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In this thesis, photovoltaic effect in a composite/olving nonconjugated
conducting polymer andggis reported. There has been an intensive reseéfiat in the
area of organic photovoltaic cells using conjugatelymers. Here, use of nonconjugated

conductive polymers in the photovoltaic cells iggereported for the first time.

Composite involving a nonconjugated conductive pay such as polf¢
pinene), cis-1,4-poly(isoprene) and SBR, andwas formed for use in a photovoltaic
cell. The optical absorption and photoluminescespectra of the films of these
composites were studied. When the composites wereefd, it was observed that the
photoluminescence was totally quenched for the cmitg involving polyg-pinene) and

Cso and considerably decreased for the composite vinglcis-1,4-poly(isoprene) and



Cso. The composite involving SBR andgfdid not show as much quenching of
photoluminescence.

The photovoltaic cell was fabricated using ITO edatjlass as one electrode and
aluminum as the other, with a nonconjugated poly@wrcomposite film sandwiched
between the electrodes. Nitrogen laser (325 nm)ilindinant white light bulbs (200-
700nm) were used as the light sources and the ypbitage produced was recorded for
different light intensities.

The composite involving polg¢pinene) and g produced better photovoltaic
characteristics when compared to the other comgmsitmong the composites formed by
poly(B-pinene) and 6 the one having 4% of & by weight showed the best
performance. This can be attributed to the exceHemogeneity of the composite film at
this concentration. The photovoltage produced foe tomposite involving polf¢
pinene) and 4% £ by weight was linearly dependent on light integnsibout 280 mV
was generated for an intensity of ~ 6mW/sqg.cm. tiRgs polyB-pinene) has a
photoluminescence peak at 360 nm for excitatioB8& nm. This photoluminescence is
quenched when & is added to form the composite with p@higinene). Therefore, the
photovoltaic effect appears to be a result of excatate electron transfer from pgiy(
pinene) to Go.

The photovoltaic measurements of the compositeling poly(3-pinene) and
Cso show that these are highly promising for applaatin low cost photodetectors and
photo-sensors when compared to traditional photmti@ts. Additional applications will

include low cost solar cells.
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CHAPTER 1

INTRODUCTION

Energy is mainly divided into two types, nonrenbigaenergy and renewable
energy. Nonrenewable energy is obtained from th&@ermewable sources which take a
very long time to be formed. Once they are useslvery difficult to regain them. Fossil
fuels fall under this category. Renewable energybimined from the renewable sources
which can be recreated easily. Solar energy, hyaergy, wind energy, biofuels,
geothermal energy, etc fall under this categoryergy can be converted into different
forms depending on necessity using different teldgies.

With the increase in the demand for energy anddéqaetion of nonrenewable
sources of energy trend has been shifting towdrelsise of renewable sources of energy.
The amount of energy needs met through renewabieass of energy is increasing at a
good pace every year.

Solar energy is one of the most abundant formshefgy. It can be converted to
either electrical energy or heat energy dependingtlte necessity. Photovoltaics
technology is the area which deals with the conearef light energy into electrical
energy. It deals with transactions of electrons lavlés between various materials. Solar

1



cells are the devices which convert the solar gnertp electrical energy. These solar
cells use either inorganic materials or organicemals for this conversion. The use of
inorganic cells in solar cells started a long tibeck and extensive research has been
done in this area and they have found their way the commercial market. But, they
had some disadvantages like very high installatmsts, complicated fabrication process,
etc. To overcome these disadvantages scientists bh@en working on various organic
materials for their application in solar cells. 3o a lot of research has been done on
organic conjugated polymers for their use in salalls. There is another class of
polymers called the nonconjugated conducting pofgnvehich has not been explored
yet. Therefore, in this research an effort was madstudy the characteristics of these
polymers for their application in the photovoltaglls.

In the chapter 2, a review of the world energy seaad the different sources of
energy are discussed. A brief idea of the presestdwenergy consumption and the
projected needs is discussed. Statistics of théailea nonrenewable sources of energy
and the need for the use of renewable sourcesenfjgmre presented. Various renewable
sources are briefly discussed. Emphasis is laidthen area of photovoltaics as the
research here deals with photovoltaics. A brieftdns of research in the area of
photovoltaics is given. The basic structure of atptoltaic cell, various materials used
in the photovoltaic cells and some breakthroughlte$ias been discussed. The entry of
organic polymers and the factors that led to tlasehbeen reviewed. Also an idea of
various organic polymers used in the photovoltatiscand some results obtained are

given.



In chapter 3, the driving force behind the reseancth the main objectives of the
research are discussed.

In chapter 4, the process of preparation of the pamites involving the
nonconjugated polymer and various concentrationSsehby weight is described. Once
the composite is formed, its optical propertiesdiseussed. The absorption spectrum of
the polymer and the composite are presented anabis@rption peaks are discussed. The
photoluminescence is studied and reason for thaadlueg of the photoluminescence in
the composite is reported. The method of fabricatd the thin films of the composite
and the study of the surface topography of thefilms is discussed. After the thin films
are formed the components required for the experiahaetup are given. The fabrication
of the photovoltaic cell is described and the expental setup is shown. The method of
calibration of light intensity and obtaining thequéred data is described. Also, the
experimental setup to study the current Vs Voltaggracteristics is discussed.

Also in the same chapter, the photovoltage proddoe@ composite involving
the nonconjugated conducting polymer, ppip{nene) and 4% & by weight at different
intensities of light using a white light sourcegisen. Also, the amount of Photovoltage
produced for the composites having different cotregions of (o (ranging from 2-8%
by weight) at different intensities of incidentHigusing a white light source is given.
After this, the photovoltage produced for the cosifes having different concentrations
of Ceso (ranging from 2-8% by weight) at a fixed intensityincident light of 2mW/sg.cm
using Nitrogen Laser (325nm) is given. The reasamtlie better performance of the
composite involving the nonconjugated conductintyper, poly@-pinene) and 4% &
by weight over other composites is discussed. Als® current-voltage characteristics of

3



the photovoltaic cell having the composite involyithe nonconjugated conducting
polymer, polyf-pinene) and 8% & by weight are discussed. The SMU device is used to
study these characteristics and the behavior otéfiein the light and dark condition is
reported. After the reporting of all the resultsbréef discussion of comparison of the
organic photovoltaic cell using the nonconjugatedymer with the other solar cells
using either inorganic or organic conjugated mateiis given.

In chapter 5, all the properties discussed for (fiepinene) in chapter 4 are
discussed for poly(isoprene).

In chapter 6, all the properties discussed for (fiepinene) in chapter 4 are
discussed for SBR.

In chapter 7, a comparison of the materials is nided on the results.

In chapter 8, a brief summary of the whole researahthe future work is given.



CHAPTER 2

BACKGROUND

21 INTRODUCTION

Energy drives the universe. We need energy to gthang and everything in our
daily life. We are totally dependent on the suppfyenergy. The increase in world
population is increasing the need for energy. #smated that the world population will
be nearly doubled by the end of the twenty firsataey which will increase energy
demand by nearly two fold. The world populatiortistecs from 1950 and the projected

population statistics till 2050 are shown below [1]

World Population: 1950-2050

2] P
8 L—"1a Billion
e 7 __—~1" 8 Billion
= 7 Billion
= 6 —
~ - & Billion
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Figure 2.1 World Population statistics [1]
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The population is projected to increase to 9 hilloy 2042, which is nearly 50%
increase from the year 1999 [1]. This would therelayse an increase in the world

energy consumption. The world energy consumptiomf.980 and the projected energy

consumption till 2030 is shown below [2, 3].

Quadrillion Btu

History Projections 70>
654
607
600 559
511
447
400
200
D_
O b N S & > 0 L D H
> e &) 9 QS N N 9 & D
IS M S O R S M AN

Figure 2.2 World Energy Consumption from 1980-2(3(B]
It can be seen that by 2030 that world energy ieedojected to go up by nearly
50% of present energy need. At present around 8@&b%e world energy needs are
supplied through burning fossil fuels [4]. Trendshaeen shifting towards renewable

sources of energy to counter the depleting suppfie®nrenewable sources of energy. In

the following sections the types of energy soumiihe discussed.
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2.2 NONRENEWABLE SOURCES OF ENERGY
Nonrenewable sources of energy are those whickiaagehard to be recreated in

a short period of time. They are divided into tydessil fuels and nuclear energy.

22.1FOSSIL FUELS

Oil, coal and natural gas fall under the categdryossil fuels. They cater to
nearly 86.5% of world energy needs [4]. These amméd from the fossilized remains of
animals and trees exposed to high temperaturepr@sdures over hundreds of millions
of years. Studies show that 1 liter of gasolinéhes time rendered result of around 23.5
metric tones of phytoplankton material depositedh@nocean floor [5].

Fossil fuels have played a major role in the indalstevolution. But with the
increasing demand for energy, the fossil fuelstsimg depleted at a much faster rate
than the rate at which they are being produced.pfbeen reserves of crude oil, coal and

natural gas are shown below [6, 7].

MIDDLEEAST: 64.5% 694,605,900,000 BARRELS
) 124325000000 >
L.AMERICA: 11.5% .wmezum A P ﬁiﬁnmmm ?;gzz
AFRICA: 8.9% 95461900000 E *KUWAIT 13.9%
(LIBYA: 38% NIGERIA: 36%) Z *IRAN 14.3%
o %
. 67,159700000 S *UAE 14.0%
E.EUROPE: 6.2% (FORMER LSSR: 97.2%) *E" *QATAR 1.9%
7 S OMAN 0.9%
ASIA/PACIFIC: 4% | [l +5%0-00000 2 SYRIA 0.4%
[ i S OTHERS 0.6%
N.AMERICA: 2,3'1-5. 30491000000 Z *OPEC MEMBER
(US: 71.4%)

W.EUROPE: 2,00 I 21.065600000 — ————0PEC MEMBERS' SHARE

(NORWAY: 62.4%) - REGION'S TOTAL RESERVES

Figure 2.3 World proven crude oil reserves by red&j
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Figure 2.5 Proven natural gas reserves in topdentdes [7]




These reserves are being depleted at a very &est Commercial use of
petroleum started in the early nineteenth cent8}yLfater, the production of oil has been
increasing. It is predicted that the world’s oibgduction is at its peak and would fall
down 32% by 2020 [9]. The increased in demand fergy has lead to the rise of crude
oil price from $18.91 per barrel in 1990 to $ 1®&/i2 April, 2008 [10]. The figure below

shows the world major producers and consumersl ¢ j.

SAUDI ARABIA 1437 o
RUSSIA 2,503 5588
IRAN gy 2832 E
MEXICO o4 0 S
NORWAY L S
VENEZUELA |gfeo R 2,987 &
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UK A -
KUWAIT g B PRODUCTION
NIGERIA AEZ I CONSUMPTION
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mawy L2 - Barrels per Day E
FRANCE 1.991 §
SOUTH KOREA 2,303 2
INDIA [ > 426 S
GERMANY 2,664 —
JAPAN 5,451 5
CHINA s 082 =
o 7,454 XV

Figure 2.6 World’s major producers and major constgnof oil [11]



If the use of oil continues at this pace the ye&@! production left in the ground
with the given reserves will soon be depleted.
Natural gas and coal reserves too are depletirig Tag figure below shows the

world energy use by fuel [11].
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Figure 2.7 World Energy use by fuel [11]

It can be seen that the majority of the world eperse is from fossil fuels. One of
the threats in using fossil fuels is that they e@f» on combustion which is the major
cause for global warming. The energy needs willvet using the fossil fuels in many
years to come. If no action is taken and the t@mdinues, the COemissions are going
to be doubled. In US, 90% of the greenhouse gasedue to the combustion of fossil
fuels [12]. The global climate change caused bygileenhouse gas emissions is already
showing its effect on ecosystem by causing additidtb0,000 deaths per year [13].
Sulfuric, carbonic and nitric acids are generatpdnucombustion of fossil fuels leading
to acid rains which have adverse effects on thesystem. Another adverse effect of

10



global warming is the melting of polar ice caps.eDthe past century the average
temperature of the air near the Earth’s surfacegbag up by around 0.74 degree Celsius
[14]. If this process continues it could lead te tirastic changes in the climate and in the
Earth’s topography causing severe loss of life praperty. In order to fight the global
warming effects and reduce the greenhouse gasesymoents are spending a lot of

money to encourage research in the area of renewahlces of energy.

2.2.2 NUCLEAR ENERGY

The other nonrenewable source of energy is nugleaer. This is obtained from
controlled nuclear reactions, either fission otidasNuclear fission process is the widely
used method for nuclear power generation. EnriaonFérst achieved nuclear fission
experimentally in 1934 when his team bombardediumarwith neutrons [15]. Nuclear
power provided 6% of world’s energy as of 2004 [16]

The main disadvantage of nuclear power is the eatiice waste which is very
harmful. It is a great challenge to safely stord dispose the nuclear wastes. The most
important nuclear waste is the spent fuel which mases of unconverted uranium and
significant levels of actinides (mostly plutoniumnda curium). The actinides are
responsible for long term radioactivity [17]. Eaghar, 25 to 30 tonnes of spent fuel is
produced by a large nuclear reactor [18]. Thesetesasf not stored and disposed
properly, can have adverse effects due to radmatontamination. There have been
many debates about the use of nuclear power to taeenergy needs because of the

dangerous effects it can have.
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As a result of all the above facts there has begnowaing trend towards the use of

renewable sources of energy.

2.3 RENEWABLE SOURCES OF ENERGY

Renewable sources of energy are those which caredseated. Solar energy,
wind energy, hydro energy, etc fall under this gatg. Recently, there has been a lot of
attention towards the renewable sources of endrigg.increase in demand for energy,
the depletion of nonrenewable sources of energhaylwarming effects caused by the
combustion of fossil fuels are some of the reasemgh diverted the attention towards
the renewable sources of energy. There are margnéatyes in using renewable sources
of energy. The main advantage is that they arasaile and will never run out. Most of
them are eco-friendly and do not emit greenhoussegalirectly. They can help in
controlling the global warming effect. They canacalsing economic benefits to many
regional areas.

The main resources of renewable energy are suniightl, water and geothermal
heat. The renewable technologies are solar enbyglyp power, wind power, geothermal
energy and biofuels. Around 7% of the world energgeds were catered through
renewable sources of energy in 2004 [19]. The Vahg figure shows the world energy
consumption from different sources [20, 21].

Majority of the world energy needs were met by iloksels. But the amount of
energy contributed by the renewable sources ofggnisrincreasing every year. A lot of

new technologies to make use of renewable soufa&asengy are coming up.
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Wind 0.3%

Geothermal 0.2%
Biofuels 0.2%

Solar photovoltaic 0.04%
Figure 2.8 World energy consumption by energy se(20, 21]
It can be seen that the renewable energy was mduigrough biomass, hydro
power, solar heat, wind, geothermal, biofuels anthrsphotovoltaics. Each of it is

discussed below.

2.3.1BIOMASSAND BIOFUELS

Biomass refers to the biological materials derifretn recently living organisms
like manure, garden waste, crop residue, etc. Blefaan be produced from the recently
dead living organisms most commonly plants. Bicsguate most commonly used as
liquid fuels for automobiles. They can help to é&se the dependency on fossil fuels.

They are highly dependable as they are obtained femewable sources. But there are
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various debates on using biofuels like deforestatimofuels prices, carbon emissions,

effect on food supply, etc.

2.3.2HYDRO POWER

Most of the hydro power is generated from the pidéenergy of stored dam
water. Large turbines are used to convert the pateanergy to electricity. This is a very
effective method as it does not involve any greeskogas emissions and produces no
waste. It is also immune to the costs of fossillduss it does not need them for its
production. The hydroelectric plants have longée than the plants for fossil fuel
generation. But, it has some disadvantages tocaritbe disruptive to the surrounding
aquatic ecosystem. As the normal flow of waterissupted it can also lead to effects like
soil erosion. In some cases canals are drawn tease the head and avoid shallow parts
of the river, which can at times cause the origmadr path to dry. This effects not only
the aquatic life but also other animals like bivdsch breed along the river beds during
particular seasons. Another effect is, construatibdams might require huge population

relocation.

2.3.3WIND ENERGY

Wind energy can be converted to other forms of ggneuch as electricity using
equipment like the wind turbine. Use of windmillsncbe dated back td'tentury A.D
[22]. Windmills were used extensively to grind fioj23]. They also contributed to the
rail transport system expansion throughout the dvdny pumping water from wells
necessary for the steam engines.
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Conversion of wind energy to other forms of enedpes not involve direst
release of greenhouse gases. It reduces the dgssdffuels. Some of the disadvantages
are that the windmills can not be setup in urbaasibecause of the interference of the
wind with the buildings. The amount of electricgyoduces through windmills varies as

the wind speeds are not always constant.

2.34GEOTHERMAL ENERGY

This refers to the energy generated from the hee¢s beneath the surface of the
Earth. The energy harnessed in clean and safes itery price competitive when
compared to fossil fuels. A large geothermal pleart power an entire city. But it can
have the disadvantage of effecting the surroundingronment around a geothermal
plant. Dry steam involved in the geothermal plaasito emits some greenhouse gases.

But, they are negligible compared to the emissiomfa fossil fuel power plant.

2.3.5SOLAR ENERGY

All the life on this Earth depends on the solarrggpdrom sun. As the name says
“Solar” energy, it is the energy that is obtaineahi the sun as radiation heat and light
energy. The radiation heat from sun can be usdtk&d water and space, ventilation,
cooking, heating swimming pools, industrial pro¢ests. The light energy from sun can
be used and converted to electricity using appab@rdevices. In the next section,

photovoltaic technology will be discussed in detall
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24PHOTOVOLTAICS

Photovoltaics is a technology which deals with¢baversion of light energy into
electrical energy. This is based on the photowol&dfect which was first observed in
1839 by a French scientist, Henri Becquerel [24¢m& of the applications of
photovoltaics are photodetectors like photosengasiodiodes and photovoltaic cells

for power generation.

24.1PHOTODETECTORS

Photodetectors are the devices which are usedtextder sense light. Devices
like photodiodes, photosensors, and phototransistal under this category. The
photodetectors have a wide range of applicatiodsaze used widely as relays, switches,
invisible perimeter security sensors, optical moesevator door safety guards, toll gate
automobile detection, optical tachometers, etc.s&hphotodetectors use the basic
principle of converting light to other forms likdeetrical signals (current or voltage).
They are basically used as sensors or controlppfications as sensors they produce an
output signal depending on the light energy leveéceives. Whereas in applications as
controls, in addition to sensing light, a deviceyides controls capable of switching
power to actuators that can control a processfloma

The present day photodetectors use inorganic sewhicting materials like
silicon, germanium, cadmium sulphide, indium gatlitarsenide, lead sulphide, etc.
Depending on the band gap of the semiconductor,usephotodiode has the best
detection ability at a specific range of wavelesgihf light. These materials have
disadvantages including intricacies in fabricatonl high cost.
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242PHOTOVOLTAICCELLS
The inorganic photovoltaic cells are configuredaagn junction. If the light
striking the material has energy greater than #nedbgap of the material, electrons are
excited to the conduction band from the valencedbd@he electrons and the holes move
due to the electric field within the depletion @githereby creating a photovoltage or
current. Whereas in organic photovoltaic cells, svhght strikes the material, electrons
are transferred from the polymer to the electroceptor in the excited state and these
electrons are carried to the lower work functioeciode by the electron acceptor and the
holes are carried to the higher work function etmi® by the polymer creating a
photovoltage or current.
There are many advantages of photovoltaics likg [25
* Fuel source is very abundant
* Does not involve emissions and produces no wastes
» Low cost of operation
* No moving parts. Hence, no wear
* Operates in ambient temperature. No high tempesgiarvolved
* Highly reliable
» Easy installation
* Environment friendly
* Require minimal maintenance
» Can be installed and operated in remote areas vitieré&ransport is difficult like
satellites, islands, etc.

» Can be used in small, decentralized plants asagdlrge, central power plants
17



» Transmission and distribution losses can be redbgading grid-connected solar
electricity locally
It has some disadvantages like [25]:
» High cost of installation
* Produces DC and needs to be converted to AC
* Not available at night and in cloudy weather candg. Therefore, storage or
complimentary power system is needed
The disadvantages mostly relate to economics arfthsinucture. They are
compensated by very high public acceptance anadamiental benefits.
The first functional photovoltaic cell was fabriedtin 1883 by Fritts [26]. He used

Selenium to fabricate the cell. The basic structire photovoltaic cell is as shown.

Light

AW

Electrode

™~

Semiconducting
material

Electrode

Figure 2.9 Basic photovoltaic cell
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The Fritts cell consisted of thin layer of Selenisamdwiched between a very thin
and semi-transparent gold layer and an iron lalee. gold layer acted as the high work
function electrode and collected photo-generategitipe charges, holes. The iron layer
acted as the low work function material and co#dgphoto-generated negative charges,
electrons. When energy matched photon strikes is@tgra loosely bound electron-hole
pair will be generated. The electron hole pair w@garated and these free electrons and
holes were called carriers. Theses carriers diffuse the respective and opposite
electrodes driven by the two different work funatimetal electrodes [75].

The modern era of photovoltaics started when it a@gdentally discovered in
1954 by a group of researchers in Bell Laboratai@s pn junction diodes generated a
voltage when the lights in the room were on [27ds&d on this discovery they produced
a silicon pn junction solar cell with 6% efficien{g7, 28]. This had fuelled the research
in the area of photovoltaics and led to the develmt of solar cells based on various
semiconducting materials like €3/CdS, GaAs, CdTe, etc [29, 30, 31]. By 1960, sdver
papers were published which developed the fundaateemf pn junction solar cell
operation [27, 32-35]. In 1973, the world wide @iisis spurred many nations to consider
renewable sources of energy, which lead to theldpreent of “violet cell” having an
improved shorter wavelength response leading to Bf&tive increase in efficiency over
state-of-the-art Si cells [36]. From 1980s thinmfikolar cells came into play [25]. In
1985, Si solar cells with efficiency greater thad®®2under standard sunlight [37] and
greater than 25% under 200X concentration wereymed [38]. The research in this area
geared up and lot of books dedicated to photowstamvere published and also
universities offered degrees in the area of phdtaws.

19



There has been a tremendous growth in the photeslmarket in 1990s, nearly
33% per annum [25]. Solar photovoltaics providezbad 0.04% of world’s total primary
energy supply in 2004 and estimated to increas®.480 by 2010 [39]. At first
photovoltaics were used to power the satellitegtiogpthe earth. Later they have found
their way in to the market and have a wide rangapplications.

Most of the photovoltaic cells used thin films tiot@in high efficiency. To obtain
larger amount of power, the photovoltaic cells eoanected in series to form a grid.
Efforts are being made to further increase theiefficy of the cells.

Majority of the photovoltaic cells in the marketeusilicon. Due to the increase in
demand for the photovoltaic cells, the price ofcBih has risen in the recent years. As the
overall goal is the production of low cost photdaal systems, the main challenges of
the present solar cell research are to [25]:

* Use lesser amount of semiconducting material byimgathinner cells

» Use cheaper semiconducting materials

* Improve the performance using the cheaper semiatimgumaterials

* Increase material utilization by reducing the wgstaf semiconducting material
* Increase the utilization of solar radiation by abswg more spectrum efficiently
» Simplify the manufacturing process

* Reduce manufacturing and installation costs

To achieve this, one of the alternatives was tavgsidicon ribbons [40, 41]. The
growth of silicon ribbons does not involve experssawing process which is necessary
to manufacture silicon wafers. However, the growthsilicon ribbons is a relatively

slower process when compared to production of safer
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Attention has been drawn to other semiconductoristwbould make good solar
cells. Materials which existed in the form of thilms were considered. These materials
had to be deposited on a substrate for mechanuggost. To analyze the material
properties, device structures and manufacturingesainique to thin film solar cells a
framework was developed as they differ consider&talsn silicon wafers [42]. Through
1970s, use of G&/CdS in solar cells lead to new theories that a&rpd the device
performance, new methods of material processingravd concepts in semiconductor
device manufacturing [43, 44]. In 1981-1982, fduntfilm technologies, G$/CdS [45],
a-Si [46], CulnSgCdS [47] and CdTe/CdS [48], demonstrated the tgliti cross 10%
efficiency level and were seriously considered. Gfuthe four, CuS/CdS was rejected
due to stability problems related to electrochehdegomposition [49]. Lately, thin films
of silicon are printed on aluminum for photovoltaapplications [50]. The main
advantage of using thin films is that they can Iowee cost of solar cells. But, the
disadvantage is that their efficiency is lower aiglo they are much less understood
compared to silicon wafer solar cells.

The other alternative which attracted a lot of ratten was the use of organic
conductive polymers which offered the ability taguce very thin photovoltaic cells.

This will be discussed in the following section.

243 ORGANIC POLYMERSIN PHOTOVOLTAICS

There has been significant research in the arephofovoltaics using organic
conductive polymers. Conductive polymers are thuseing a special structure which
becomes conductive upon doping with an electroe@oc. Some of the reasons which
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attracted the attention towards the use of orgpoigmers in the photovoltaic/solar cells
are [55]:
» Possibility of achieving extremely high optical aljgtion coefficient
» Can produce very thin solar cells which enableube of a very small amount of
the material
» Can produce large area solar cells which is a nijawback in inorganic solar
cells
» Ease of fabrication
* Less maintenance
* Very cheap when compared to the traditional sads c
* Involves low temperature processes in manufactunhgn compared to that of
inorganic solar cells
Research on organic photovoltaic cells began i©49bhe first two layer organic
photovoltaic system appears to have been repantd®%8 [56]. A variety of materials
and compositions have been investigated for useolar cells. Compounds such as
merocynanines [57] and phthalocyanine [58] depdsiés thin films by vacuum
evaporation showed efficiency of about 1% for snwmfled photovoltaic elements.
Composites involving an organic polymer and an ted&c acceptor like g5 and its
derivatives have been used in photovoltaic cellackiinsterfullerene, £ and its
derivatives had been widely used in the area ofquuitaics since its discovery [59]. A
two layer thin film photovoltaic cell exhibiting asonable power conversion efficiency
was fabricated by Tang using coppsrthalocyanine and a perylene tetracarboxylic

derivative [60]. It has been reported that orgaalar cells can achieve an efficiency of
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nearly 5% [77, 78, 79, 80]. Poly(p-phenylene vimgde (PPV) has been widely used in
the area of organic photovoltaic devices [61]. Hia¢ed devices were studied by groups
at University of Cambridge, UK62] and University of California, Santa Barbard][6

Reports have been made on photovoltaic devicesllmspolythiopene [64-66].
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Figure 2.10 Some of the widely used (a) conjugatdgmers and (b) electron

acceptors [74]
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In 1992, a strong photoinduced electron transédwben G, and a conjugated
polymer MEH-PPV was reported by Sariciftei al. [67]. Also work performed by
Morita et al. showed evidence of photo-induced charge transfeother polymer-

fullerene composites [68, 69].

hv

4

Figure 2.11 Schematic of photoinduced electrorsfearbetween a conjugated
polymer and fullerene [74]
The organic photovoltaic cells show very promisiegults and can serve as low
cost alternatives to the inorganic photovoltaid72].
The organic polymers are used in the photovoltaédscwere conjugated

polymers. So far, there has been no report of usorgonjugated conductive polymers
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in photovoltaic cells. The conjugated and noncoajad conductive polymers are

discussed briefly in the following section.

2.4.3.1 CONJUGATED CONDUCTIVE POLYMERS

Conjugated polymers are those which have a franlewbalternate single and
double bonds in their repeat units. These polyrhecome electrically conductive upon
doping with an electron acceptor [51]. One of tkarmeples for a conjugated polymer is

polyacetylene. Its structure is as shown.

~CH=CH=-CH=CH~CH=CH-

Polyacetylene

Polythiophene Polyparaphenylene

Figure 2.12 Structures of some conjugated polymers
The single bonds in the structure are referredido (Sigma)-bonds and the
double bonds consist efandn (pi) bonds. Thes —bonds are formed from overlapping of
spf hybrid orbitals. The remaining out-of-plang grbitals on the carbon atoms overlap
with neighboring p orbitals to given-bonds. Ther bonds are the weaker bonds and

responsible for the conductive nature of the polyme
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2.4.3.2 NONCONJUGATED CONDUCTIVE POLYMERS

Nonconjugated polymers are those which have at lel@e double bond in their
repeat units. It was first believed that conjugateas a necessity for the polymer to be
conductive. In 1988, this myth was broken aftefraansive research was carried out by
Mrinal Thakur to prove that conjugation was not ecessity for the polymer to be
conductive. It was proved by him that the noncoajad polymers could become
conductive upon doping with suitable dopants [53, 8Conjugated conductive polymers
are a subset of nonconjugated conductive polyn@is.1,4-polyisoprene is one such
nonconjugated polymer which becomes electricallpdemtive upon doping with an
electron acceptor [54]. Many other polymers witheanjugated backbone like 1, 4
polybutadieng polyalloocimine and poly-pinene) were studied for their optical and
electrical properties. The structures of ppipfnene) and cis-1,4-poly(isoprene) are as

shown.

G G %
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CHg CHa CHg
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CHy OH, CHs
-C= (|3 —CH;—-CH,—-C= (|3— CH,—CH, - C:CII—
H H H
(b)
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Figure 2.13 Structure of (a) poptpinene) (b) cis-1,4-poly(isoprene)
(c) Poly(alloocimene) (d) Styrene-butadiene rul{i&BR)
These polymers become electrically conductive wHeped with an electron
acceptor like iodine [73]. The electrical conduityivof the polymer goes up in ten orders
of magnitude upon doping it with iodine. The stwretof the polymer upon doping with

iodine is as shown below.

I I
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Figure 2.14 (a) Doped pol{pinene) and (b) cis-1,4-poly(isoprene)
showing the radical cations

It can be seen that radical cations are formed wjping it with an electron
acceptor like iodine and it becomes electricallgdurctive.

There has been a lot of research in the area adnargphotovoltaics using
conjugated polymer. Nonconjugated conducting polgnage a new class of polymers
which can be explored for their application in #mea of photovoltaics. Therefore, an
effort has been made to study the photovoltaic asttaristics of the nonconjugated
conducting polymers and the photovoltaic effect @ composite involving a

nonconjugated conducting polymer and fullerene bglidiscussed for the first time.
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CHAPTER 3

OBJECTIVES

Photovoltaics is one of the areas which can catehé¢ increasing demand of
energy. In 2004, only 0.04% of world energy needs supplied through photovoltaics
[39]. Solar energy is the most abundantly availableewable energy source. An attempt
to tap this energy and convert it to photovoltageag technology involving ease and low
cost has been the driving force behind the resezanied out here. Also, to demonstrate
low cost photodetectors, photosensors using naghper composites has been the other
motivation.

There has been a lot of research in the area dbpbitaics usingconjugated
conducting polymers (composites involving a conjadaconductive polymer andsg}.
The aim of the research is to develop a photowlt®ll using anonconjugated
conductive polymer for the first time. Nonconjughteonducting polymers have at least
one double bond in their repeat unit (double-bondhiper fraction less than ¥2) and
become electrically conductive upon doping with elactron acceptor. This charge-
transfer characteristic of the nonconjugated cotideipolymers enables their application
in the area of photovoltaics.
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The specific objectives of the research are

To form a composite involving a nonconjugated canige polymer and
buckminsterfullerene, & for use in a photovoltaic cell

To fabricate thin films of these composites

To measure and analyze the optical absorption ctaistics for different
compositions of these composites

To measure and analyze the photoluminescence t¢eastics for different
compositions of these composites

To fabricate a photovoltaic cell using these tlimg of the composites involving
nonconjugated conducting polymer and buckminstieremhe, Go

To analyze the photo-voltaic characteristics oséhphotovoltaic cells

To analyze the dependence of the photovoltage pestion the intensity of the
light source used

To analyze the dependence of the photovoltage peston the concentration of
Ceo present in the composite film involving pdlypinene) and &

To analyze the photovoltaic characteristics foreothonconjugated conducting
polymers such as cis-1,4-poly(isoprene) and stylertadiene rubber (SBR)

To compare results, device characteristics andae donclusion
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CHAPTER 4

THE PHOTOVOLTAIC EFFECT IN COMPOSITE INVOLVING A
NONCONJUGATED CONDUCTING POLYMER, POLY (B-PINENE) AND

BUCKMINSTERFULLERENE, Ceg

4.1 INTRODUCTION

During the past few decades there has been a lasefrch in the area of solar
cells using organic polymers. The organic solalsceffered some advantages over the
inorganic solar cells like low cost, greater arBaxibility, etc. All the research was
concentrated in using conjugated polymers in tHarstells. There were no reports of
nonconjugated conducting polymers being used iarsmlls. Considering this an effort
has been made to study the photovoltaic propemieshe composites involving

nonconjugated conducting polymers ang fOr their application in solar cells.

4.2 PREPARATION OF THE COMPOSITE INVOLVING A NONCONJUGATED
CONDUCTING POLYMER, POLY (B-PINENE) AND Cg

The composite was formed by using Toluene as thse lsmlvent. Weighed
quantities of poly§-pinene) and g were taken and added to it and let to dissolverio
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the composite. Composites having different conegioins of polyf-pinene) and €
were prepared. Typically, the amount ofoQ@vas measured as % by weight in the
composite. The following table shows the compodi@gng different concentrations of

Ceo ranging from 0-8% by weight.

Sample % of Cgp by weight in the composite
Sample 1 8%
Sample 2 6%
Sample 3 4%
Sample 4 2%
Sample 5 1%

Table 4.1 Composites with poBrpinene) and different concentrations @5 C
Once the composites were prepared they were heatetd to enhance the
solubility of the solutes. The following figure she the color of the solution of the

composites with different concentrations @f.C

Figure 4.1 Solutions of the composites with différeoncentrations of §g
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The color of the composite solution intensifiesthwithe increase in the
concentration of g. Upon the formation of the composites, their ctiproperties,

absorption spectrum and photoluminescence, wedgestu

4.3 ABSORPTION SPECTRUM

Films of the composites were formed and the absorpmpectra of these films
were studied. Pristine poB4{pinene) has an absorption peak at 280nm [73].ofteal
absorption spectra of the composites formed by (Bgtinene) and ¢ at different

concentrations is shown in figure . The inset ilhofeing figure shows the absorption

spectrum of Go.

2.5
0300
_ 0250 fN
- 2 i 0200 ] C o
= -,20.150 i ‘60 8% (‘60
[ E 0400 o/ (1
: 1 5 il = o5 N 6/0('60
. . . . . . . o (1
'-g mgsu.u 300 4500 H00 600 TE00 8500 4% ('60
ifavelength [im)
g 1 2% Cﬁ(]
1
1
0.5 7 0% (;60
0

250 350 450 550 650 750
Wavelength (nm)

Figure 4.2 Absorption Spectra of the compositesliag Poly(3-pinene)

and Go (% weight)

33



The absorption spectra of the composites show t&tindt peaks, one at 280nm
and the other at 335 nm. The peak at 280 nm obd@nvte composite is due to pdby(
pinene) and €, while the peak at 335nm is due tgy@lone. The intensity of the
absorption peak for the composite film increasdh wicrease in the concentration g C
(by % weight). In the figure, the bottom most spact corresponds to the composite
with 0% G by weight (pristine pol\i-pinene)). The spectrum above it corresponds to
the composite having 1% by weight. The top most spectrum corresponds & th

composite having 8%dgby weight.

44PHOTOLUMINESCENCE
The photoluminescence of the composite films hesnbstudied using Perkin
Elmer LS-55 spectrometer. Pristine p@hginene) has an emission peak at 360nm for an

excitation wavelength of 280nm [73]. This is seethie figure below.
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Figure 4.3 Photoluminescence spectrum of pristoig(p-pinene)
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The photoluminescence is quenched in the compasi@ving poly(3-pinene)
and Go due to the transfer of electron from the polymely(B-pinene) to G in the
excited state. It can be observed from the fighet there is no photoluminescence for

the composite involving polpépinene) and gzat the same excitation wavelengths.
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Figure 4.4 Photoluminescence of the compositedving Poly(3-pinene) and ¢

4.5 PREPARATION OF THIN FULMSOF THE COMPOSITES
Thin films of the composites involving the nonaaggted conductive polymer,
poly(B-pinene) and gz were cast on a glass slide. This was done bydakiiew drops of

the solution of the composite in a pipette andipgtit on a glass slide. It is then allowed
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to dry under normal environmental conditions. Tbh#ofving figure shows the optical

micrographs of these films.

Composite with 4% € Composite with 8% &

Figure 4.5 Optical micrographs of the compositadilinvolving Polyg-pinene) and €3
It was observed that the composite film having €% by weight was more
homogeneous compared to the film having 8% Ky weight. This is because the

solution is saturated when thgy@ about 4% by weight.

4.6 PREPARATION OF ELECTRODES

The electrodes used in the experiment were Indinnoxide coated glass slide
and Aluminum coated glass slide. The Indium tirdexglass slides with specifications of
4-8Q resistance were ordered from a vendor. The alumicoated glass slides were

prepared in the Photonic Materials Research Laboratsing the Vacuum Evaporator.
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47LIGHT SOURCE

The light source used in the experiment was a wWigte bulb manufactured by
GE, Inc. The wavelength spectrum of the light seuis as shown below which was
measured by Ocean Optics Spectrometer USB2000. iffteesity of the light was

measured using Newport Optical Power meter, mo8@0iC.
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Figure 4.6 Wavelength spectrum of the light source
48 ELECTROMETER

The electrical measurements were made using a imglkedance electrometer
manufactured by Keithley Instruments (Model: Keathl 617 Programmable

Electrometer).
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49 EXPERIMENTAL SETUP

Photovoltaic cells used in the research were fdrnby sandwiching the
composite film between two electrodes. Aluminumtedaglass slide was used as one
electrode and indium tin oxide coated glass slides wsed as the other electrode. The
Aluminum electrode was prepared by evaporating sdum on a glass slide using the

Vacuum Evaporator. The experimental setup is shiaviigure.

Light Source

L/ NN

ITO coated glass slide ¥~__|

+——

Composite film

Al coated glass slide « - High Impedance
Electrometer

Composite: Poly(B-pinene) + C,
Figure 4.7 Experimental setup to measure the plttamye for the composite involving
poly(B-pinene) and &
The film of the composite involving polf{pinene) and g was cast on the
aluminum electrode and the indium tin oxide ele¢ravas placed on it. Pressure was
applied to keep the composite and the electrodesrtact. Al foil was wrapped around

the aluminum electrode at one corner and was coethéo the negative terminal of a
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high impedance electrometer (Keithley 617 Prograbien&lectrometer) using crocodile

clip and the indium tin oxide electrode was coneédo the positive end of the high

impedance electrometer. The Indium tin oxide etal#rwas placed facing up to ensure
that the light is incident on the polymer througlstelectrode.

The inset in the figure shows the wavelength spettof the white light source
used in these measurements. The intensity of tiddant light is calibrated in terms of
the distance of the light source from the photaioltell. The distance of the light source
is changed to change the intensity of the incitight.

The above setup was used to make the photovoltagesurements. The following
setup was used to make the Voltage versus Curreasumements.

A device called Stimulus Measuring Unit (SMU) wased to study the
dependence of current produced on voltage supplieel.cell was connected to the SMU

and the SMU was interfaced with the computer asvaha the figure.

Light Source

OO |
ITO coated glass slide *—__|
Composite film
Al coated glass slide e I__ SMU
COMPUTER 3

Figure 4.8 Experimental setup to study the CurvenYoltage characteristics for the
composite involving poly-pinene) and &
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The Voltage range is given to the SMU through toenputer and the SMU
supplies the voltage to the cell in steps and takescorresponding current output and

gives it to the computer.

4.10 EXPERIMENT

The sample was set on a horizontal surface andectenh to the high impedance
electrometer using crocodile clips. The light seureas placed in such a way that the
light was incident directly on the composite fillwaugh the tin oxide electrode. The
distance of the light source from the sample wd#reded in terms of intensity of
incident light using a power meter. Therefore bgraying the distance of the light source
from the sample the intensity of incident light dechanged.

Before the start of the experiment the cell walsirged for one full night to
make it free of residual charges. This is done lacipg the sample in short circuit
connection i.e., connecting the Al electrode aralltidium Tin Oxide electrode using a
crocodile clip.

Once the setup was ready the electrometer wasdudiNeand it was made sure
that the cell did not short. This was done by sgtthe electrometer in resistance mode
and making sure that it showed high resistancea{lysin Giga-ohms). If the cell showed
high resistance, the electrometer was changedltageomode and the initial voltage was
recorded after the reading was stable. The lighircso was then turned ON and the
voltage reading in the electrometer was recordée. difference in the voltage readings
of the electrometer, with the light turned OFF digtit turned ON, gives the amount of
photovoltage produced at that particular intensftincident light.
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After this, the distance of the light source frdm sample was changed to set it at
a different intensity level and the experiment weseated again. In this way the amount

of photovoltage produced was recorded for differet@nsities of incident light source.

411 RESULTS
The photovoltage produced by the photovoltaic ugihg the composite involving
the nonconjugated polymer, pdbypinene) and 6 was recorded under different
conditions as follows:
1. Photovoltage produced for a composite involvingyff&binene) and 4% &g at
different intensities of the incident light
2. Photovoltage produced for the composites havinf@mint concentrations ofsg

(ranging from 2-8% by weight) at different intemsst of incident light

3. Photovoltage produced for the composites havinfgmiit concentrations ofeg
using Nitrogen Laser (325nm) with a fixed incidéght intensity of 2mW/sqg.cm
Also, the |-V characteristics were recorded for ttwmmposite involving polh§-

pinene) and 8% &. All the results are shown in the following sengo

4111 PHOTOVOLTAGE PRODUCED FOR A COMPOSITE INVOLVING
POLY(B-PINENE) AND 4% Cg AT DIFFERENT INTENSITIES OF THE
INCIDENT LIGHT

The photovoltage produced for a composite invg\ime nonconjugated polymer,
poly(B-pinene) and 4% & by weight was recorded for different intensitiefs the

incident light. White light source with a wavelengange of 300-700nm was used.
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The following table shows the photovoltage produfoe different intensities of incident

light.

Intensity of incident light Photovoltage
(mW/Sg.cm) (mV)
3.5 162
6 280
9 430
12 550

Table 4.2 The photovoltage produced for differetemsity of light for a composite

involving poly(3-pinene) and 4% & by weight

It was observed that the photovoltage producedeas®d with increase in the
intensity of the incident light as shown in theufig. A light intensity of 6mw/sg.cm
yielded a photovoltage of 280mV. The results wéogted in a graph and it was observed
that the photovoltage produced was linearly depeinde the intensity of light incident

as shown in the following figure.
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Figure 4.9 Photovoltage (Vs) Incident light intép$or a composite containing popx

pinene) and 4% & by weight

411.2 PHOTOVOLTAGE PRODUCED FOR THE COMPOSITES HAVING
DIFFERENT CONCENTRATIONS OF Cg AT DIFFERENT INTENSITIES OF
INCIDENT LIGHT

The amount of Photovoltage produced was also redofdr the composites
having different concentrations ofgdC(ranging from 2-8% by weight) at different
intensities of incident light. First a cell withamposite film of certain % of g was
taken and the photovoltage produced for differariensities of incident light was

recorded. The cell was then replaced with anotheinig a different concentration o€
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and the photovoltage produced at different inteesivf incident light was recorded. This
was done for composite films having 2%, 4%, 6% &f6l Gso by weight. The table
below shows the photovoltage produced for compedieving different concentrations

of Cgo at different intensities of the incident light.

Intensity Of Photovoltage (mV)
Incident light
Composite witiLComposite withComposite withComposite with

(mW/Sg.cm)

8% Gso 6% Gso 4% Geo 2% Gso

3.5 110 190 162 80

6 200 290 280 130

9 210 380 430 170

12 255 420 550 210

Table 4.3 Photovoltage (average value) producethiocomposites involving polgq

pinene) and different concentrations @b &t different intensities of light
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4.11.3 PHOTOVOLTAGE PRODUCED FOR THE COMPOSITES HAVING

DIFFERENT CONCENTRATIONS OF Cg USING NITROGEN LASER WITH A

FIXED INCIDENT LIGHT INTENSITY

Measurements were also performed for compositesintpavdifferent

concentrations of § using Nitrogen Laser (325nm) with a fixed incidéght intensity

of 2mW/sg.cm. The results are shown in the tablevine

It was observed that the composite involving pdlginene) and 4% & by

weight showed better performance when comparetidacomposites involving polf{

pinene) with other concentrations o§,CThis is due to the better homogeneity of the

composite involving polfi-pinene) and 4% & by weight when compared to other

composites.

Sample Photovoltage (mV)
Composite with 2% € 20
Composite with 4% € 80
Composite with 6% € 39
Composite with 8% € 18

Table 4.4 Photovoltage produced for the compositgspoly(B-pinene) and different

concentrations of £ using Ni laser as light source
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4.11.41-V CHARACTERISTICS

An experiment was done to study the change in ntwéh the change in applied
voltage using a Stimulus Measuring Unit (SMU) forphotovoltaic cell having a
composite involving polfi-pinene) and 8% £ by weight. The intensity of the incident
light was fixed at 4mW/Sg.cm. The SMU is turned @fter the photovoltaic cell is
connected to it. The SMU supplies the voltage apstand the corresponding current
output is recorded. For a given supply voltage, ¢heent produced was found to be
higher when the light was incident on the cell canegl to the value of current when the
light was cut OFF. The following graphs show theoant of current produced
corresponding different values of voltage supply anphotovoltaic cell having a

composite involving polyi-pinene) and 8% &by weight.
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Figure 4.10 The I-V characteristics for a composit®lving poly(3-pinene) and 8% &

by weight
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It was observed that for a light intensity of 4m\y43n and an applied voltage of
5V, a photocurrent of 0.12& was generated for the composite involving plg{nene)

and 8% Go by weight. Further work needs to be done to sthdyl-V characteristics.

4.12 MECHANISM
In the composite involving polg{pinene) and ¢s, the polymer, pol\i-pinene)

acts as an electron donor and thg&cts as an electron acceptor.

DN

g —» Composite film
—» Al Electrode

P - Polymer

C - Fullerene

(@)

ITO Electrode

!

Pt ¢
Al Electrode
(b)
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(©)

Figure 4.11 Mechanism: (a) Electron transfer ¢pi€ the excited state (b) Holes

transported to ITO electrode and electrons to atebde in the excited state (c) Excited
state electron transfer from pdbypinene) to G
When the light is incident on the composite filigatron hole pairs are produced.
From this excited state of the polymer, electrotrasmsferred to gs. The electrons are
then transported to the Al electrode by the &\d the holes are transported to indium tin

oxide electrode. This transportation of electrams oles produces the photovoltage.

4.13 DISCUSSION

Though the use of nonconjugated polymers in sadls ¢s being reported for the
first time, it offers many promising advantages rottee traditional solar cells using

inorganic materials and the solar cells using arannjugated polymers.
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When it comes to the ease of fabrication, the phaidtaic cell formed using the
composite involving a nonconjugated conducting pwy and G is very easy to
fabricate when compared to the traditional inorgadlar cells whose fabrication is very
intricate and requires lots of skilled labor. Italkso easy when compared to the other
organic solar cells which use conjugated polymé&he cells using conjugated polymers
use methods like spin coating of the polymer corteds form the thin films. But here it
is done at normal environmental conditions by freipping a few drops of the polymer
on the Al electrode and letting it dry. This is ery easy method when compared to the
other solar cells.

When looked at the economy point of view, the phioltaic cells using the
composites involving a nonconjugated conductingymelr and G is far cheaper when
compared to the inorganic solar cells.

The organic solar cells enjoy another great adhgmtover the inorganic solar
cells. The organic solar cells can offer a vergéaarea which is very difficult to obtain
using the inorganic materials in the traditiondhsaells.

The photovoltage produced in the organic solalsceking nonconjugated
conducting polymers for different intensities ajht proves to be good when compared
with the photovoltage produced by the organic cedig the conjugated polymers. For
an incident light intensity of 6 mW/ Sqg.cm, the angc solar cell using the composite
involving the nonconjugated conducting polymer,yf@pinene) and 4% & by weight
produced a photovoltage of nearly 280mV which msilsir to some of the organic solar

cells using conjugated polymers [75, 76].
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Further research needs to be carried out for stgdhe current characteristics of
the cell. At present the thickness of the cellne of the issues in measuring the current.
The films used in these cells have a thickneshénrange 1 um to 2 pm. Cells with
thinner films with thickness in the orders of feanometers can produce a large current.
But when films of thickness in the range of nanaretwere produced, they had a

problem of shorting. Further work needs to be dar@der to overcome this problem.
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CHAPTER 5

THE PHOTOVOLTAIC EFFECT IN COMPOSITE INVOLVING A
NONCONJUGATED CONDUCTING POLYMER, CIS-1,4-POLY (ISOPRENE)

AND BUCKMINSTERFULLERENE, Cgo

5.1 INTRODUCTION

An effort was made to form a composite using theceojugated conducting
polymer cis-1,4-poly(isoprene) and¢Gand study its photovoltaic characteristics. Thin
films of the composites were formed and the optaad surface characteristics were
studied before the photovoltaic measurements wex@emrhis is discussed in detail in

the following sections.

5.2 PREPARATION OF THE COMPOSITE INVOLVING A NONCONJUGATED
CONDUCTING POLYMER, CIS-1,4-POLY (ISOPRENE) AND Cg

The composite was formed by using Toluene as thse Ismlvent. Weighed
guantities of cis-1,4-poly(isoprene) angv@ere taken and added to it and let to dissolve
to form the composite. Composites having differatncentrations of cis-1,4-
poly(isoprene) and 4 were prepared. Typically, the amount agf @as measured as %
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by weight in the composite. The following table wisothe composites having the two

different concentrations ofggby % weight.

Sample % of Cgo by weight in the composite
Sample 1 8%
Sample 2 4%

Table 5.1 Composites with cis-1,4-poly(isopreng) different concentrations ofs&
Once the composites were prepared they were hmeatedl to enhance the
solubility of the solutes. Upon the formation oétbhomposites, their optical properties,

absorption spectrum and photoluminescence, wedgestu

5.3 ABSORPTION SPECTRUM

Films of the composites were formed and the absorpmpectra of these films
were studied. Pristine cis-1,4-poly(isoprene) hasa@sorption peak at 280nm. The
optical absorption spectra of the composites forimedis-1,4-poly(isoprene) andat
different concentrations is shown in figure . THes@ption spectra of the composites
show two distinct peaks, one at 280nm and the ah&35 nm. The peak at 280 nm
observed in the composite is due to cis-1,4-patypfisne) and £, while the peak at

335nm is due to £ alone. The inset in figure shows the absorpti@tspm of Go.
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Figure 5.1 Absorption Spectra of the compositesliviag cis-1,4-poly(isoprene)
and Go (% weight)

The intensity of the absorption peak for the contpo$ilm increases with
increase in the concentration ofoGby % weight). In the figure, the bottom spectrum
corresponds to the composite with 0%, By weight (pristine cis-1,4-poly(isoprene)).
The spectrum above it in green color corresponddhéocomposite having 4%gs&by

weight. The top most spectrum in red color corresisao the composite having 8%0C

by weight.

53



5.4 PHOTOLUMINESCENCE

The photoluminescence of the composite films hesnbstudied using Perkin
Elmer LS-55 spectrometer. Pristine cis-1,4-polygreme) has an emission peak at 430nm
for an excitation wavelength of 280nm. The photaheacence of the composite film
involving cis-1,4-poly(isoprene) andsgwas studied at the same excitation wavelength
of 280 nm. It was observed that the photolumineseemas quenched by a considerable
amount in the composite involving cis-1,4-poly(isempe) and & due to the transfer of
electron from the polymer, cis-1,4-poly(isoprene) Gy in the excited state. This is

shown in the following figures.
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Figure 5.2 Photoluminescence spectrum of pristisid g-poly(isoprene)
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Figure 5.3 Photoluminescence of the composite innglcis-1,4-poly(isoprene) and
buckminsterfullerene, &
It can be observed from the figure that the photohescence is quenched by a
considerable amount for the composite involvinglcé-poly(isoprene) and ggat the

same excitation wavelength of 280nm.

5.5 PREPARATION OF THIN FILMSOF THE COMPOSITES

Thin films of the composites involving the nonaaggted conductive polymer,
cis-1,4-poly(isoprene) andsgwere cast on a glass slide. This was done by dakifew
drops of the solution of the composite in a pipatid putting it on a glass slide. It is then
allowed to dry under normal environmental condiiomhe following figure shows the

optical micrographs of these films.
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Composite with 4% 4 Composite with 8%g

Figure 5.4 Optical micrographs of the compositadilinvolving the nonconjugated
conductive polymer, cis-1,4-poly(isoprene) ang C
It was observed that the composite films hawigyl,4-poly(isoprene) andgg
was non homogeneous compared to the films of thgosite having pol-pinene) and

Cso. This is because the poor solubility of cis-1,4yfisoprene) and g in the solution.

5.6 PREPARATION OF ELECTRODES

The electrodes used in the experiment were Indinnoxide coated glass slide
and Aluminum coated glass slide. The Indium tirdexglass slides with specifications of
4-8Q resistance were ordered from a vendor. The alumicoated glass slides were

prepared in the Photonic Materials Research Laboratsing the Vacuum Evaporator.

57LIGHT SOURCE
The light source used in the experiment was a wigte bulb manufactured by
GE, Inc. The wavelength spectrum of the light seuscas shown in the figure 4.6 which

was measures using Ocean Optics Spectrometer UBBZ0@ wavelength ranges from
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200 nm to 700 nm. The intensity of the light wasaswged using Newport Optical Power
meter, model 1830-C.
5.8ELECTROMETER

The electrical measurements were made using a imgledance electrometer
manufactured by Keithley Instruments (Model: Keathl 617 Programmable

Electrometer).

5.9 EXPERIMENTAL SETUP

Photovoltaic cells used in the research were fdrnby sandwiching the
composite film between two electrodes. Aluminumtedaglass slide was used as one
electrode and indium tin oxide coated glass slides wsed as the other electrode. The
Aluminum electrode was prepared by evaporating sdum on a glass slide using the

Vacuum Evaporator.

Light Source

/LN

ITO coated glass slide ¥—_|

<

Al coated glass slide | — High Impedance

Electrometer

Composite film

Composite: cis-14-poly(isoprene) + C,
Figure 5.5 Experimental setup to measure the plttamye for the composite involving
cis-1,4-poly(isoprene) ands&
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The film of the composite involving cis-1,4-polygrene) and § was cast on
the aluminum electrode and the indium tin oxidetetele was placed on it. Pressure was
applied to keep the composite and the electrodeimact. Aluminum electrode was
connected to the negative terminal of a high impedaelectrometer (Keithley 617
Programmable Electrometer) and the indium tin oxetkctrode was connected to the
positive end of the high impedance electrometee Tridium tin oxide electrode was
placed facing up to ensure that the light is inetdmn the polymer through this electrode.
The experimental setup is shown in figure.

The inset in the figure 5.5 shows the wavelengtbcspm of the white light
source used in these measurements. The intensityeoincident light is calibrated in
terms of the distance of the light source from phetovoltaic cell. The distance of the

light source is changed to change the intensith@incident light.

5.10 EXPERIMENT

The sample was set on a horizontal surface andectenh to the high impedance
electrometer using crocodile clips. The light seureas placed in such a way that the
light was incident directly on the composite fillwaugh the tin oxide electrode. The
distance of the light source from the sample wdtbreded in terms of intensity of
incident light using a power meter. Therefore bgraing the distance of the light source
from the sample the intensity of incident light dmchanged.

Before the start of the experiment the cell walirged for one full night to

make it free of residual charges. This is done lacipg the sample in short circuit
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connection i.e., connecting the Al electrode arelltidium Tin Oxide electrode using a
crocodile clip.

Once the setup was ready the electrometer wasdudiNand it was made sure
that the cell did not short. This was done by sgtthe electrometer in resistance mode
and making sure that it showed high resistancea(lysim Giga-ohms). If the cell showed
high resistance, the electrometer was changedltaggomode and the initial voltage was
recorded after the reading was stable. The lighircs was then turned ON and the
voltage reading in the electrometer was recordéeé. difference in the voltage readings
of the electrometer, with the light turned OFF &igtt turned ON, gives the amount of
photovoltage produced at that particular intensftincident light.

After this, the distance of the light source frdm sample was changed to set it at
a different intensity level and the experiment weseated again. In this way the amount

of photovoltage produced was recorded for differet@nsities of incident light source.

511 RESULTS

Photovoltage produced for the composite involvirsglg4-poly(isoprene) andsg

was recorded at different intensities of incidegitd in the wavelength range of 200 nm -

700 nm.

The following table shows the photovoltage produfm the composite involving

cis-1,4-poly(isoprene) and 4% ofdby weight at different intensities of incident ligh
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Intensity of incident light (mW/Sq.cn) Photovoltage (mV)
4 20-50
7 30-80
11 50 -80
13 50-70

Table 5.2 Photovoltage produced for the compositelving cis-1,4-poly(isoprene) and
4% of Gsoby weight at different intensities of incident ligh
The photovoltage produced is shown as a range becduwas not
consistent. It fluctuated between the boundaridb@fange.
The following table shows the photovoltage produime thecomposite involving

cis-1,4-poly(isoprene) and 8% ofdby weight at different intensities of incident ligh

Intensity of incident light (mW/Sg.cm Photovolea(mV)
4 30-60
7 50 -80
11 70-90
13 70 -80

Table 5.3 Photovoltage produced for the compositelving cis-1,4-poly(isoprene) and
8% of Gsoby weight at different intensities of incident ligh
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5.12 DISCUSSION

The main problem encountered here was the non genaity of the composite
films. The photoluminescence of the composite films quenched considerably which
shows that there is a transfer of electron frompghlmer to G, The reason for the
photovoltage produced being less consistent caatthbuted to the less homogeneity of
the film. If the film homogeneity can be improvetetphotovoltaic cell can produce a

stable and higher photovoltages.

61



CHAPTER 6

THE PHOTOVOLTAIC EFFECT IN COMPOSITE INVOLVING A
NONCONJUGATED CONDUCTING POLYMER, STYRENE-BUTADIENE

RUBBER (SBR) AND BUCKMINSTERFUL LERENE, Cg

6.1 INTRODUCTION

An effort was made to form a composite using theceojugated conducting
polymer SBR and § and study its photovoltaic characteristics. Thimg of the
composites were formed and the optical and surthegacteristics were studied before
the photovoltaic measurements were made. Thissisudsed in detail in the following

sections.

6.2 PREPARATION OF THE COMPOSITE INVOLVING A NONCONJUGATED
CONDUCTING POLYMER, STYRENE-BUTADIENE RUBBER (SBR) AND Cg

The composite was formed by using Toluene as thse Ismlvent. Weighed
guantities of SBR and g were taken and added to it and let to dissolvéotm the
composite. Composites having different concentnatiof SBR and £ were prepared.
Typically, the amount of § was measured as % by weight in the composite. The
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following table shows the composites having the tiféerent concentrations of¢g by

% weight.
Sample % of Cgo by weight in the composite
Sample 1 6%
Sample 2 4%

Table 6.1 Composites with SBR and different conegioins of Go
Once the composites were prepared they were heatetl to enhance the
solubility of the solutes. Upon the formation oetbomposites, their optical properties,

absorption spectrum and photoluminescence, wedéestu

6.3 ABSORPTION SPECTRUM

Films of the composites were formed and the absorppectra of these films
were studied. Pristine SBR has an absorption p¢&28@nm. The optical absorption
spectra of the composites formed by SBR agghCdifferent concentrations are shown in
figure. The absorption spectra of the compositesvsfivo peaks, one at 280 nm and the
other at 335 nm. The peak at 280 nm observed iahgosite is due to SBR and,C
while the peak (shoulder) at 335nm is due tg &one. The inset in figure shows the

absorption spectrum ofsg
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Figure 6.1 Absorption Spectra of the compositeslviig SBR and & (% weight)
In the figure, bottom most spectrum in blue colorresponds to the composite
with 0% Gso by weight (pristine SBR). The spectrum above itregponds to the
composite having 4% 4g by weight. The top most spectrum in red color egponds to

the composite having 6%xs6by weight.

6.4 PHOTOLUMINESCENCE

The photoluminescence of the composite films hasnbstudied using Perkin
Elmer LS-55 spectrometer. Pristine SBR has an éwmnispeak at 430 nm for an
excitation wavelength of 280 nm. The photolumineseeof composite involving SBR
and Go was studied and it was observed that it was nonched by considerable

amount. The photoluminescence for pristine SBRi@aw in the following figure.
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Figure 6.2 Photoluminescence spectrum of pristBR S
The photoluminescence spectrum for the compositelving SBR and & is

shown in the figure below.
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Figure 6.3 Photoluminescence of the composite \nRQISBR and &
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6.5 PREPARATION OF THIN FILMSOF THE COMPOSITES

Thin films of the composites involving the nonaaggted conductive polymer,
SBR and G were cast on a glass slide. This was done by dakirfiew drops of the
solution of the composite in a pipette and putitngn a glass slide. It is then allowed to
dry under normal environmental conditions. The deihg figure shows the optical

micrographs of these films.

Composite with 4% &g Composite with 6%
Figure 6.4 Optical micrographs of the compositadilinvolving the nonconjugated
conductive polymer, SBR andg
It was observed that the composite films were homogenous when compared
to the films formed by the composites involving yiftpinene) and & This is because

of the poor solubility of the solution having SBRdaGs.

6.6 PREPARATION OF ELECTRODES

The electrodes used in the experiment were Indinnoxide coated glass slide
and Aluminum coated glass slide. The Indium tirdexglass slides with specifications of
4-8Q resistance were ordered from a vendor. The alumicoated glass slides were

prepared in the Photonic Materials Research Laboratsing the Vacuum Evaporator.
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6.7 LIGHT SOURCE

The light source used in the experiment was a wWigte bulb manufactured by
GE, Inc. The wavelength spectrum of the light seuscas shown in the figure 4.6 which
was measured using Ocean Optics Spectrometer UBB20Bas a wavelength range
from 200 nm to 700 nm. The intensity of the lighdssmeasures using Newport Optical

Power meter, model 1830-C.

6.8 ELECTROMETER
The electrical measurements were made using a imgledance electrometer
manufactured by Keithley Instruments (Model: Kesthl 617 Programmable

Electrometer).

6.9 EXPERIMENTAL SETUP
Photovoltaic cells used in the research were fdrimg sandwiching the

composite film between two electrodes. Aluminumtedaglass slide was used as one
electrode and indium tin oxide coated glass slides wsed as the other electrode. The
Aluminum electrode was prepared by evaporating adum on a glass slide using the
Vacuum Evaporator. The film of the composite inwody SBR and & was cast on the
aluminum electrode and the indium tin oxide ele¢ravas placed on it. Pressure was
applied to keep the composite and the electrodesimact. Aluminum electrode was
connected to the negative terminal of a high impedaelectrometer (Keithley 617

Programmable Electrometer) and the indium tin oatkctrode was connected to the
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positive end of the high impedance electrometee Tridium tin oxide electrode was

placed facing up to ensure that the light is inctd® the polymer through this electrode.

Light Source

L/ NN

+
ITO coated glass slide ¥~—__|
Composite film 4]
Al coated glass slide i l = High Impedance
Electrometer

Composite: SBR+C;,

Figure 6.5 Experimental setup to measure the plotitoye of the composite involving
SBR and G
The inset in the figure 6.6 shows the wavelengtbcspm of the white light
source used in these measurements. The intensityeoincident light is calibrated in
terms of the distance of the light source from phetovoltaic cell. The distance of the

light source is changed to change the intensith@incident light.

6.10 EXPERIMENT
The sample was set on a horizontal surface andectenh to the high impedance
electrometer using crocodile clips. The light seureas placed in such a way that the

light was incident directly on the composite fillwaugh the tin oxide electrode. The
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distance of the light source from the sample wd#reded in terms of intensity of
incident light using a power meter. Therefore bgraying the distance of the light source
from the sample the intensity of incident light denchanged.

Before the start of the experiment the cell walsirged for one full night to
make it free of residual charges. This is done lacipg the sample in short circuit
connection i.e., connecting the Al electrode arelltidium Tin Oxide electrode using a
crocodile clip.

Once the setup was ready the electrometer wasdudiNand it was made sure
that the cell did not short. This was done by sgtthe electrometer in resistance mode
and making sure that it showed high resistancea(lysim Giga-ohms). If the cell showed
high resistance, the electrometer was changedltaggomode and the initial voltage was
recorded after the reading was stable. The lighircs was then turned ON and the
voltage reading in the electrometer was recordée. difference in the voltage readings
of the electrometer, with the light turned OFF digtit turned ON, gives the amount of
photovoltage produced at that particular intensftincident light.

After this, the distance of the light source frtm sample was changed to set it at
a different intensity level and the experiment wegzeated again. In this way the amount

of photovoltage produced was recorded for differet@nsities of incident light source.

6.11 RESULTS

The photovoltage produced by the photovoltaic usithg the composite involving
the nonconjugated polymer, SBR ang) ®as recorded at different intensities of incident
light in the wavelength range 200 nm to 700 nm.
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The composite involving SBR and 6%s,Cby weight showed little or no
photovoltage produced at different intensities wéident light. Also, the composite
involving SBR and 4% of § by weight showed a very little photovoltage asvamon

the following table.

Intensity of incident light (mW/Sqg.cm PhotovoltagmeV)
4 10
7 15
11 25
13 8

Table 6.2 Photovoltage produced for the compositelving SBR and 4% of &by

weight at different intensities of incident light

6.12 DISCUSSION

The films of the composite involving SBR and,Qvere significantly less
homogenous. Also, it was observed that the photolescence was not considerably
guenched for the composite involving SBR angh. 0his means that the transfer of
charges between the polymer ang Was less efficient. These are the major reasans fo

the smaller photovoltages.
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CHAPTER 7

COMPARISON OF MATERIALSBASED ON RESULTS

Composites involving nonconjugated conductive paym and
Buckminsterfullerene, § were formed for use in a photovoltaic cell. Thec#iical and
optical properties of the composites were studiedvas observed that the composite
involving poly(@-pinene) and g showed absorption peaks at 280nm and 335nm. The
peak at 280nm is attributed to pdiyfinene) and ggand the peak at 335nm is attributed
to GCso alone. The intensity of the absorption peak imeedawith increase in the
concentration of g in the composite. The composite involving cis-pgly(isoprene)
and Go showed absorption peaks at 280nm and 335nm. Tdie g¢e280nm is attributed
to cis-1,4-poly(isoprene) andeéand the peak at 335nm is attributed tey @lone.
Similarly, the composite involving SBR and¢&howed absorption peaks at 280nm and
335nm. The peak at 280nm is attributed to cis-b{soprene) and §and the peak at
335nm is attributed todgalone.

In the composites formed by pdbypinene) and ¢ there is a distinct peak at 335
nm. Whereas in the composite formed by cis-1,4{mmprene) and £ and the
composite formed by SBR andd@he peak at 335 nm appears to be a small shoulder.
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The photoluminescence was studied for the compasitolving poly(-pinene)
and Go and it was found that the photoluminescence imcjued for the composite
which is the result of transfer of electron fromygf-pinene) to G in the excited state.
The photoluminescence was quenched by a consiéembbunt for the composite
involving cis-1,4-poly(isoprene) ande& The photoluminescence of the composite
involving SBR and & was not quenched considerably. This can be atétbto the in
homogeneity of the films.

Thin films of these composites involving noncorgtey conductive polymer and
Cso Were formed and were used in a photovoltaic @élé surface characteristics of these
films were studied. It was observed that the tiim bf the composite involving polf¢
pinene) and 4% £ by weight was more homogenous compared to thefillmnof the
composite involving polyi-pinene) and 8% & by weight. This was due to the decrease
in the solubility Gp in the composite above 4%. It was observed thatfitms of the
composite involving cis-1,4-poly(isoprene) angy &d the composite involving SBR and
Cso Were not homogenous due to the poor solubilit€gin the composite.

The Photovoltaic cells were formed using the fiiims of the composites with
various concentrations of g6 The photovoltaic characteristics of these cellsren
studied.

It was observed that the composite involving p®lginene) and & produced
better photovoltage compared to the composite virglcis-1,4-poly(isoprene) andsg

and the one involving SBR anddCThis can be attributed to the less homogenous@at
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of the former two composites when compared withahe involving polyg-pinene) and
Coeo.

The photovoltage measurements were made for th@asites involving polyf-
pinene) and various concentrations @b &s a function of intensity of light using the
white light source with a wavelength range from 20700nm. It was observed that the
composite involving polyi-pinene) and 4% of & by weight exhibited better results
compared to the composites involving p@kgpinene) and other concentrations af.C
The photovoltage produced for the composite invvpolyB-pinene) and 4% of by
weight showed a linear dependence on intensitynofdent light. A light intensity of
6mw/sqg.cm yielded a photovoltage of 280mV for thenposite involving polyi-pinene)
and 4% of Goby weight.

Also, the photovoltage measurements were madehforcomposites involving
poly(B-pinene) and g as a function of the concentration afy@t a fixed light intensity
of 2mW/sqg.cm using Nitrogen Laser (325nm). It wadssayved that the composite
involving poly(3-pinene) and 4% of 4§ by weight produced a better photovoltage in
comparison with the composite having p@hginene) and other concentrations ah.C
This is because the composite involving ppip(nene) and 4% of & by weight was
more homogenous compared to the others.

Also a few current vs. voltage measurements weréeman the composite
involving poly(@-pinene) and 8% of &by weight. The current measurements could not
be done due to the problem of shorting of thewakn thin films of the composites with

thickness in the range of nanometers were usdttindlls.
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These photovoltaic cells formed by the organic woofjugated conductive

polymers and g had many advantages over the traditional inorgsoliar cells like

Possibility of achieving extremely high optical alygtion coefficient

Can produce very thin solar cells which enableube of very small amount of
the material

Can produce large area solar cells which is a ndjawback in inorganic solar
cells

Ease of fabrication

Less maintenance

Significantly cheaper compared to the traditiordascells

Involves low temperature processes in manufactwihgn compared to that of
inorganic solar cells

Also when compared to the organic photovoltaidscébrmed by conjugated

conductive polymers and molecular systems [75, tfé&lse cells showed comparable or

higher photovoltages.

Photovoltage (mV)

250

b
o

200 4

[
3

i

o

S
B
IS

=
1=}
S
e ¢
N
L L

Photo-Voltage (V)
o
w

o
3

o

HY

o
=)
=)

0 5 10 15 20 5 10 15
Intensity (mW/Sg.cm) Intensity (mW/Sq.cm)

(@) (b)

Figure 7.1 Photovoltage vs. incident light intepsitr a composite involving (a) copper

phthalocyanine (CuPc)/PTCBI [75, 76] (b) pdiydinene) and 4% & by weight
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It can be seen that the photovoltage producedhéyphotovoltaic cell involving a
conjugated system CuPc and 3,4,9,10-peryleneteti@cgdic bis-benzimidazole
(PTCBI) [75, 76] is comparable to the photovoltestl involving poly@-pinene) and 4%
Cso by weight.

The nonconjugated conductive polymers are sigmflgacheaper than conjugated
conductive polymers. More work needs to be doneth@ current and efficiency
measurements for these cells.

The results we have for the composite involvinty(pinene) and 4% of by
weight show that these are highly promising forlapgions as low cost photodetectors.
The present day photodetectors use inorganic rakgdike silicon, germanium, cadmium
sulphide, indium gallium arsenide, lead sulphide, But the nonconjugated conductive
polymers are far cheaper when compared to theserialatwhich enable us to produce
lower cost photodetectors. Also when compared ¢octinjugated conductive polymers,
the nonconjugated conductive polymers are morelyegsocessable. This gives the
nonconjugated conductive polymers an edge oveugaigd conductive polymers for the
production of low cost photodetectors.

In the future, further work needs to be done tadpoe the composite films with
thickness in the range of a few nanometers, toreéhthe current produced. Also, work
needs to be done in the area of current and effigieneasurements.

Also, more photovoltaic measurements are to be meaileg the composites
formed by the nonconjugated polymers cis-1,4-pstyfrene) and SBR andsdCWork
needs to be done increase the homogeneity of ttwaposite films in order to produce
better photovoltage.
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CHAPTER 8

SUMMARY

The photovoltaic effect in a composite involving noonjugated
conducting polymer and & has been studied. Composite involving a noncongaya
conductive polymer such as pdiypinene), cis-1,4-poly(isoprene) and SBR, aggwas
formed for use in a photovoltaic cell. The optieddsorption and photoluminescence
spectra of the films of these composites were stidiVhen the composites were formed,
it was observed that the photoluminescence wadlytagaenched for the composite
involving poly(3-pinene) and gz and considerably decreased for the composite vingl
cis-1,4-poly(isoprene) ande6 The composite involving SBR andsd@lid not show as
much quenching of photoluminescence.

It was observed that the composite involving pdlginene) and & produced
better photovoltaic characteristics when compacethé other composites. Among the
composites formed by poRHpinene) and € the one having 4% of ggby weight
showed the best performance. This can be attribiotélde excellent homogeneity of the
composite film at this concentration. The photoagét produced for the composite

involving poly(B-pinene) and 4% £ by weight was linearly dependent on light intensit
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About 280 mV was generated for an intensity of ~ @stydm. Pristine polgpinene)
has a photoluminescence peak at 360 nm for exatat@at 280 nm. This
photoluminescence was quenched wheg Was added to form the composite with
poly(B-pinene). Therefore, the photovoltaic effect appdarbe a result of excited state
electron transfer from pol@{pinene) to Go.

The photovoltaic measurements of the compositelamg poly(3-pinene) and
Cso show that these are highly promising for applmatin low cost photodetectors and
photo-sensors when compared to traditional photatiets. Additional applications will

include low cost solar cells.
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