse bilayer solar cells.
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Figure 3.15: AFM image of porphyrin film deposited for 3 CV scans, a height profile showing
formation of granular morphology.
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Figure 3.16: The Raman spectra of (a) electrodeposited porphyrin film and (b) drop-casted
porphyrin film.

The Raman spectrum of an electrodeposited porphyrin film is shown in Fig.
3.16(a). For comparison the Raman spectrum of the drop-casted film of porphyrin
monomer is shown in Fig. 3.16(b). It is seen that the characteristics bands at 1375 cm?,

1477 cm?, 1536 cm?, 1603 cm™ of porphyrin film are similar to that observed for the
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drop-cast porphyrin film i.e. 1378 cm?, 1471 cm?, 1538 cm™, 1594 cm™[97]. The shifts in

the electrodeposited films can be attributed to the J-aggregation of porphyrin molecules.

3.2.2 Electrodeposition of polyfullerene films

As discussed in Chapter 2, the polyfullerene films were deposited onto ITO in two
steps: (i) preparation of Ceo®>  solution in dichloromethane (DCM) by electroreduction
method, and (ii) electrodeposition of polyfullerene films on ITO by oxidation of Cgo® using
linear sweep voltammetry (LSV)[98].

First we describe the method for the preparation of a homogeneous Ceso®>~ solution
by electroreduction process. It may be noted that the electrochemistry of Ceo normally
exhibits three to six chemically-reversible one-electron reductions corresponding to the
Ceo”!", Ce0' ™, Ceo®> ", Ceo® ™, Ceo* ™", and Ceso>®" couples in which the three-fold
degenerate lowest unoccupied molecular orbital (LUMO) of Ceo is populated[99-101]. By
contrast, the oxidation of Ceo is generally irreversible in most solvents, which is attributed
to the Ceo/solvent interactions i.e. hydrogen bonding and electrostatic interactions[102].
Experimental and theoretical studies show that among various Ceo species, Ceo®>~ is most
stable, and therefore, has widely been used in different reactions[100]. Fig. 3.17(a) shows
the CV recorded for Ceo in DCM and TBAP as electrolyte and Pt foil as working electrode.
The CV exhibits two reduction peaks at —0.66 and —1.14 V, corresponding to Ceo and
Ceo®", respectively. Similar to the reported literature[102], we do not find the oxidation
peaks possibly due to the Ceo/DCM or TBAP interactions. However, some fraction of
oxidized Ceo'~ and Ceo are inevitable. Therefore, in order to obtain a solution of Cg® ", a

potential of —1.5 V was applied until the violet colour (characteristic of Ceo Solution)
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turned into light brown colour (characteristic of dianion Ceo solution[103]), as shown in the
inset of Fig. 3.17(b). The UV-Vis spectra of Ceo solution recorded before and after
electroreduction processes are shown in Fig. 3.17(b). Presence of a characteristics peak at
975 nm confirms the formation of Ceo>" after electroreduction[104]. It was found that the
Ceo®~ solution remains stable for several hours under inert atmosphere. Once a Cgo®~
solution in DCM is formed, which also consists of TBAP electrolyte, the Pt foil working

electrode was replaced by ITO substrate.
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Figure 3.17: (a) Cyclic voltammogram recorded for Cgo solution prepared in DCM and TBAP as a
supporting electrolyte. (b) UV-Vis spectra recorded for Cg and Ce> solutions. Inset shows
photographs of Ceo (Violet) and Ceo>™ (light brown) solutions.

The electrodeposition of Ceo on ITO was carried out by oxidizing Ceo? in two
modes: (i) by applying a constant potential and (ii) by linear sweeping of potential from —1
to 0 V. The first mode did not yield good films, whereas LSV resulted in uniform Ceo
films. Typical LSV curves recorded for different number of scans are shown in the Fig.
3.18(a). In these curves, two peaks at —0.65 (I) and —0.83 (II) are identified. The peak I is
identified as the first oxidation peak i.e. conversion of Ceo®>~ into Ceo , Whereas the peak I

corresponds to second one electron oxidation i.e. conversion of Ceo into neutral Ceo. AS
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the numbers of LSV scans were increased, an increasing film thickness was visibly
observed. The mechanism underlying the growth of Ceo films on ITO is not very clear.
However, as we demonstrate latter that the HRTEM images show formation of a series of
1-dimensional (1D) “pearl-chain” structures, indicating the presence of covalent cross-
linking bonds. This prompted speculation that polymerization had occurred between Ceo
molecules via [2+2] cycloaddition reaction, as schematically shown in Fig. 3.18(b). Since
the current studies were carried out under inert atmosphere, therefore oxygen anion
induced polymerization, as reported in the literature[105], is ruled out. In the present case,
oxidation of Ceo>~ takes place at ITO substrate, leading to the formation of Ceo~ and neutral
Ceo. It is therefore anticipated that Ceo~ ions induce [2+2] cycloaddition re-actions at room
temperature, leading to the formation of dimers and 1D polymer chain. Such cycloaddition
reaction between neutral Ceo and Ceo ! has previously been reported for polymerized LiCgo
film[106]. The mechanism proposed above also explains why good films are not obtained
under the constant potential mode. This is because under this mode, it is not possible to

obtain both Cso and Ceo ™! species required for the cycloaddition reaction.
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Figure 3.18: (a) Typical linear sweep voltammograms (LSV) recorded using ITO as working
electrode and Ce> + TBAP solution after different numbers of scans. Peaks (1) and (1) correspond
to Ceo> to Ceo~ and Ceo to Ceo OXidations, respectively, which occur at ITO surface. (b) Schematic
of the proposed pathways of polymerization of Ceo.
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Characterization of poly-fullerene films

First we confirm the formation of polyfullerene films on ITO substrates using the
results of electrochemical characterization, FTIR and UV/Vis measurements. A unique
advantage of electrochemical process is that it can be used for the film deposition as well
as its characterization. Typical cyclic voltammetry curve, which was recorded using “films
deposited on ITO” (deposited for 200 LSV scans) as working-electrode and pure TBAP as
electrolyte, is shown in Fig. 3.19(a). It is apparent that the film undergoes a reduction at
—0.55 V, which is slightly lower than that of Cep monomer in the solution (see Fig.
3.19(a)). This characteristics reduction peak indicates presence of polymerized Ceo in the
films. Fig. 3.19(b) shows the FTIR spectra recorded for the polyfullerene films deposited
for 200 LSV scans. Presence of peaks at 527, 548, 554, 576, 606, 721, 753, 1091, 1122,
1171, 1287, 1336 and 1423 cm™! confirms the presence of polymeric Cgo [107, 108]. The
four IR modes observed for Ceo monomer at 527, 576, 1182, 1429 cm™! are also observed
in the films. However, these peaks were found to be quite broad and their relative
intensities were quite different, indicating that vibrational modes found in Ceo are also
active in polyfullerene and that there are different degrees of shifts in the IR peaks upon
the cycloaddition of Ceo cages. The polyfullerene films have many more IR-active modes
than Ceo, which is attributed to the lowering of molecular symmetry upon the

polymerization of Ceof109].
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Figure 3.19: (a) Cyclic voltammogram recorded using electrodeposited polyfullerene film as
working electrode and 0.1 M TBAP as electrolyte. (b) Typical FTIR spectrum of polyfullerene film
in the wavenumber range 500 — 800 cm™'. Inset shows the FTIR spectrum in the range 800-1500
cm .
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Figure 3.20: (a) Typical UV-Vis spectra recorded for C60 solution (i) and electrodeposited
polyfullerene films on ITO after different numbers of LSV scans: (ii) 50, (iii) 100, (iv) 150, (v) 200
and (vi) 300. (b) Energy band gap of polyfullerene films as a function on numbers of LSV scans
used for deposition. Inset shows a typical Tauc plot used for determination of band gap.

The UV/Vis spectra recorded for films deposited using different numbers of LSV
scans are shown in Fig. 3.20(a). It is seen that for Ceo solution (prepared in DCM) a sharp

absorption peak is observed at 329 nm. However, this peak broadens for polyfullerene
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films deposited using increasing numbers of LSV scan. In polyfullerene, Ceo loses it
symmetry and consequently degeneracy of energy levels is lifted up, resulting in
broadening of the absorption peak[104]. Fig. 3.20(b) shows the optical energy band gap of
the films plotted against the number of LSV scans used for their preparation. The energy
gap values were deduced as the energy (hv)-axis intersections of the linear extrapolations
of (ahv)*? versus hv plots, known as Tauc plot. A typical Tauc plot for polyfullerene film
electrodeposited for 300 LSV scans is shown in the inset of Fig. 3.20(b). The value of band
gap for films prepared using 50 LSV scans is 2.6 eV, which is similar to that evaluated for
vacuum evaporated Ceo films as well as the values determined for Ceo Single crystals using
photoemission and inverse photoemission experiments[110]. The value of band gap
monotonically reduced for the films prepared using increased numbers of LSV scans, and a

value of 1.78 eV was deduced for the film prepared using 300 scans, indicating

polymerization of Ceo leading to long polyfullerene chains.

Figure 3.21: SEM images of bare ITO surface (a), and polyfullerene films deposited after 50 (b)
and 100 (c) LSV scans.

Finally, we discuss morphology evolution of the polyfullerene films as a function

of number of LSV scans. Fig. 3.21 shows typical SEM images of the bare ITO-coated
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glass substrates, (see Fig. 3.21(a)) and electrodeposited polyfullerene films after different
numbers of LSV scans (Figs. 3.21(b) and 3.21(c)). It is evident that as polyfullerene grows
on ITO in the form of globular islands. As the numbers of LSV scans are increased, the
size as well as density of polyfullerene globular increases and a dense polyfullerene film
covering entire ITO substrate is formed after 100 LSV scans. This has been independently
confirmed by AFM images, as shown in Fig. 3.22. The analysis of the height profile of the
AFM image show that the polyfullerene grain size is ~0.3 um dia., whereas the average
surface roughness is only ~56 nm. A very small surface roughness and absence of pinholes
confirm deposition of uniform high-quality films. Further confirmation on the uniformity
of the films was obtained by Kelvin probe microscopy. The scanning work function plots
for bare ITO and polyfullerene films (deposited for 50, 100, and 200 LSV scans),
measured in the area of 15 mm x 15 mm, are shown in Fig. 3.23. The 2D work function of
ITO has been modified from 5.01 eV to 4.7 eV after deposition of polyfullerene. The 2D
work function plots measured for polyfullerene films deposited at various scans 50, 100,
and 200 LSV scan show ~ 4.78 eV, indicating a uniform film deposited on ITO substrates.
In addition, it was confirmed again by measuring the work function at the interface of the
ITO and polyfullerene films (as shown in Fig. 3.24). A clear distinction of work functions
from 5.1 eV to 4.7 eV is clearly observed. Also, a 3D work function plot of an interface is
shown in Fig. 3.24(b) for reference. In literature, the work function for polymerized Ceo
has been measured using ultra-violet photoelectron spectroscopy and was found to be 4.7
eV[111]. Therefore, the average work function of 4.76 eV measured using Kelvin probe

microscopy is in agreement with literature value.
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Figure 3.22: AFM image of polyfullerene films deposited after 100 LSV scans.

Interestingly, as shown in Fig. 3.25, as the numbers of LSV scans are further
increased, formation of second polyfullerene layer on top of the first layer was found to
grow. However, the second layer grows in the form of small chains, which possibly occurs
due to the fusion of Ceo globules; see Fig. 3.25). These small chains grow in the form of
long whiskers with increasing numbers of LSV scans. At 300 LSV scans, a network of
polyfullerene whiskers was found to grow, see Fig. 3.25(b). The length and diameter of
these whiskers were found to be in the ranges of 100-200 um and 0.1-0.4 pm,
respectively. The magnified SEM images shown in Fig. 3.25(c), clearly indicate that the
whiskers are continuous and formed due to the fusion of Ceo globules. These whiskers
could be easily transferred (by mechanically scrubbing) onto the carbon grid for HRTEM

measurements.
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Figure 3.23: Workfunction mappings of (a) ITO substrate; (b) electrodeposited polyfullerene on

ITO substrates for 200 LSV scans.

10

(a

—

4825 ( ) 5.05
~—~ 4854
E 8
—
£ 4884 % 5.00
~
3 4913 -
c 6 °
@ 4942 S
> % 4.95
._5 4971 .S‘:-
o 4 5001 5]
£ 2 4%
c 5030
c
S 5059
»n 2 4.85
2 4 6 8 10 12 14
2 4 6 8 10 12 14 16

Scanning distance (mm) Scanning distance (mm)

Figure 3.24: (a) Work function mapping of ITO-Cg interface (Blue indicates Ceo region, Red
indicates ITO region); (b) 3D work function mapping of ITO-Cg interface
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Figure 3.25: SEM images of (a) polyfullerene films deposited on ITO substrate for (a) 200 LSV
scans, (b) 300 LSV scans, and (c) magnified view of single polyfullerene nano whisker.

A typical HRTEM image of the polyfullerene whisker, isolated from substrate is
shown in Fig. 3.26. It may be noted that identical images were obtained for the first
polyfullerene layer, indicating that the nucleation and growth mechanism is identical for
first and subsequent layers. It is evident that Ceo are polymerized in the 1-dimensional
“pearl-structure,” which confirms our preposition that polymerization is based on [2+2]
cycloaddition mechanism. The Ceo—Ceo periodicity along the chain is found to be 1.02 nm,
whereas the inter-chain distance was found to be around 0.87 nm. In literature, the
theoretical calculations based on total-energy pseudo-potential density functional theory

showed that a fully polymerized Cgo chain is more stable than nonpolymerized Ceo [112].
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Assuming [2+2] cycloaddition as the preferred linking mechanism, in the equilibrium
structure of the polymer chain the center to-center distance between two adjacent
molecules was predicted to in the range of 0.97-0.84 and the structure is expected to be a
cylindrically symmetrical ellipsoid with eccentricity 0.933. The reduction in the number of
double bonds following [2+2] cycloaddition reduces the strain energy in the Ceo Structure,
allowing molecules to elongate in directions parallel to the new cross-links. However, the
lateral bonding between individual 1D pearl-chain is assumed to be through Van der Waals
interactions, as no indication of chemical bonding was observed in other directions. It may
be noted that there are few reports in literature on the assembly of 1D molecular chains of
Ceo with long-range ordering[113]. However, they were fabricated using a-sexithiophene
(6T) monolayer nanostripes on Ag (111) surface. Highly ordered arrays of 1D molecular
systems represent prototypes for 2D or 1D quantum confinement of surface electronic

states and are of technological importance in the realization of molecular

nanodevices[114].

Figure 3.26: HREM micrographs of Ceo on ITO (300 scan) showing avg. roughness of 30nm, The
Ceo — Ceo periodicity along the chain is 10A°-11A° and the interchain distance observed is around 8
A° - 9A°,
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3.2.3 Photovoltaic characteristics of porphyrin/polyfullerene diffuse bilayer solar

cells

The energy level diagram of the bilayer device
ITO/PEDOT:PSS/porphyrin/polyfullerene/Al is shown in Fig. 3.27(a). Theoretically a
maximum Vo of ~1.5V can be generated using this device. The energetics of porphyrin
and polyfullerene clearly indicates a facile charge transport of photogenerated carriers
through donor and acceptor materials towards respective electrodes. The fabrication
process of such a bilayer solar cells is described in Section 2.2.2, for which first a
porphyrin layer was electrodeposited onto PEDOT:PSS coated ITO substrate and followed

by electrodeposition of poly-fullerene layer.

The UV-Vis spectra of porphyrin/polyfullerene bilayer films are shown in Fig.
3.27(b), which is typically superimposition of porphyrin (431nm) and polyfullerene
(325nm) individual films. The results show that in the bilayer heterojunction porphyrin and

polyfullerene do not react.
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Figure 3.27: (a) Energy level diagram of porphyrin-polyfullerene bilayer solar cell, (b) UV-Vis
spectra showing absorbance of porphyrin, polyfullerene, and porphyrin/polyfullerene bilayer.
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For photovoltaic characterization, several bilayer devices were fabricated by

varying the thicknesses of porphyrin and polyfullerene films. The devices fabricated using

thicknesses <25 nm were found to be short-circuited, possibly due to the penetration of top

Al electrode. On the other hand, devices fabricated using thicker (>100 nm) porphyrin

and/or polyfullerene layer didn’t show any photoresponse characteristics, which is

attributed to poor charge collection properties as the generated charge carriers may get

recombine before reaching to the respective electrodes.

(a)

< gy, =65uacm’

$ [V, =0156V

;% 4{FF =0.253

£ In  =0.005%

& 0

©

=

3

O
-8 T T T
0.00 0.05 0.10 0.15

Applied Bias (V)

0.20

(b)

Current density (uA/cmz)

oc

1EF =025

[n =0.004%

{3, =4.2pAlcm’
V. =0.186V

Applied Bias (V)

000 005 010 015 020 0.25 0.30

Figure 3.28: J-V characteristics of (a) porphyrin/fullerene bilayer solar and (b) porphyrin/PCBM
bilayer solar cells under 5 mW/cm? white light illumination.

Table 3.2: Solar cell parameters evaluated from current-voltage characteristics presented in Fig.

3.28.
Device Jsc Voo | FF |7 n Rs Rsh lo Iph
(uAem?) | (V) | (%) | (%) (kQ-—cm?) | (kQ-cm?) | (nAlcm?) | (WA/c?)
Porphyrin/ | 6.5 0.15 | 0.25 | 0.005 | >3.5 | >15 >15 >5000 >10
fullerene
Porphyrin/ | 4.2 0.18 | 0.25 | 0.004 | >3.5 | >15 >15 >5000 >10
PCBM
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Typical J-V characteristic of diffuse bilayer solar cells fabricated using porphyrin
and polyfullerene layer thickness of ~50 nm each is shown in Fig. 3.28 (a). For
comparison, J-V characteristic of bilayer solar cells fabricated by spin-coating PCBM
solution on electrodeposited porphyrin is shown in Fig. 3.28(b). The diffuse bilayer
devices with polyfullerene and PCBM exhibits similar device characteristics, the
photovoltaic parameters are shown in Table 3.2. The device exhibited Jsc of 2-7 pA/cm?
and Vo of ~180-200 mV with power conversion efficiency ~0.002-0.005% under white
light illumination of 5 mW/cm?. The Vo of these solar cell is quite low as compared to the
theoretical value of 1.5 V. Despite of low efficiency, our results are quite encouraging
from the view point that they are fabricated for the first time. However, there is a good
future scope of improving Voc as well as Jsc, which can be achieved by an optimization of
various device parameters i.e. thicknesses of porphyrin and polyfullerene layers,
morphology of the layers by appropriate post annealing, etc. The fitting of J-V
characteristics using equation 1.6 was not very good, as the device exhibited very high
series and shunt resistances, high dark saturation currents, and very low photogenerated
currents. The various estimated device parameters are summarized in Table 3.2. Very high
value of n (>3.5) indicates that the device consists of high disorder. This is expected as,
unlike P3HT, porphyrin does not crystallize. In the absence of large range ordering of
porphyrin, the disorder act as traps for the charge carriers and as a result the recombination

increases. This leads to overall poor efficiency of the device.
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3.3 Porphyrin-modified ZnO-nanowire/ P3HT hybrid solar cells

In hybrid solar cells, the fullerene acceptors are replaced by the inorganic
semiconductor nanostructures, such as ZnO nanoparticles (NP), nanowires (NW) etc., as
discussed in Chapter 1. Here we describe the results on porphyrin-modified ZnO-
nanowire/ P3HT hybrid solar cells. The fabrication of these solar cell is described in

Section 2.2).

(a)

Figure 3.29: SEM Images of ZnO seed layer deposited on ITO substrate by using (a) 5 pl, (b)
10 ul, (c) 15 ul, and (d) 20 pul of ZnO NP solution.

3.3.1 Porphyrin-modified ZnO-nanowire

The growth of vertically aligned one dimensional (1D) ZnO NWs onto ITO substrates is
described in Section 2.3.2. Figure 3.29 shows the SEM images of the ZnO NPs seed layers
on ITO substrates, which were prepared by drop-casting varied volumes of ZnO NPs

solution (i.e. 5, 10, 15, and 20ul). It is clear from this images that the seed layers are
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uniform and pinhole free until one uses a solution of 15 pl. At higher concentrations, seed

layer develop cracks.

Figure 3.30: SEM Images of ZnO NW grown on ITO substrate by using (a) 5 ul, (b) 10 pl, (c)
15 ul, and (d) 20 ul of ZnO NP solution as seed layers.

Fig. 3.30 shows the SEM images of ZnO NWs array grown on different seed
layered substrates (i.e. 5, 10, 15, and 20ul). It is evident from the images that seed layer
prepared using 10 pl volume of the ZnO NP solution (i.e. seed layer b) results in highly
packed, well aligned and vertically oriented ZnO NWs array among a series of seed layers.
For seed layer using 20 pl volume of the ZnO NP solution, nanowires are found to be
disoriented and over grown at some places. Therefore, the optimized seed layer (Fig. 3.29

b) was further used for ZnO NW film preparation, and for fabrication of hybrid solar cells.
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Figure 3.31: (a) X-ray diffraction pattern and (b) Raman spectrum of ZnO NW array grown onto
ITO substrate.

The XRD pattern and Raman spectrum of the ZnO NW array is presented in Fig.
3.31. A prominent peak is observed at 20 = 34.5°, which suggests that ZnO nanowires
grow along c-direction (002) perpendicular to the substrate plane. The Raman spectrum of
ZnO NW recorded at room temperature show a sharp and dominant E; (high) mode at
439cm, which corresponds to the intrinsic mode of wurtzite hexagonal ZnO structure
associated with oxygen displacement[115]. The two weak peaks at 334 and 382 cm™* may
correspond to multi-phonon scattering process of (E2 (high)-E2 (low)) and A:; (TO),
respectively[116]. The presence of high intense E> (high) mode and suppressed E; (LO)

mode suggests high crystalline nature of ZnO NWs.
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Figure 3.32: (a) First 5 cyclic voltammograms of electrodeposition of porphyrin on ZnO-NW
electrodes, (b) UV-Vis spectra of ZnO-NW electrode and porphyrin-modified ZnO-NW electrodes.

As described in Chapter 2, hybrid bilayer heterojunction solar cells were fabricated
using ZnO-NW as well as porphyrin-modified ZnO-NW. The porphyrin was
electrodeposited onto ZnO-NW and the recorded cyclic voltammograms are shown in Fig.
3.32(a). These cyclic voltammograms are almost identical to that of electrodeposition of
porphyrin onto ITO electrodes (see Fig. 3.12), indicating almost identical deposition
mechanism. The UV-Vis spectra of porphyrin-modified ZnO-NW as well as ZnO-NW are
shown in in Fig. 3.32(b), where the absorption peaks at 350nm and 431 nm correspond to
ZnO-NW and porphyrin respectively. The high absorbance in ZnO-NW films clearly

reveal high opacity of ZnO films.
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Figure 3.33: Energy level diagram of (a) ITO/ZnO-NW/P3HT/Au and (b) ITO/porphyrin-modified
ZnO-NW/P3HT/Au hybrid bilayer solar cells.
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Figure 3.34: Photoresponse of (a) short-circuit current density’s (b) open-circuit voltages under
dark and white light illumination (5mW/cm?)

3.3.2 Photovoltaic characteristics of hybrid solar cells

The energy level diagrams of 1TO/ZnO-NW/P3HT/Au and ITO/porphyrin-
modified ZnO-NW/P3HT/Au solar cells are schematically shown in Fig. 3.33. It is evident
that addition of intermittent porphyrin layer is advantageous as it lowers the band-offset for
electron/hole dissociation, which facilitates the charge transport. The photoresponse

characteristics of these hybrid solar cells were measured under white light (5 mW/cm?)
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illumination. It may be noted that no photoresponse was observed for 1TO/ZnO-
NW/P3HT/Au solar cells. This can be explained on the basis of large band offset between
ZnO and P3HT, which results in recombination of photogenerated carriers. In the case of
ITO/porphyrin-modified ZnO-NW/P3HT/Au a good photoresponse was observed. The
measured values of Isc and Voc were respectively, ~100pA/cm? and ~50mV. The obtained
efficiency of the devices was <0.001%. A very low efficiency is attributed to several
factors, such as, large phase separation between donor and acceptor (i.e. leading to the poor
charge collection), high disorder present at the interfaces (i.e. high recombination) etc. The
typical time decay of Isc and Voc is shown in Fig. 3.34. A fast decay of these parameters
indicates the presence of localized states at the interface. Clearly there is a need to optimize

the device parameters to improve the device efficiency.
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Figure 3.35: A plot of (a) ideality factor, saturation current obtained by fitting J-V curves vs.
efficiency of the respective devices obtained experimentally; (b) R«/Rsn, photogenerated current
obtained by fitting J-V curves vs. experimentally obtained efficiency of bilayer and bulk-
heterojunction solar cells.

127



3.4 Conclusions

We have fabricated three types of polymer solar cells namely, P3HT:PCBM bulk-
heterojunction solar cells, porphyrin/polyfullerene diffuse bilayer solar cells and
porphyrin-modified ZnO nanowires based hybrid solar cells. Among these, P3HT:PCBM
exhibited highest efficiency of 3.2% when annealed at 130°C for 30 min, and the hybrid
solar cells exhibted the least effciency. The J-V curves of the devices were analyzed using
a diode model. Plots of device parameters with experimentally obtained effciencey are
plotted in Fig. 3.35. It is clearly seen that as the for devices with higher effciency, the
ideality factor and saturation current decreases, while Rsn/Rs ratio and photgenerated
current increases. In the case of P3HT:PCBM devices, temperature dependent in-situ
Raman spectroscopy and optical microscopic studies have shown that the highest
ordering/crystallinity is obtained at 130°C. Improved ordering implies less recombination
(i.e. low n value) and improved charge transport (low Rs and high Jsc), and therefore high
efficiency. In the case of porphyrin/polyfullerene diffuse bilayer solar cells and porphyrin-
modified ZnO nanowires based hybrid solar cells, large phase separation between donor

and acceptor and high disorder at the interfaces lead to high n values and low efficiencies.

128



Chapter -4

Dye-sensitized solar cells: Effect of photoanode, electrolyte and

counter electrode on device performance
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In Chapter 3, we have demonstrated that the efficiency of polymer solar cells is
improved by an appropriate annealing of the active layer that induces an ordering in the
active layer, which, in turn, reduces the recombination losses. In this Chapter, we fabricate
dye-sensitized solar cells (DSSC) with an aim of minimizing the recombination losses. As
described in Chapter 1, the various recombination losses in DSSCs occur at TiO2/dye, and
TiOo/electrolyte etc. These losses also depend upon the nature of the photoanode,
electrolyte and counter-electrode. The effect of these three components on the efficiency of
DSSC are investigated.

() Photoanode i.e. organic or inorganic dye molecules sensitized on ZnO and

TiOy surface.

(i) Redox electrolyte i.e. 1713” redox couple in organic, aqueous solvent, and

quasi gel.

(iii)  Counter-electrode i.e. platinum on FTO or freestanding polypyrrole films.

4.1 Effect of photoanode

4.1.1 ZnO photoanode

As described in Chapter 1, one dimensional (1D) ZnO nanostructures with an
advantage of high electron mobility as compared to that of TiO are potential candidates as
photoanodes for DSSC. In this section, results on devices made using ZnO-NWs as
photoanode have been presented. ZnO-NWSs were thermally grown on ITO substrates, as
described in Chapter 2, and their morphological and structural properties were presented in

Chapter 3.
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(@  Photovoltaic characterization with ZnO Photoanodes

First we describe the characteristics of ZnO-NW electrodes sensitized using organic
(PM567) and inorganic (N3) dyes (as discussed in Chapter 2) [117]. Fig.4.1 depicts the
absorption spectra of both PM567 and N3 dye on ZnO surface. The strong peak at 522 nm
is attributed to m-m* transition. When the dye was absorbed onto ZnO surface, the
absorption peaks broadened slightly and showed negligible red shift (518 nm) in peak
position as compared to the dye solution, implying that dye did not aggregate on the TiO>
surface. In addition, a shoulder at 492 nm is observed for both the cases. The absorption

peaks of N3 dye were observed to be 390 nm and 530 nm corresponding to mt-t* transition

as reported in literature[118].

—— PM567 in ethanol solution
—— ZnO/ITO/PM567 dye
—— ZnO/ITOIN3 dye

Absorbance (a.u.)

400 500 600 700 800
Wavelength (nm)

Figure 4.1: UV-Vis spectra of the ZnO NW array sensitized with (a) PM567 and (b) N3 dyes. Inset

shows the pictures of the sensitized electrode.
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Figure 4.2: Measured (symbol) and fitted (solid line) J-V characteristics of the dye sensitized solar
cell using PM567 and N3 dye sensitized electrode in (a) Is/I electrolyte and (b) Fe™/Fe*™
electrolyte

Table 4.1:- Photovoltaic parameters and evaluated solar cell parameters of PM567 dye, N3 dye

based DSSCs in Aqueous 371" and Aqueous Fe**/Fe*? electrolytes

DSSC Jeo Vo | FE | 4 | n lo Rs R Ioh
(mA/cm?) | (mV) (%) (nA/cm?) | (Q-cm?) | (kQ-cm?) | (mA/cm?)

PM567 (1) 2.84 043 [ 03308130 400 520 2.8 3.55

N3 (1) 3.1 038 {032 076 | 3.1 900 750 24 3.76

PM567 (Fe) 1.77 048 [ 03205332 170 1200 4.6 2.27

N3 (Fe) 2.33 048 | 0.2 | 04537 600 2350 1.1 8.2

For DSSC fabrication, optimized ZnO-NW electrodes (used for hybrid solar cells)
were sensitized using PM567 and N3 dyes as discussed in Chapter 2, platinum coated ITO
substrates were used as counter electrodes and 0.5 M Lil and 0.05 M 12 in deionized water
or 0.01 M FeClz and 0.1M KCI in de-ionized water were used as electrolyte. The
photovoltaic performance of the cells was evaluated under the irradiation of intensity 50

mW/cm?. Fig. 4.2 represents the photovoltaic characteristics (measured and fitted) of the
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fabricated DSSCs for both PM567 and N3 dyes in different electrolytes. Various device
parameters (n, lo, Rs, Rsh, Ipn) Were estimated by fitting the J-V characteristics to Shockley
one diode model, as described Section 3.1.1, and are summarized in Table 4.1.

In all the cases the ideality factor (n) is >3, indicating very high recombination in
the devices. The dark current in case of PM567 dye based cell in 1571 electrolyte is lower
as compared to that in the case of N3 dye based devices. The decrease in the dark current
with the usage of PM567 dye may be attributed to the low recombination rate as a result of
hydrophobic nature of the dye. This decrease in the dark current results in the increase of
Voc for PM567 dye based cell as compared to N3 dye based cell [119]. The photocurrent
for PM567 dye based cell is almost equivalent to that of N3 dye based cell in both
electrolytes. Overall, the power conversion efficiency of the PM567 dye sensitized
electrode is slightly higher than that of N3 dye based DSSC as shown in Table 4.1. The
behavior of the cell is different, when Fe**/Fe™™* electrolyte was used for the DSSC
fabrication. The Vo of the cell using PM567 dye is same as that of N3 based one, perhaps
because of reduced dark current. On the other hand, the photocurrent of the N3 dye based
DSSC is higher than that of PM567 based DSSC. Nevertheless, the fill factor of the
PM567 based DSSC is better than that of N3, thereby, resulting in efficiency improvement.

In addition, the Rs is slightly lower for PM567 dye than N3 dye in case of I37/I°
electrolyte. This indicates improved charge transport properties of the PM567 dye
compared to that of N3 dye. Also the shunt resistance for device using PM567 is higher
than that of N3, probably because of reduction in dark current and, therefore, results in an
increase in the efficiency of the PM567 dye based cell. On the other hand, the situation

becomes different when Fe**/Fe*™™ is used as electrolyte for DSSC fabrication. It is
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observed that Rs value is higher for PM567 based cell as compared with that of N3 based
cell. Whereas, the shunt resistance is higher in case of PM567 based DSSC vis-a-vis N3
based cell. This suggests though the charge transport properties of the PM567 dye
deteriorates in Fe™*/Fe™" electrolyte, the reduced dark current compensates this effect and
therefore, results in improved efficiency (0.54%) as that of N3 based DSSC (0.47%). The
use of PM567 dye in cell fabrication also results in more stable performance as compared
with N3 dye and therefore, is suitable for aqueous electrolyte. Our results are consistent
with recent study where high water content in electrolytes is not associated with poor
efficiency or instability of the cell rather it is due to electrolyte diffusion limitation in

porous oxide films[120].

4.1.2 TiOzphotoanode

Although TiOz has less electron mobility as compared to ZnO, it has been studied
widely owing to its superior performance with many organic and inorganic dyes. Despite
of widely been investigated, the recombination of photo-electrons from TiO> to electrolyte
is a significant issue, which results in enhanced dark currents.

In this section, we report a relatively simpler methodology for layer-by-layer co-
sensitization of TiO» surface with two dyes for improving the power conversion efficiency
(PCE) of the device [121]. In DSSCs two types of dyes namely (a) metal-free organic dye
and (b) ruthenium polypyridyl complexes have normally been used. Among the inorganic
dyes, ruthenium polypyridyl complexes are vastly studied because the electron (metal-to-
ligand charge transfer) transfer is fast. However their molar absorption coefficients are low

and they are quite expensive as compared to metal-free organic dyes. Organic dyes,
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because of low cost and diversity of molecular structures are gaining importance in
DSSCs. In order to combine the advantages of ruthenium complexes (high photoelectric
conversion efficiency) and metal-free organic dyes (high molar absorption coefficient), we

have focused on the co-sensitization of TiO> for the fabrication of DSSCs [121].

0.6

=== N3 + RhCI
— N3

0.51 —— RhClI

0.4+

0.34

0.24

0.14

Absorbance (a.u.)

0.0+
350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 4.3: UV-Vis spectra of TiO, photoanodes sensitized with RhCl, N3 and co-sensitized with
RhCI & N3 dyes.

(@) Characterization of co-sensitized TiO, photoanode
The fabrication of co-sensitized TiO> photoanodes are described in Chapter 2, which
are characterized using FTIR and UV/Vis spectroscopy. The results are discussed below.
The normalized UV-Vis spectra (at 400 nm) of TiO2 photoanodes sensitized with
RhCI, N3 and co-sensitized with RhCl and N3 dyes are shown in Fig. 4.3. The RhCI dye
sensitized electrode shows a peak at 521 nm corresponding to m-n* transition; while N3
dye exhibits peaks at 400 nm and 530 nm corresponding to metal-to-ligand charge transfer

(MLCT). In the case of co-sensitized TiO, electrode, the absorbance intensity
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corresponding to 530 nm is increased, suggesting the sensitization of both dyes onto single
electrode. In addition, the shape of the absorbance curve is not changed significantly,
which in turn rules out the possibility of dye aggregation on the TiO. surface due to co-
existence of both dyes. In order to find the no. of molecules of each dye adsorbed on a
TiO, photoanode (co-sensitized electrode), we have carried out dye-loading experiments
by desorbing the dyes in 0.1M potassium hydroxide (KOH) aqueous solution, detailed
calculations are presented in Appendix-I.

It was observed from the calculations that the coverage of TiO; surface by RhCI
dye is low (1.6 x 10®mol/ cm?) as compared to that by N3 dye (3x10*mol/cm?). The low
coverage area of RhCl dye on TiO> electrode is advantageous as it leaves enough room for
the sensitization of other dye (i.e., N3). Despite the low coverage of TiO2 surface, RhCl
works quite efficiently owing to its high molar extinction coefficient. In addition, it was
observed that the amount of N3 dye absorbed on RhCI/TiO; electrode was 15% higher

than that absorbed onto TiO; electrode (2.6 x 10* mole/cm?).

= ntreated TiO2
— Acid treated TiO2

Intensity (a.u.)

{-OH group

4000 3000 2000 1000
-1
Wavenumber (cm )

Figure 4.4: FTIR spectra of untreated and formic acid treated TiO, surface
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To investigate improvement in dye loading on TiO2, some electrodes were treated
with formic acid before dye loading. The FTIR spectra of untreated and formic acid treated
TiO2 photoelectrode are shown in Fig. 4.4. It is seen that untreated TiO2 exhibits only peak
corresponding to OH". However, after treating with formic acid, the peaks corresponding to
formate ions (HCOQ") are observed and the intensity of the OH" peak is increased[122].

The FTIR spectra of RhCl dye (in powder from) and RhCI loaded onto formic acid
treated TiO> electrode are shown in Fig. 4.5. For the sake of clarity of FTIR peaks the data
is divided into two wavenumber regimes i.e. 4000-2800 cm™ and 1800-1000cm™. The
inference drawn from these figures are:

(i)  The dye as well as TiO2 photoanode reveal characteristics bands of RhCl at 1370
cm™ (C-N stretching), 1448 cm™ (C-N stretching)and 1715 cm™ (C-O stretching)
suggesting the RhClI dye is indeed loaded on to the TiO, photoanode.

(i)  The intensity of 1189 cm™ (perchlorate ions) remains nearly remains same in both
the cases, indicating that perchlorate ions of RhCl do not participate in its binding
to the TiOz surface.

(iii) The peak 3376 cm™ (-N-H stretching) vanishes in the case of TiO2 photoanode,
while the intensity of 1648 cm? (-N-H bending) reduces significantly. This
suggests that RhCI binds to the TiO; surface through an electrostatic interaction
between positively charged dye (N*) and negatively charged formate ions present

at the TiO2 surface.
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Figure 4.5: FTIR spectra of free RhCl dye and RhCI loaded TiO- electrode in two different regions.

From the above studies, it is evident that both dyes (RhCI and N3) are adsorbed on
the surface of TiO2, whereas the absorbed formate ions on TiO. surface provide anchoring
sites for the RhCI dye absorption; while surface hydroxyl groups of TiO2 serve as
anchoring sites for N3 dye, as schematically depicted in Fig. 4.6. Sensitization of RhCl on
TiO> electrode takes place through electrostatic interaction between positively charged dye
(N*) and negatively charged TiO2. The N3 dye, on the other hand, anchors to the hydroxyl
group of TiO via hydrogen bond using two carboxylic acid groups in bridging co-

ordination.

O0Ti 00 ON OH
I: HCOO" II: OH

Figure 4.6: Schematic representation of the binding of RhCl and N3 dyes on the formic acid
treated TiO, surface. Dashed lines represent the hydrogen bonding between OH groups and N3
dye.
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Figure 4.7:- Typical measured (symbol) and fitted (solid line) J-V characteristics of co-sensitized
DSSC under dark, and AM 1.5, 1Sun condition with different dipping times in N3 dye.

(b) Photovoltaic characteristics of co-sensitized DSSC

The co-sensitization process was optimized by observing the variation in the
photovoltaic properties of DSSCs with variation in dipping time in different dye solutions.
For this purpose, the TiO2 electrode was first refluxed in RhCI dye solution for 2h as
mentioned above and then dipped in N3 dye solution for different time intervals (tq).
Typical J-V characteristics obtained with different dipping times in N3 dye solution are
shown in Fig. 4.7. Device parameters (n, lo, Rs, Rsh, Ipn) Were evaluated by fitting these J-V
characteristics to Shockley one diode model, as described in Section 3.1.1, and the
obtained results are summarized in Table 4.2. It is evident from the plot, the photocurrent
of the devices increases with an increase of tg with simultaneous decrease in the dark
currents. This is expected as the area coverage of TiO2 with N3 dye increases with the

increase in dipping time (up to 40 h). The increase of photocurrent and reduction of dark
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current occurs due to prevention of reverse electron transfer from TiO: to the electrolyte.
This was also confirmed by low n, lo, Rs and high Rsh, lpn Values for the devices sensitized
for 40hrs. As a result, Voc and fill factor (FF) also increase. Thus the efficiency of the
device increases with the increase in ts. However, further increase in tq (i.e., >40 h) leads to

dye aggregation, which leads to a decrease in the efficiency.

Table 4.2: Photovoltaic parameters and evaluated solar cell parameters from current-voltage
characteristics presented in Fig. 4.7

N3+RhCl [ Jic Voo |FF |7 n | Rs Rsh lo Iph
(Dipping | (MA/cm?) | (V) | (%) | (%) (Q-—cm?) | (kQ-cm?) | (nAlcm?) | (mA/cm?)
Time)
14h 8.7 0.49 | 44 187 |20 |14 0.22 600.0 8.90
20h 9.8 0.68 |51 |34 1.7 | 10 0.34 1.4 9.87
40h 11.0 069 62 |474 |15 |8 1.67 0.16 11.01
(a) (b) iz- . e Na ¢RI
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Figure 4.8:- (a) Typical dark and photo (measured (symbol) and fitted (solid line)) J-V
characteristics of solar cells made using RhCI, N3, and both dyes (b) Typical IPCE spectra of N3
and N3+RhCI dyes
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Table 4.3: Solar cell parameters evaluated from current-voltage characteristics presented in Fig.

4.8a
Device Jsc Voo |FF |7 n Rs Rsh lo Iph
(mA/em?) | (V) | (%) | (%) (Q-cm?) | (kQ-cm?) | (nA/lcm?) | (mA/cm?)
RhCI 4.16 05 |30 |0.63 |2.46| 14 0.22 600.0 8.90
N3 6.97 0.64 |53 | 237 |2.28 |18 1.03 121.0 9.8
N3+RhCI | 11.0 06962 [474 |15 |8 1.67 0.16 11.01

Photoanodes were also prepared using single dyes in order to compare the device
performance. The optimized performance of the dye co-sensitized TiO electrodes was
compared with the performance of TiO> electrodes sensitized with individual dyes (i.e.,
RhCI or N3). Typical J-V characteristics thus obtained and various device parameters
evaluated are shown in Fig. 4.8 and Table 4.3, respectively. The efficiency measured for
ten devices each fabricated using N3, RhCI or co-sensitized TiO; electrodes varied in the
range of 2.21-2.43 (2.32), 0.59-0.63 (0.61), and 4.65-4.89 (4.77)%, respectively (the
numbers given in the parentheses are the average values). The small variations in
efficiency indicate high reproducibility of the fabricated devices. The efficiency of the co-
sensitized TiO2 electrode based devices is significantly higher than that observed for
DSSCs based on either RhCI or N3. The efficiency of N3 based dye (2.3%) using ITO
substrate is similar to that reported in the literature (1.9%-2.1%) [123, 124]. The efficiency
of RhCI based devices is low because of narrow band absorption of the dye as well as low
area coverage of TiO> surface by the dye. The efficiency of co-sensitized electrode (4.7%)
is very high if we take into account the fact that the device was fabricated using 4 um thick

TiO2 film on ITO substrates. These improvements were expected to result from (i)
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improved light absorption due to presence of two dyes and (ii) reduced dark current due to
dense packing of two dyes on TiO: electrode as well as reduced dye aggregation because
of different anchoring sites for RhCl and N3 dyes. As presented in Table 4.3, it may be
noted that very low values of n, lo, Rs and high values of Rsn, Iph in the case of co-sensitized
devices reveal low recombination losses occurring at TiO2-electrolyte interfaces.

This is further supported by recorded incident photon-to-current conversion
efficiency (IPCE) spectrum for the co-sensitized electrode based device. The IPCE
spectrum of the co-sensitized TiO- electrode show wide absorption across visible spectral
range as compared with that of N3 based device, see Fig. 4.8(b). The difference is more
pronounced in the 450-550 nm range, where IPCE at plateau region is around 70% for co-
sensitized electrode as compared to 40% for N3 based DSSC. Consequently, the
photocurrent of the co-sensitized electrode based device is significantly higher than that of
N3 dye based DSSC.

To examine the second point on the reduced dark current, we focus on the
photovoltaic characteristics represented in Fig. 4.8(a). As shown in the figure, the dark
current is suppressed significantly in case of dye co-sensitized electrode. We attribute this
to the low recombination rate between TiO2 CB electron and electrolyte and to the higher
coverage of TiO> surface due to increased absorption of the two dyes. Though the exact
mechanism of the reduced recombination rate is not clear, it is known to be a result of the
potential barrier posed by the protonation or absorbed anions on the TiO; surface due to
acid treatment [58]. This decrease in dark current contributes to an increase in Vo for
devices fabricated using N3 &RhCI dyes as compared to those based on single dyes[119].

In order to further analyze the cause of FF improvement, we calculated the series
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resistance (Rs) of the device from the slope of (dV/dJ)v=0 (Table 4.2). It is reported in
literature that the FF is dependent on the Rs as well as the method of preparation[125]. As
evident from the Table 4.2, the value of R for the co-sensitized electrode based device is
significantly lower than the Rs value for devices based on single dyes. Reduced Rs, and
consequent increment in the FF, improves the charge transport properties of the devices
fabricated using N3+RhCI dyes as compared to those of individual dyes. In addition,
DSSCs co-sensitized with N719 & RhCI dye show superior performance when TiO;
photoanode is modified with formic acid [126]. Also, RhCI dye based devices show

enhanced efficiencies when TiO2 photoanode was modified with oxalic acid [127].

4.2 Effect of Electrolyte

Electrolytes typically consist of a redox couple and additives dissolved in a liquid
solvent. The main function of the electrolyte is the dye regeneration and charge transport
between the TiO, photoanode and platinized counter electrodes. The photovoltaic
performances of dye-sensitized solar cells mainly depend on the choice of redox couple
and on the choice of electrolyte solvent employed. In this section, we investigate the
stability of the devices with various different electrolytes. The synthesis (formulation) of
these electrolytes were described in Chapter 2.

In order to investigate the effect of electrolyte on the efficiency and stability of
DSSC, identical devices were fabricated using N3 dye sensitized on TiO, photoanode and
Pt/FTO counter-electrode but with different electrolytes: (i) 17/ls~ redox couple with

acetonitrile (ACN) solvent, (ii) 17/ls~ redox couple with 3-methoxypropionitrile (MPN)
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solvent, (iii) aqueous 17/13~ redox couple, (iv) aqueous Fe**/Fe*2redox couple, and (v) gel

polymer electrolyte (GPE).

The bar chart of the conversion efficiency of DSSCs fabricated using different
electrolytes shown in Fig. 4.9. It is observed that: (i) GPE exhibits the highest efficiency
among all the electrolyte employed; (ii) 137/ I redox couple with 3-methoxypropionitrile as
an organic solvent shows superior as compare to that prepared in acetonitrile. The high
performance with MPN solvent is attributed to high solubility of redox couple as compared
to ACN based electrolyte. (iii) Aqueous electrolytes exhibits poor efficiencies, which is

attributed to the poor solubility of the redox couples.
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Figure 4.9: Power conversion efficiency of N3 dye-sensitized solar cell with different electrolytes.
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Figure 4.10: Variation of power conversion efficiency (Normalized efficiency = n(t)/n(0)) of N3
dye-sensitized solar cells under illumination with time.

In order to investigate the long term stability of the DSSCs, devices were
encapsulated with epoxy, and the efficiency was measured as a function of time. The
normalized efficiency i.e. n(t)/m(0) of different devices is plotted in Fig. 4.10. The devices
with gel polymer electrolyte show the highest stability with n(t)/ n(0) ~0.6 after 72 hrs. In
all of the other cases, the value of n(t)/ n(0) drops to <0.2 after 72 hrs. The poor stability of
liquid electrolytes is due to the leakage and evaporation of the solvents. Electrolyte with
ACN solvent (boiling point ~80°C) undergoes a rapid degradation of efficiencies as

compared to MPN (boiling point ~180°C) because of the lower boiling point of ACN.
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4.3 Effect of counter electrode

In this section we present the results on the growth of free-standing polypyrrole
films which were also employed as substrate-free, TCO-free counter electrodes for the first

time in DSSCs [128].

4.3.1 Growth of free-standing polypyrrole films

The interfacial polymerization of the freestanding polypyrrole film is described in
Chapter 2 (see Fig. 2.7). The visual inspection of the film revealed two different textures
on either sides of the film, the face formed towards aqueous phase exhibited dense
morphology (referred as base or bottom face) while the face towards organic phase
appeared porous (referred as top face). This was also confirmed by scanning electron

microscopy.

Porous layer.

Figure 4.11: Cross-sectional SEM images of the free-standing PPy films polymerized at
aqueous/organic interface for: (a) 2h, (b) 4h, (c) 18h, and (d) magnified cross-section of (c)
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Fig. 4.11 shows the cross-sectional SEM images of the free-standing PPy films
polymerized at aqueous/organic interface for 2h, 4h, and 18h, respectively. From images, it
is evident that initially a densely packed polypyrrole film having thickness ~1um forms
(Fig. 4.11 (a), which is followed by a porous and granular film.The thickness of porous
structure was observed to increase with polymerization time while the thickness of the
compact film remained constant (i.e. ~1 um). When the polymerization time was kept 4
hrs, the film thickness was of ~25um. These films were found to be very fragile upon
drying and difficult to handle with tweezers. On the other hand, when polymerization time
was increased to 18 hrs, thicker films (thickness~70um) were obtained which were

mechanically strong enough to handle as shown in Fig. 4.11 (d).
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Figure 4.12: SEM and AFM images of the denser and porous surfaces of the PPy films
polymerized for 18 h. (a) and (b) are respectively the SEM and AFM images of the denser surface.
(c) Schematic showing the oriented polymerized pyrrole chains forming a dense layer at the
aqueous/organic interface due to enhanced p—p interactions. (d) Magnified SEM image of the
porous surface. (e) Schematic showing the formation of coil-like structure away from the
aqueous/organic interface that leads to the formation of porous structure.
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In order to further investigate the nature of dense and porous surfaces, we have
recorded magnified SEM and AFM images for a PPy films obtained after 18 h of
interfacial polymerization. Typical obtained results shown in Fig. 4.12. It is evident from
Fig. 4.12(a) and (b) that the dense face of the PPy film is composed of plate-like structures
with an rms roughness of 15 nm. The formation of plate-like structure, as schematically
depicted in Fig. 4.12(c), is attributed to the fact that the pyrrole molecules are oriented
preferentially at the aqueous/organic interface due to H-bonding of pyrrole monomer with
water phase[129], and therefore, forming oriented and long polypyrrole chains as the
polymerization takes place at 2 and 5 carbon position of the pyrrole ring. The strong n-nt
interactions among the oriented polypyrrole chains lead to the formation of plate-like
structures. On the other hand, the magnified SEM image of the porous surface revealed
that PPy has granular (size: ~1um) structure with deep pores. Due to the deep pores
(several microns) the AFM image could not be recorded. In the bulk organic phase (i.e.
away from the interface) the pyrrole monomers are randomly oriented, which results in the
formation of coil-like polypyrrole chains, as schematically depicted in Fig. 4.12(e). This
coil-like polypyrrole chains eventually lead to the formation of granular and porous

structure.
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Figure 4.13: (a) FTIR and (b) UV-Vis spectra of free-standing PPy films.

The free-standing polypyrrole films were characterized by FTIR and UV-Vis
spectroscopy techniques. As shown in Fig. 4.13 (a), the baseline corrected FTIR spectra of
PPy film exhibits all characteristic vibrations of polypyrrole. The peaks observed at 1490
cm? and 1590 cm?, and 686 cm™? are attributed to symmetric and anti-symmetric ring
stretching modes and C-H out of plane bending of pyrrole, respectively[130]. The bands
observed at 1063 cm™ and 1387 cm™ correspond to C—H and N-H deformation vibrations,
respectively. The absorption bands at 950 cm™, 1100 cm?, and 1233 cm™ correspond to
stretching vibrations of doped polypyrrole [131]. The doped form of the polypyrrole is also
confirmed by UV-Vis spectra (see Fig. 4.13(b)), which shows a low energy tail extending
into the near IR region. The high intensity of tail is attributed to the electronic transitions
between the valence band and bipolaran band. The doped form of PPy is beneficial as this
helps in facilitating charge transport in DSSC. In addition, a band is observed in absorption

spectra at 390 nm which is attributed to the n—* transitions [132].
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Figure 4.14: Cyclic voltammograms of free-standing PPy films and Pt/FTO in 10 mM Lil, 1 mM
I, and 0.1 M TBAP in acetonitrile solution at 50 mV/s scan rate. The inset shows the magnified
peak after background subtraction for free-standing PPy film.

The electro-catalytic activity of free-standing films was examined for 1713 redox
couple by recording the cyclic voltammograms (CV). Cyclic voltammetry (CV)
measurements for the I37/1" redox couple were carried out in a three electrode
electrochemical cell with pristine free-standing film as working electrode, platinum foil as
counter electrode, and an Ag/AgCl reference electrode in 10mM Lil, 1mM I, and 0.1M
TBAP in acetonitrile solution at a scan rate of 50mV/s. The electrochemical reaction at the

counter electrode surface is described by equation 4.2 and 4.3.

;7 + 2e” & 317 (4.2)

3, + 2e” & 213 (4.3)
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Fig. 4.14 shows the typical cyclic voltammograms of both Pt and free-standing PPy
counter electrodes in 10 mM Lil, ImM I, and 0.1 M TBAP in acetonitrile solution at 50
mV/s scan rate. For Pt, the anodic/cathodic peaks corresponding to oxidation/reduction of
Is/1" and 1371, are clearly seen at 0.52 V and 1.02 V, respectively. Of these two redox
reactions, the one corresponding to Eq. (4.2) i.e. oxidation/reduction of 137/1" is important
from device point of view. However, in the case of PPy, a weak peak at 0.62 V
corresponding to the oxidation potential of Is7/1" is observed (magnified version of the peak
is shown in the inset of Fig. 4.14) [130]. The magnitude of cathodic/anodic current density
is quite smaller for PPy as compared to Pt, and this is expected, as the PPy has relatively
poor conductivity. In addition, the porous structure of PPy hinders pathways for the
transfer of the electrons. Another point of concern in the CV data of Fig. 6 is a slight
positive shift (~0.1 V) of oxidation/ reduction of 157/1" peak. The redox potential (EF) of the

I3/1" redox couple is governed by the Nernst equation [133]:

Er = E, + (0.059/n)In(I;~/17) (4.3)
Where n is the number of electron transferred in half reaction. The slightly poor catalytic
behavior of PPy film, leads to an increase in 3™ ions relative to I at the PPy surface. This

eventually results in the positive shift in the redox potential.
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Figure 4.15: Nyquist plots of DSSCs with (a) Pt/FTO, (b) free-standing PPy counter electrodes.
Insets on left show the magnified version of charge transfer resistances at counter electrode
interfaces and on right shows the porous behaviour of counter electrodes. (c) and (d) are the
equivalent circuits employed for fitting the experimentally measured data. (€) and (f) show Bode
plots of DSSCs with Pt/FTO, and free-standing PPy counter electrodes.
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In order to further gain an insight into the catalytic behavior of free-standing PPy
films, electrochemical impedance spectroscopy measurements were carried out. Typical
Nyquist plots recorded in the frequency range 500 kHz—0.05 Hz for Pt/FTO CE and PPy
CE based DSSCs (with N3 sensitized TiO, photoanodes) are shown in Fig. 4.15(a) and (b),
respectively. In both the cases, two arcs, one small and another large, are clearly seen.

The inference drawn from these figures are as follows:

i.  The smaller arc correspond to high frequency range (500 kHz-500 Hz) and
represents charge transfer resistance at CE/electrolyte interface (R1). The magnified
version of the smaller arc is shown in the left insets of the Fig. 4.15(a) and (b), and
their further magnified versions of high frequency end are shown in the right insets.
It is evident that PPy CE exhibits a smaller arc at very high frequency, which is
attributed to the porous morphology of the PPy. A similar observation was reported
for porous graphite nanofibres earlier [134]. Absence of this arc for Pt CE is
evident as it does not have a porous surface.

ii.  The larger arc (corresponding to mid frequency range 500-0.1 Hz) represent the

charge transfer resistances at TiO2/dye/electrolyte interface (Rz).
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Figure 4.16: Schematic depiction of (a) Nernst diffusion in Pt/FTO based DSSC and (b) Nernst
and pore diffusions in free-standing PPy based DSSC.
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Based on the above results we infer that Pt/FTO CE has two-dimensional planar
structure (i.e. without any porosity), and PPy CE has three-dimensional porous structure.
Thus the schematic of DSSC fabricated using Pt and PPy CEs are shown in Fig. 4.16. In
the case of Pt based DSSC, the diffusion of ions (Is7/1") between photoanode and Pt CE can
be described by Nernst diffusion (Nq). Therefore, the Nyquist plots can be fitted using an
equivalent circuit comprising of a contact resistance (Rs) in series with two RQ elements
(R: resistance and Q: constant phase element), see Fig. 4.15(c). Whereas for PPy based
DSSC, use of only Nernst diffusion is not sufficient and pore diffusion (i.e. short-distance
diffusion within the free-standing PPy film, Ny) need to be considered. Therefore, for PPy
CE based DSSCs an equivalent circuits, see Fig. 4.15(d), comprising of 1Rs and 3 RQ
elements are used. Using these equivalent circuits, a very good fitting of experimental data
is observed with chi-squared value (¥%, sum of the squares of the residual) <102, The
various estimated parameters for the equivalents circuits are summarized in Table 4.4. It is
evident that the values of Rs, R1 and R are higher for the PPy CE as compared to the Pt
CE, which may be attributed to low conductivity and porosity of PPy films. However, the
value of R; (38.4 Q cm?) obtained in our case is lower than that obtained (i.e. 46 Q cm?)
using electropolymerized PPy films[135].

In order to estimate the electron lifetime (ze) in TiO2 films, the Bode phase plots
(phase vs frequency) were recorded for both the DSSCs fabricated using Pt CE and PPy
CE, and the results are shown in Fig. 4.15 (e) and (f), respectively. The value of z. was
estimated from the mid frequency peak (wmid) of Bode phase plots using the following
equation[136]:

Te = 1/a)mid = 1/2”fmid (45)

154



The obtained ze values are shown in Table 4.3. It is seen that PPy (11.9 ms) and Pt (17.3
ms) CEs have comparable recombination lifetimes. Above results clearly show that
freestanding PPy films have reasonable electro-catalytic activity as well as recombination
lifetimes. These features along with higher surface area of free-standing PPy films which

make them suitable candidate as counter electrode in DSSCs.

Table 4.4: Fitted impedance parameters of Pt/FTO and PPy CE based DSSCs using equivalent

circuits, as shown in Fig. 4.15

Rs (Q cm?) Ro (Q cm?) R1 (Q cm?) Rz (Q cm?) 7e(MS)
Pt/FTO 9.55 - 4.14 76.7 17.3
PPy 13.3 2.7 38.4 302.4 11.9

4.3.2 Photovoltaic characteristics

Free-standing PPy films synthesized by interfacial polymerization for 18h were
employed as counter electrodes for the fabrication of DSSCs. In this regard, an electrical
contact was taken on top surface (denser face) of the film by thermally evaporating the
gold in a vacuum chamber at 10 bar, later contact was taken through a silver wire to the
gold electrode using silver paste as depicted schematically in Fig. 4.17. TiO2 photoanodes
were typically made by doctor blading of TiO2 paste (Solaronix Inc.) on TiCls treated FTO

substrates. Later this substrates are sensitized with N3 dye.
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Figure 4.17: Schematic of the DSSC assembly using free-standing PPy film as counter electrode

The photovoltaic performance of the N3 sensitized solar cells using free-standing PPy and
Pt/FTO counter electrode were evaluated under AM 1.5 (100 mW/cm?) light illumination.
The recorded current—voltage characteristics are shown in Fig. 4.18. The obtained
photovoltaic parameters and evaluated solar cell parameters (n, lo, Rs, Rsh, Ipn) for both the

DSSC’s are summarized in Table 4.5.
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Figure 4.18: Measured (symbol) and fitted (solid line) current—voltage characteristics of DSSCs
with Pt/FTO and freestanding PPy counter electrodes under one sun illumination.
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Table 4.5: Photovoltaic parameters, and evaluated parameters of Pt/FTO and free-standing PPy CE

based DSSCs.

Counter

JSC

FF

n n Rs Rsh lo loh
Electrode | (mA/em?) | (V) | (%) | (%) (Q-cm?) | (kQ—cm?) | (nAlcm?) | (mA/cm?)
PYFTO 11.01 066 |73 |53 |1.29 |4.98 4.20 0.027 11.02
PPy 11.31 0.49 | 63 35 |1.68 |5.2 3.18 145 11.31

The main inferences drawn from Table 4.5 are as follows:

The open-circuit voltage (Voc) of the DSSC fabricated using PPy CE is slightly
lower as compared to that of Pt CE. In general, the Voc of DSSC depends on the
difference between quasi-Fermi level of the electrons in the TiO> and the redox
potential of the electrolyte. In the present case, DSSC’s were fabricated using
identical photoanode (N3 dye coated TiO2) and electrolyte (polymer gel) but with
different counter electrodes i.e. Pt/FTO or free-standing PPy film. Therefore, the
difference in Vo can be attributed to the change in the redox potential of Is7/1". As
discussed earlier, due to the slightly poor catalytic activity of PPy, the redox
potential is increased by ~0.1 V, which is reflected in the reduced Voc. Further, Voc

is related to Is'concentration using the following equation[137]:

Vae = [KT/¢]tn {1 (4.6

ncbket[ls_]}

where k is the Boltzmann constant, T is absolute temperature, e is an
electronic charge, linj is the flux of charge resulting from sensitized injection, ne is
the concentration of electrons on the surface of TiO, ket is the reaction rate

constant of 3™ dark reaction on TiO», [I37] is the concentration of 3™ in electrolyte.
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The high concentration of I3™ ions at PPy surface clearly implies the low Vqc. In
addition, a high n, lo and low Rsh values (shown in Table 4.5), clearly suggests
increased recombination at PPy-electrolyte interface, leading to low V.

On a positive note, the short circuit current density, Jsc (11.31 mA/cm?), of PPy
based DSSC is slightly higher than that of Pt based DSSC (11.01 mA/cm?). Js in
DSSC depends on electron-injection, charge transfer, and charge-recombination
processes. Slightly higher Jsc in this particular case is attributed to the large surface
area of the freestanding PPy CE owing to its porous structure.

In addition to Jsc and Vo, the fill factor (FF) is another important parameter that
determines the performance of the DSSCs. FF is defined as the ratio of the actual
maximum obtainable power (Pmax) to the theoretical power (P: = JscxVoc). The FF
(0.63) of PPy based DSSC is lower than that of Pt based DSSC (0.73). The reduced
FF of PPy based DSSC is attributed to their enhanced series resistance, which
includes contributions from Rs, Ro, R1 and Rz, as shown in Table 4.5.

The power conversion efficiency (PCE) of PPy and Pt based DSSCs are
respectively 3.5% and 5.3%. Apart from the low Vo and FF, the adsorbed oxygen
on porous PPy (known to be a serious impurity for the organic materials) can
reduce the efficiency. Nevertheless, considering the first set of experiments on
employing freestanding conducting polypyrrole as counter electrode for the
fabrication of DSSCs, the measured efficiency is respectable. The efficiency can be
further enhanced by taking appropriate steps, such as, improving the conductivity
of the PPy films, optimizing the thickness, reducing the adsorbed oxygen content

etc.

158



0.08 13

(a) 2.4 —0— Ideality factor 0.8 (b) —O—RJ/R,
O—0O— Saturation current | —A— Photogenerated current
0.06 12
c —
- 2.04 r06 ~ A N’E‘
] I L1 5
I3} o - 0.04 L
8 04 g o <E(
> 161 S E“’ 10 £
= o 0.02 s
o2 -
3 o
1.2 0.00 <o
Lo.0
: : : : : : : : : . 8
0 1 2 3 4 5 6 1 2 3 4 5
Efficiency, n (%) Efficiency, n (%)

Figure 4.19: A plot of (a) ideality factor, saturation current obtained by fitting J-V curves vs.
efficiency of the respective devices obtained experimentally; (b) Rs/Rsn, photogenerated current
obtained by fitting J-V curves vs. experimentally obtained efficiency of dye-sensitized solar cells.

4.4  Conclusions

In order to find a correlation between the experimentally measured efficiency of
various DSSCs and fitted device parameters (i.e. n, lo, Rs/Rsh, Ipn), we have plotted them in
Fig. 4.19. It is observed that, similar to the polymer solar cells, the values of n and lo
decreases as the efficiency of the DSSC increases, indicating that recombination at various
interface are reduced for efficient devices. On the other hand, Rsn/Rs and Ipn increases with

efficiency, indicated reduced shunt current and improvement in the charge transport.

We have investigated the effects of photoanode, electrolyte and counter-electrodes

on the efficiency of the DSSCs. It has been demonstrated that:
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(i)

(i)

ZnO nanowires based photoanodes yielded better results using organic dye (PM
567) as compared to ruthenium dye (N3). The N3 dye was found to leach out in
the electrolyte. TiO> photoanode co-sensitized with an organic dye (RhCI), and
an inorganic dye (N3), exhited higher efficiency (4.74%) as compared to the
induvidual RhCI (0.63%) and N3 (2.37%). The co-sensitization of two dyes
resulted in relatively larger coverage of TiO; electrode, thereby enhancing the
photocurrent and reducing the recombination from electrolyte to the TiO>
surface, which in turn, improved the efficiency of the device.

Typical Is7/1" redox electrolyte show better stable device performance for long
durations with quasi-gel polymer electrolyte compared to ACN, MPN based
electrolytes.

Free-standing PPy films synthesized by liquid/liquid interfacial polymerization
were employed as substrate-free and TCO-free counter electrodes for the very
first time in DSSC. The devices with free-standing PPy films as counter
electrodes exhibited 3.5% efficiency in comparison to 5.1% obtained for
Pt/FTO counter electrodes. The lower efficiency for PPy counter-electrodes is

attributed to recombination at PPy/electrolyte interface.
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Chapter -5

Summary and Conclusions
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At present a huge amount of research is being carried out worldwide in the field of
solar cells. This research is aimed at meeting energy requirements by tapping the sunlight,
which is estimated to be 120000 TW. Harvesting a small part of this energy using solar
cells with efficiency of 10% could easily meet world energy needs. The past research has
led to the development of various photovoltaic technologies, such as, (i) crystalline Si cells
(single crystal and multi-crystalline), (ii) single-junction GaAs, (iii) thin film photovotaics
e.g. Cu(In,Ga)Se», CIGS, CdTe, amorphous Si etc., and (iv) organic photovoltaics. Among
these, organic solar cells are gaining importance because of low material costs, ease of
fabrication, high throughput and flexibility, etc. In addition, organic solar cells (polymer
and dye sensitized solar cells) do not require very high purity materials and/or toxic
materials, as employed in other solar cell technologies. However, the key limitation of
organic solar cells as of now is their lower efficiencies (0.01-15%) arising due to the
various recombination losses. In both polymer and dye-sensitized solar cells, several
factors, such as, molar extinction coefficient of active material, energy gap, energy level
alignment at various interfaces, selectivity of transport layers, and active molecules, and
charge dissociation, injection, transport and recombination are the common key issues
which strongly influence the efficiency of the devices. In polymer solar cells geminate and
bimolecular recombinations are predominant, whereas in dye-sensitized solar cells
recombinations take place at TiO»-electrolyte, and TiO.-dye interface are significant.
Therefore, in both the cases, recombination is a major factor that governs their efficiency.
In both devices, presence of disorders at the interfaces trap the charge carries, which
enhances the charge recombination. In order to enhance the efficiency it is therefore

essential to minimize the disorders, which can be done by optimizing the materials
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parameters (i.e. morphology, structure, interfaces etc.). In this thesis, we have fabricated

both polymer and dye sensitized solar cells under different processing conditions. The

photovoltaic characteristics of the devices were measured and various device parameters

(i.e. n, lo, Ipn, Rs and Rsn) were estimated by fitting to an equivalent circuit model. The

main results obtained during the thesis work are summarized below.

(i) Polymer solar cells:

The efficiency of P3HT:PCBM bulk-heterojunction polymer solar cells was found
maximum (3.2%) when annealed at 130°C. Annealing temperatures lower or higher
than 130°C resulted in lower efficiency.

The results of in-situ temperature dependent Raman spectroscopy and optical
microscopy show that the optimum morphology is obtained at 130°C as at this
temperature ordering of P3HT molecules is the best while the segregation of
PCBM is minimum. This result explained why the maximum efficiency is obtained
when devices are annealed at 130°C. At temperatures lower than 130°C, P3HT
ordering is poor, while for temperature higher than 130°C aggregation of PCMB
takes place. Therefore, we could establish a correlation between the morphology of
P3HT/PCBM blend and the efficiency of the solar cells. In addition, the device
parameters estimated show that, high efficiency in 130°C annealed devices is
mainly due to low n, lo, Rs, and high Ipn values.

The electrodeposition of polyfullerene films on ITO substrates were investigated
for the first time, and the high resolution transmission microscopy results showed

that formation of polyfullerene takes via [2+2] cyclo-addition.
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The polyfullerene films were utilized in the fabrication of porphyrin/polyfullerene
diffuse bilayer solar cells for the first time. These solar cells exhibited Jsc of 2-7
HA/cm?, Vo of 180-200 mV, and 7 of 0.002 - 0.005% under 5 mW/cm? white light
illumination.

Porphyrin-modified ZnO-NWs were grown by electrodeposition of porphyrin onto
hydrothermally grown ZnO-NW electrodes.

Porphyrin-modified ZnO-NWSs/P3HT hybrid solar cells were fabricated which
exhibited Jsc of ~100uA/cm? and Voc of 0.04V under 5 mW/cm? white light
illumination. It was found that addition of intermittent porphyrin layer is
advantageous as it lowers the band-offset for electron/hole dissociation, which

facilitates the charge transport.

(ii) Dye sensitized solar cells:

The DSSC fabricated using ZnO nanowires based photoanodes yield efficiency of
~0.8% for organic dye (PM567) as well as ruthenium dye (N3). However, the
stability of N3 dye is poor as it leaches out in the electrolyte. From estimated
device parameters, the high efficiency in PM567 based devices is due to low series
resistance, saturation current and high shunt resistances.

The DSSC fabricated using TiO2 photoanode co-sensitized with organic dye (RhCI)
and inorganic dye (N3) exhited higher efficiency (4.74%) as compared to the
induvidual RhCI (0.63%) and N3 (2.37%) dye loading. The co-sensitization of two
dyes resulted in relatively larger coverage of TiO: electrode, thereby enhancing the

photocurrent and reducing the back electron transfer from electrolyte to the TiO>
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surface, which in turn, improved the device efficiency. A low n, lo, Rs and high Rsn,
Iph also suggests that recombination is greatly reduced by employing two dyes.

e The stability of DSSC devices was highest when 1713 gel polymer electrolyte was
used. The liquid electrolytes based on aqueous and organic solvents yielded poor
stability due to evaporation/leakage or poor solubility of the 17/13" redox couple in
the solvent.

e Free-standing polypyrrole films were synthesized by liquid/liquid interfacial
polymerization. They had unique morphology i.e. dense morphology on one side
while porous morphology on the other side. These free-standing polypyrrole films
exhibited excellent catalytic activity, indicating that their suitability as substrate-
free and TCO-free counter electrodes in DSSCs.

e DSSCs were fabricated using free-standing polypyrrole films as counter-electrodes
for the first time. The efficiency of the devices was found to be ~3.5%, which is
comparable to those fabricated using Pt/FTO counter-electrodes, which was also

supported by similar values of Rs, and Ipn.

Correlation between efficiency and ideality factor

As discussed in Chapter 1, the ideality factor of the solar cell is a measure
of the charge recombination in the device. In order to find a correlation between the
ideality factor and the experimentally measured efficiency of polymer as well as dye-
sensitized solar cells, we have plotted them in Fig. 5.1. The ideality factor in both the
cases decreases as the efficiency of the device increases, indicating that recombination

present at various interface are greatly reduced. In the case of polymer solar cells, the
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annealing of the active layer induced the ordering, which reduced the charge traps. In
the case of DSSC, the acid treatment of TiO2> photoanode along with co-sensitization of
two dyes were responsible for the reduction in the surface states [138]. In summary, if
the charge traps in polymer and dye-sensitized solar cells are reduced by an appropriate

materials processing/treatments, the efficiency of the device will improve.

1 —{J— Ideality factor in PSC
5 =0~ |deality factor in DSSC
<
S 4
c
> 31
o
c
D 24
o
=
Ll 14
0 . T . r :
1 2 3 4

|deality factor, n

Figure 5.1: A plot of ideality factor obtained by fitting J-V curves vs. experimentally obtained
efficiency of the polymer (square) and dye-sensitized solar cells (open-circle).
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Future scope of the work

In this thesis work, several experiments were carried out on polymer and dye-

sensitized solar cells and several new insights were obtained. This thesis work opens the

following future course of work.

To improve the BHJ polymer solar cells, PCBM can be replaced by another n-type
conducting polymer, such as CNPPV that does not aggregate at high temperatures.
Improvement of Jsc, Voc in porphyrin/polyfullerene diffuse bilayer solar cells, by
optimization of various device parameters such as thickness of porphyrin and
polyfullerene layers, tuning the morphology of porphyrin layer by anodic alumina
template assisted electrodeposition to improve the interfacial area etc.

In porphyrin-modified ZnO-NW hybrid solar cells, the performance of the devices
can be improved further by optimizing the thickness of porphyrin inter layer,
optimizing the length of the nanowires, tuning the energy levels by inserting a
hole/electron transport layers etc.

Co-sensitization of two dyes with complementary absorption, by modifying the
TiO> surface with different co-adsorbents (formic acid, oxalic acid, citric acid).
Investigation of various other conducting polymer based counter electrodes to

replace Pt/FTO electrodes.
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Appendix

Molecular Structures

Molecular structures of conducting polymers and fullerene molecules employed in the

fabrication of polymer solar cells are depicted in Fig. Al

(b)

(c) (d)

Figure Al: Molecular structures of (a) porphyrin (THPP), (b) fullerene, (c) P3HT, (d) PCBM
materials employed in the fabrication of polymer solar cells
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(@) Porphyrin (THPP) - 5,10,15,20-tetrakis(4-hydroxyphenyl)porphyrin
(b) Fullerene — Ceo
(c) P3HT - Poly(3-hexylthiophene-2,5-diyl)

(d) PCBM - [6,6]-Phenyl C71 butyric acid methyl ester

Molecular structures of dye molecules (organic and Inorganic), Pyrrole applied as counter

electrode employed in the fabrication of dye-sensitized solar cells are depicted in Fig. A2

(a)

Figure A2: Molecular structures of (a) Bodipy, (b) RhCI, (c) N3 dyes employed in the present
thesis work

(@) BODIPY (PM567 dye) - 4,4-difluoro-1,3,5,7,8-pentamethyl-2,6-diethyl-4-bora-
3a,4adiaza- s-indecene
(b) RhCI dye — Rhodamine 19 Perchlorate

(c) N3 dye - cis-bis(isothiocyanato)bis(2,2'-bipyridyl-4,4'-dicarboxylato)-ruthenium(l1)
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A.2  Dye-loading of co-sensitized electrode
Dye loading of RhCI dye and N3 dye on TiO2 photoanode

In order to find the no. of molecules of each dye adsorbed on a TiO> photoanode (co-
sensitized electrode), we have carried out dye-loading experiments by desorbing the dyes
in 0.1M potassium hydroxide (KOH) aqueous solution. UV-Vis spectra of N3 and RhCl
dyes were recorded in 0.1 M KOH aqueous solution at different concentrations. The RhCl
dye shows absorption peak at 510 nm while N3 dye shows peaks at 307 nm and 507 nm.
The individual dye loading on co-sensitized TiO- surface was calculated using the fact that
RhCI has negligible absorbance at lower wavelength (370nm), this absorbance was used to

calculate the concentration of N3 dye.

N3 dye concentration = Aco-sensitized (370)/ €370, N3) = Cna

As €@ n3) = 0.42x10* M ecm™, Cnz= 100.4 uM

This provides the absorbance value at 504 nm from N3 alone.

Ans 504) = Cnax€soa, n3) = 0.57 as €sos, ng= 0.57%10* Mem™

The residual dye absorbance at 504 nm is now for RhCl alone:

Arnci 504) = Aco-sensitized (370)-Ana s04) = 0.69-0.57=0.12

Therefore, Crnci= Arncl (504) /€504, Rnciy= 0.53UM

AS €504, ricry = 2.28x% 10° Mtem?

In case of single N3 dye, the dye loading was calculated directly from absorbance at 504 nm.
The dye loading in case of co-sensitized as well as N3 dye sensitized TiO, electrode was then
calculated as follows:

Dye Loading (mole/cm?) = [Dye Concentration (in M) x Volume (ml)] / Electrode Area (cm?)
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Figure A3: (a) Absorbance versus concentration of N3, and RhCl dye in 0.1 M KOH aqueous
solution and (b) UV-Visible spectra of desorbed (i) co-sensitized electrode and (ii) N3 dye
electrode of area 1 cm? in 3ml of 0.1 M KOH aqueous solution.

It was observed from the above calculations that the coverage of TiO. surface by RhCI dye
is low (1.6 x 10%mol/ cm?) as compared to that by N3 dye (3x10“*mol/cm?). The low
coverage area of RhCl dye on TiO- electrode is advantageous as it leaves enough room for
the sensitization of other dye (i.e., N3). Despite the low coverage of TiO2 surface, RhCl
works quite efficiently owing to its high molar extinction coefficient. In addition, it was

observed that the amount of N3 dye absorbed on RhCI/TiO; electrode was 15% higher

than that absorbed onto TiO; electrode (2.6 x 10* mole/cm?).
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