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ABSTRACT OF THE DISSERTATION

Fabrication and Characterization of Organic/Inorganic Photovoltaic Devices

by
Ali Bilge Guvenc

Doctor of Philosophy, Graduate Program in Electrical Engineering
University of California, Riverside, March 2012
Prof. Mihrimah Ozkan, Chairperson

Energy is central to achieving the goals of sustainable development and will continue to
be a primary engine for economic development. In fact, access to and consumption of
energy is highly effective on the quality of life. The consumption of all energy sources
have been increasing and the projections show that this will continue in the future.
Unfortunately, conventional energy sources are limited and they are about to run out.
Solar energy is one of the major alternative energy sources to meet the increasing
demand. Photovoltaic devices are one way to harvest energy from sun and as a branch of
photovoltaic devices organic bulk heterojunction photovoltaic devices have recently
drawn tremendous attention because of their technological advantages for actualization of
large-area and cost effective fabrication. The research in this dissertation focuses on both
the mathematical modelling for better and more efficient characterization and the

improvement of device power conversion efficiency. In the first part, we studied the
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effect of incident light power on the space charge regions of the Schottky barriers of the
organic bulk heterojunction photovoltaic devices, the current-voltage characteristics and
performance of the devices and built a current-voltage model for the devices that involves
these effects. The incident light power showed an effect on the Schottky barriers of the
devices by changing the width of the space charge regions. This change directly affects
the reverse bias current-voltage curves by increasing the current values and the slope of
the curves. But under excessive incident light power; the space charge regions merge, the
devices break down and work as ohmic devices. In the second part, we combined the two
improvement methods, improving the charge carrier transport and improving absorption
of the organic bulk heterojunction photovoltaic devices. For charge carrier transport
improvement, we presented deoxyribonucleic acid complexes as hole collecting and
electron blocking layer on the anode side of the devices by using them as band energy
diagram arranging layer, for absorption improvement with plasmonic effect of the
particles, we present colloidal platinum nanoparticles as the surface plasmons.
Deoxyribonucleic acid complex layer improved the device performance by improving the
charge carrier hopping efficiency of the devices by arranging the band energy diagram in
order to collect holes easily and block electrons diffusing to anode electrodes. Colloidal
platinum nanoparticles layer improved the device performance by increasing the light-
harvesting efficiency of the devices by increasing the rate of photon absorption. This
proves that the colloidal platinum nanoparticles can be used as surface plasmons in
organic bulk heterojunction photovoltaic devices. Because peak their extinction spectra

matches with the peak of absorbance of poly(3-hexylthiophene) (P3HT): [6,6]-phenyl-
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Ce1-butyric acid methyl ester (PCBM). Combination of these two novel materials in the
same device showed a significant improvement as a 26% increase in the power
conversion efficiency of the devices. The research conducted in this dissertation offers
promising potential of organic bulk heterojunction photovoltaic devices as one of the
clean and affordable alternative energy sources for supplying increasing demand on

energy.
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Chapter 1:
Introduction

Energy is defined as the capacity of to do work. It is food for the human activity
in the broadest sense: it moves our bodies, cooks our food, heats and lights our houses,
moves our vehicles and etc.[1] It is central to achieving the goals of sustainable
development and will continue to be a primary engine for economic development. It is
involved in everything that happens on earth. In fact, access to and consumption of
energy is highly effective on the quality of life. In figure 1-1, United Nations (UN)
Human development index (HDI), which is a composite index based on measures of
health, longevity, education, and economic standards of living, in 2011, versus average
per capita electricity usage per person in year 2010 for 162 countries is given. The per
capita consumption of electricity correlates well with a country’s social well-being as
measured by the UN HDI. As it can be seen from the figure energy production and
utilization directly affect living standards and prosperity and are at the hearth of

prosperity everywhere in the world.

This chapter begins with an overview of the situation in global energy;
consumption, according to world population, regions and fuel sources, and projections for
future demand. Then, in order to understand the importance of the renewable energy for
the future of the humanity, increasing gap between world oil supply and demand, and the
effect of carbon dioxide (CO,) emission on the global warming are demonstrated. From
this perspective this chapter also gives an overview on renewable energy sources; types
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of renewable energy sources and consumption according to regions. Finally, the current
situation in solar energy harvesting, capacity of electricity generation from solar

harvesting according to regions, and future projections are given.

1.1 Big Picture in World Energy

The world population is currently about 6.96 billion[4] (Figure 1-2). The UN
projects growth to approximately 8.5 billion by 2035[4] (Figure 1-2). As it can be seen
from figure 1-1, the population increase from 2005 to 2011 have been occurred and
projections of the population increase of 1.5 billion people between 2011 and 2035 will
occur almost entirely in non-Organization for Economic Co-operation and Development
(OECD) countries such as China and India. These countries continue to lead world
economic growth and energy demand growth even during the global recession of 2008-
2009. Since 1990, energy consumption in these countries as a share of total world energy
use has increased significantly, and they accounted for about 50% of total world energy
consumption in 2010. Whereas these countries have 85% of the world population in 2010
and it is projected that most of the increase in the world population will be in these
countries.[4] If the world is to meet even a fraction of the economic hopes of the people
already alive today, plus those still to be born in these countries, there will be a
substantial increase in energy need. As it can be seen from figure 1-3, most of this
increase in the energy need have been and will also be in these countries. Energy use in
non-OECD countries was 7% greater than that in OECD countries in 2010 and it is
projected that non-OECD economies will consume 38% more energy than OECD
economies in 2020 and 67% more in 2035.[4]
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1.2 Major Energy Sources and Consumption Forms

The consumption of all energy sources have been increasing and the projections
show that this will continue in the future as it can be seen in figure 1-4 which summarizes
the broad international spectrum of energy. Expectations on the oil prices indicate that oil
prices will always be relatively high so increase in consumption of oil as energy source is
projected to remain at an average annual rate of 1% during 2005 and 2035 period as
given in the figure.[4] Whereas consumption of renewable energy sources are projected
to have the highest average annual rate of 2.8%.[4] In respect of the above projections, it
is expected that the total share of the oil in world energy consumption will decrease 5%.
Other fossil fuel sources such as coal and natural gas are projected to increase with rates
of 1.6% and 1.5% respectively. Most of these increases will again be in non-OECD
countries. These countries have been using and are projected to use coal as a cheaper
replacement for more expensive energy sources; China alone accounts the 76% of the net
increase in coal consumption and India and the rest of non-OECD Asia account for 19%

of the world increase.

In figure 1-5a, world end-use energy consumption according to energy forms is
given. As it can be seen from the figure, despite the projected relatively high prices oil is
expected to remain as the mostly consumed energy form. On the other hand, electricity is
projected to have the highest average annual increase rate, 2.3%. Most of this increase in
the electricity consumption will be in non-OECD countries because of raising living-
standards and expansion of infrastructures due to both their growing economies and
populations (Figure 1-2). In order to supply this increasing demand, electricity power

6
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Figure 1-4 World energy consumption (in Btu) according to major fuel sources from 2005 to
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sector is projected to have the highest energy consumption percentage compared to other
major sectors at the end of this period in 2035 as given in figure 1-5b. Currently, fossil
based fuels sources such as coal, natural gas and oil provide the largest share of world
electricity generation (Figure 1-6a). The consumption of oil for electricity generation is
expected to decline during this period due to projections on the oil prices indicates that
the prices will remain relatively high. On the other hand, the consumption of coal and
natural gas for electricity generation is projected to increase during the same period
because of increasing consumption on non-OECD countries, low prices and broad range
of availability. During the same period, electricity generation from nuclear power is also
projected to have a slight increase which has lots of uncertainties because of the
replacement of old power plants by their new counters, concerns about plant safety, and
radioactive waste disposal. Although their increase in the net consumption amounts, their
percentages in world total fuel consumption for electricity generation is projected to
decline because world electricity generation from renewable energy is expected to
increase almost 150% with an average annual increase rate of 3% during the same
period.[4] World total electricity generation according to renewable energy sources in the
same period is given in figure 1-6b. It can be seen from the figure that consumption in all
renewable sources have been increasing and are projected to increase due to Government
policies and incentives throughout the world support the rapid construction of renewable
generation facilities. Worldwide, hydroelectricity and wind are the two largest
contributors to the increase in global renewable electricity generation and solar power

generation is projected to be the fastest-growing contributor among renewable sources.
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1.3 Future Concerns on Oil Supplies and Global Climate Change

Oil is the most important fossil fuel, and the world economies are dependent on it
as it has the world wide highest consumption (Figure 1-4), and since all kinds of transport
rely on oil. Such high dependency on oil as energy source brings the concerns on future
availability of oil supplies. In figure 1-7 smoothed annual discoveries of oil as seen by
Exxon is given[5]. The major result from the figure is that world oil discoveries has
peaked in 1960s and it has been continuously declining since then and is projected to
keep declining in the future and diminish by 2040s[5]. Also in figure 1-7, world oil
production is given and as it can be seen from the figure, it has been increasing
exponentially since 1960s following the peak oil discoveries except for the global oil
crisis during period 1970 — 1980. If the production curve is crudely extrapolated
according to the increase in the world oil consumption given in figure 1-4, a supply gap
which can hardly be closed will be created. This situation is almost the same for all fossil

fuel sources|[5].

Besides on fossil fuel supplies, concerns on climate change will also force
humankind to change energy consumption patterns by reducing significantly the
consumption of fossil fuels. Because anthropogenic emissions of CO, result primarily
from the combustion of fossil fuels, consumption of these fuels is at the center of the
climate change debate. In figure 1-8, world energy-related CO, emissions according to
regions during period 2005 to 2011 and projected emissions between 2011 and 2035 is
given. As it can be seen from the figure, world energy-related CO, emissions increase
from 30.2 billion metric tons in 2008 to 35.2 billion metric tons in 2020 and 43.2 billion

11



metric tons in 2035.[4] Much of the growth in emissions is attributed to non-OECD
nations that continue to rely heavily on fossil fuels to meet fast-paced growth in energy

demand.

CO; in the atmosphere causes greenhouse effect which keeps the solar radiated
heat in so increases the global average temperatures. World had cycles of these
temperature increases and following ice ages in the history. Besides the nature itself
anthropogenic emission of CO, contributes to this natural increase in the global average
temperature by causing increase in the CO, concentration. In figure 1-9, the global
average CO, concentration and global average temperature anomaly according to years
are given.[6, 7] As it can easily be seen from the figure, CO, builds-up in the atmosphere.
Anomaly level in the global average temperature increases in the positive direction
parallel to this build-up. This can be taken as a strong proof of dependency of global

warming on CO, emissions due to combustion of fossil fuels.

Global warming is a very serious problem. An increase in global temperature will
cause sea levels to rise and will cause more frequent occurrence of extreme weather
events including heat-waves, droughts and heavy rainfall events, species extinctions due
to shifting temperature regimes, and changes in agricultural yields. These catastrophic
disasters will cause billions of dollars of economic damage to the governments, cause
mass-human-migration to more habitable regions and etc. The threat of global warming
caused by the burning of fossil fuels brings the necessity to change our energy economy

by reducing the use of fossil fuels and by introducing renewable energy sources.
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Figure 1-8 World energy-related CO2 emissions (in Giga metric tons) according to regions
during period 2005 to 2011 and projected emissions between 2011 and 2035.[4]

14



390

380

370

360

350

340

CO2 Concentration (ppm)

330

Global Average Temperature Anomaly ( °C)

320

310

1 1 ] 1 1 _0.1
1960 1970 1980 1990 2000 2010

Time Line (Years)
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15



1.4 Renewable Energy

Renewable energy is basically the energy that comes from natural sources and can
be derived from these natural sources such as hydropower, wind, sunlight and geothermal
heat. Unlike fossil fuels, which are exhaustible, renewable energy sources regenerate

constantly and can be sustained indefinitely.

Consumption of renewable energy sources is not new; human kind developed
their civilization by burning wood which is one form of biomass until the discovery of
the fossil fuels almost 150 years ago. As the consumption of the fossil fuels expanded,
reliance on renewable energy sources declined. Now, a new era is on the doorstep for
human kind: Fossil fuels, especially oil, are exhausting, prices increasing and earth is
giving alarms for increasing CO, emissions with the increasing frequency of natural
disasters all around the globe. Despite of all these negativity on the energy market,
demand for energy is growing exponentially. Today, we are looking again at renewable
energy sources to find new ways to use them to help meet growing energy needs and save
the planet from a global climate change because the renewable energy is named so
because it is environment friendly, can be sustained indefinitely and can replace non
renewable energy sources like fossil fuels. With the increasing consciousness about the
environmental care, consumption of renewable energy sources start growing by the end
of 20" century. The new millennium make people around the world to have more
concerns on the insufficiency on the fossil fuels than the environment and as it can be
seen in figure 1-6a, consumption of renewable sources for electricity generation started to
increase and by 2035, this amount is projected to have the highest consumption
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percentage among other energy sources. Unlike to the fossil fuel consumption projections
which most of the increase in the consumption is projected to be in non-OECD countries
due to high economical growth rates and increasing population, consumption of
renewable energy sources is projected to increase globally (Figure 1-10). This shows that
world is shifting to renewable energy sources because of the scarcity of exhausting fossil

fuels, rising prices and environmental concerns.

Renewable energy sources come in several mainstream forms such as;

hydropower, wind power, geothermal heat, solar energy and etc.

Hydropower: Hydropower is one of the oldest sources of energy. It was used thousands
of years ago to turn a paddle wheel for purposes such as grinding grain. It is the
renewable energy source that produces the most electricity in the world (Figure 1-6a, b).
It has the highest consumption percentage, 60%, among other renewable energy sources.
Hydropower is mainly the mechanical energy of moving water. The amount of available
energy in moving water is determined by its flow or fall. The electric energy from water
is mainly produced via the water flows through a pipe then pushes against and turns
blades in a turbine to spin a generator. This can be achieved by converting the potential
energy of water stored in the dams built across rivers, the kinetic energy of run-of-the-
river or ocean waves and etc. The main drawback of hydroelectric generation is the
power plants have to be built on appropriate water sources which is may be in great

distances to big consumption areas.
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Figure 1-10 World renewable energy consumption (in Btu) according to regions from 2005 to
2011 and projected consumption between 2011 and 2035.[4]
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Wind Power: Wind is simply air in motion. It is caused by the uneven heating of the
Earth's surface by the sun. The energy production mechanism is almost the same with the
hydroelectricity power plants; instead of water wind turbines use air flow, converts the
kinetic energy of air into electricity. The power output of a wind turbine is a function of
the cube of the wind speed, so as wind speed increases, power output increases
dramatically.[8] Areas where winds are stronger and more constant, such as offshore and
high altitude sites, are preferred locations for wind farms. Wind power has the second
largest consumption percentage among the renewable energy sources (Figure 1-6b). Even
though wind is free, the wind cannot always be predicted. Another disadvantage is that
these wind farms are usually near the coast, and this means higher land prices. Some
other disadvantages of these wind farms are they can affect television reception for

people in close proximity to the farm, can be noisy, can kill birds and etc.

Geothermal Heat: Geothermal energy is energy obtained by trapping the heat of the earth

itself. It is expensive to build a power station but operating costs are low resulting in low
energy costs for suitable sites. Three types of power plants are used to generate power
from geothermal energy: dry steam, flash, and binary. Dry steam plants take steam out of
fractures in the ground and use it to directly drive a turbine that spins a generator. Flash
plants take hot water out of the ground, and allow it to boil as it rises to the surface. Then,
they separate the steam phase in steam/water separators and then run the steam through a
turbine. In binary plants, the hot water flows through heat exchangers, boiling an organic
fluid that spins the turbine. The main drawback of this renewable energy source is the

lack of available sites to build power plants, high costs on the construction of power
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plants and the distance of these sites to the energy consumption areas. Because of these
reasons, electricity generation from geothermal heat has the least percentage among other

renewable energy sources (Figure 1-6b).

Solar Energy: Solar energy is the energy derived from the sun through the form of solar
radiation. The sun has produced energy for billions of years. It has been harnessed by
humans since ancient times using a range of ever-evolving technologies. However it is
now that mankind has realized its importance as a safe and inexpensive energy source.
The energy from the sun can be used to overcome the energy crisis. Solar energy is free
and it is everywhere. The Earth receives 174 petawatts (PW) of incoming solar radiation
at the upper atmosphere.[9] Approximately 30% is reflected back to space while the rest
is absorbed by clouds, oceans and land masses. The energy capacity of the sun is
examined that the earth receives more energy from sun in one hour than it is using in one
year.[10] The solar irradiance map of the Earth is given in figure 1-11.[11] As it can be
seen from the map, the solar irradiance is powerful enough to be used as an energy source
at least 75% of the whole lands. This huge amount of energy can be converted into other
forms of energy, such as heat and electricity by using heat engines which wither generate
electricity by concentrating solar energy to heat a fluid and produce steam that is used to
power a generator or use the hot fluid directly and photovoltaic devices which converts

sunlight directly into electricity.
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Figure 1-11 Global mean solar irradiance map (map is modified from the original map developed
by 3TIER, www.3tier.com)[11]
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Generation of electricity from solar energy has the highest increase rate among
other renewable energy sources since 2005 (Figure 1-6b). Throughout the world, almost
all of the countries have application projects and research on solar electricity generation.
In figure 1-12, world solar electricity generation capacity according to regions is given.
In all regions of the world, the solar generation capacity increases exponentially since
2005. This is projected to saturate after 2015 however the increase is projected to
continue. Most of this increase comes from OECD-Europe and non-OECD Asia
countries. Ironically, the countries having the lowest solar irradiance are projected to
increase their solar generation capacity higher than the rest of the world, whereas, the
countries placed in the regions receiving the highest solar irradiance such as; middle-east,
Africa and Central and South America has the lowest capacity and the increase rates.
This correlates with the economic power of the countries and is a strong proof that the

solar energy generation is still too expensive.

Cost is still the major drawback in all of the renewable energy sources. In order to
overcome this, more research on photovoltaic devices is needed to increase the device
efficiency, make the mass fabrication of the devices cheaper and develop new, cheaper
and easy to implement materials. This thesis, discusses on the photovoltaic devices
grouping them under inorganic and organic type of device, new mathematical model for
organic photovoltaic device characterization, improving the device efficiency for organic
materials by introducing inorganic materials in the device structure such as; metallic
surface plasmons and reducing the cost for photovoltaic devices by introducing a new

material, graphene, as the low-cost, transparent anode contact material.
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Figure 1-12 World solar electricity generation capacity (in Gigawatts) according to regions
during period 2005 to 2011 and projected capacity between 2011 and 2035[4]
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Chapter 2:

Photovoltaic Devices

2.1 Introduction

Photovoltaic (PV) device [12-16], i.e. solar cell, is a solid state electrical device
that converts the energy of light directly into electricity by the photovoltaic effect.[17,
18] Devices are described as PV devices when the light source is not necessarily sunlight.
PV devices are used for detecting any kind of electromagnetic radiation having
wavelengths from 10-to-100,000 nm, i.e. light spectrum from ultraviolet (UV)-to-far-
infrared (IR)[19-21] or generating electricity out of light. In structural basis all PV
devices are photodiodes which work on different operation modes.[22, 23] PV devices
produce direct current electricity from light, which can be used to power equipment in
solar cell mode, detect light or measure the intensity of the light source in
photodiode/photo-detection mode. In photo-detection mode the diode is often reverse
biased. This increases the width of the depletion layer[24], which decreases the junction's
capacitance resulting in faster response times. The reverse bias induces only a small
amount of current along its direction while the photocurrent remains virtually the same.
For a given spectral distribution, responsivity[24] of the photodiode, the photocurrent is
linearly proportional to the irradiance spectra.[24] In solar cell mode, the diode is used in
unbiased operating mode in which current through the device is entirely due to the
incident photon energy. The flow of photocurrent out of the device is restricted and a

voltage builds up. This mode exploits the photovoltaic effect. A traditional solar cell is
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just a large area photodiode which is used in the unbiased mode for making it to generate

its own voltage and current.

This chapter discusses about how PV devices work, brief history of the
development of PV devices and types of PV devices as an introduction for the
photovoltaic technology. Then, for technical background, fabrication and characterization

of PV devices according to operation mode are discussed in detail.

2.2 Photovoltaic Effect

The term "photovoltaic" comes from the Greek ¢&¢ (phds) meaning "light", and
"voltaic", from the name of the Italian physicist Volta, after whom a unit of electro-
motive force, the volt, is named. The term "photo-voltaic" has been in use in English
since 1849.[25] Photovoltaic is a method of generating electrical power by converting
solar radiation into direct current electricity using semiconductors that exhibit the
photovoltaic effect.[26-28] It is the most direct way to convert energy of photons into
electricity. In 1839, while experimenting with an electrolytic cell made up of two metal
electrodes, a French experimental physicist named Alexandre-Edmond Becquerel, only
nineteen years old at the time, discovered that when exposing certain materials to sunlight
he could generate a weak electrical current. Becquerel named this phenomenon the
"photovoltaic effect".[28-30] The photovoltaic effect is the basic process in which a
device converts sunlight into electricity. It is quite generally defined as the emergence of
an electric voltage between two electrodes attached to a solid or liquid system upon

shining light onto this system. The explanation relies on ideas from quantum theory.
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Light is made up of packets of energy, called photons, whose energy depends only upon
the frequency, or color, of the light. The energy of visible photons is sufficient to excite
electros, bound into solids, up to higher levels where they are freer to move. Normally,
when light is absorbed by matter, photons are given up to excite electrons to higher
energy states within the material, but the exited electrons quickly relax back to their
ground state. In a photovoltaic device, however, there is some built-in asymmetry which
pulls the excited electrons away before they can relax, and feeds them to an external

circuit.

Photon Energy (Ep) = hw = Band-Gap (Eg)

ondunctionge”
Band

Incident -
Photons

Figure 2-1 Schematic of photovoltaic effect. Electrons are pumped by the photons from the
valence band to the conduction band. There the electrons are extracted by a contact selective to
the conduction band at a higher energy and delivered to the outside world via wires, where they
do some useful work, then are returned to the valence band at a lower energy by a contact
selective to the valence band.
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The physics behind the basis of photovoltaic operation is that the materials which
have weakly boned electrons occupying band energy called the valence band. When
energy exceeding a certain threshold, called the band gap energy, is applied to a valence
electron, the bonds are broken and the electron is somewhat “free” to move around in a
new energy band called the conduction band where it can “conduct” electricity through
the material. Thus, the free electrons in the conduction band are separated from the
valence band by the band gap. This energy needed to free the electron can be supplied by
photons. Figure 2-1 shows the idealized relation between energy and the spatial
boundaries. When device is exposed to light, photons hit valence electrons, breaking the
bond and pumping them to the conduction band. There, the contact that collects
conduction-band electrons drives such electrons to external circuit. The electrons lose
their energy by doing work in the external circuit. They are restored to the device by
return loop circuit via second contact, which returns them the valence band with the same
energy they started with. The movement of these electrons in the external circuit and

contacts is called the electric current.

2.3 History of Photovoltaic Devices

It was not until 1883 which is almost fifty years after the first discovery of
photovoltaic effect in 1839 by Becquerel that the first photovoltaic cell was built, by
Charles Fritts, who coated the semiconductor selenium with an extremely thin layer of
gold to form the junctions. The device was only around 1% efficient. In 1888, Russian
physicist Aleksandr Stoletov built the first photoelectric cell based on the outer
photoelectric effect discovered by Heinrich Hertz earlier in 1887. In 1905, Albert
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Einstein described the nature of light and the photoelectric effect on which photovoltaic
technology is based, for which he later won a Nobel prize in physics.[31] The modern
photovoltaic cell was developed in 1954 at Bell Laboratories.[18] The highly efficient
solar cell was first developed by Daryl Chapin, Calvin Souther Fuller and Gerald Pearson

in 1954 using a diffused silicon p-n junction.[32]
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Figure 2-2 Research Cell Efficiency Plot for Various Photovoltaic Technologies 1976-2011.
Figure is modified from the original figure prepared by Lawrence Kazmerski, National
Renewable Energy Laboratory (NREL)[33]
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The first generation of solar cells, based upon silicon based p-n junction cells.
These solar cells use a single junction of extremely pure silicon for extracting energy

from photons, and have a theoretical efficiency maximum of 33%[34] (Figure 2-2).

In the early 1960s, silicon based solar cells have approximately 11% efficiency.
They were relatively inexpensive, and suitable for the low power and limited lifetime
application. The conversion efficiency of standard silicon solar cells ranges around 15%
under standard test conditions. In the last 50 years, there have been many enhancements
in the silicon cell technology to improve their efficiency. During this time, research is
mainly focused on better light absorption, extremely thin cells with back-surface
reflectors for internal light trapping, and passivated cell surfaces to reduce losses due to
recombination effects. The highest measured efficiency for a large-area crystalline silicon
solar cell stands at 25% (Figure 1-2). In spite of the complicated fabrication processes of
these cells and high cost, they still dominate the solar cell market. In 2007, first
generation solar cells accounted for 89.6% of commercial production. It is not thought
that first generation cells will be able to provide energy more cost effective than fossil fuel

sources.

The high cost of the first generation cells give rise to the development of the
second generation solar cells. This so called ‘thin-film’ solar cell technology was first
made by Wolf and Spitzer in mid 1980s.[35] This generation of solar cells has been
developed based on materials of crystalline silicon, micro-amorphous (micromorphous)

silicon,[36] copper indium gallium selenide, Cu,(In,Ga)Se,, (CIGS) [37], and cadmium
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telluride (CdTe).[38] They are significantly cheaper to produce than first generation cells
but have lower efficiencies. In 2007, thin-film silicon production represented 5.2% of total
market share. In 2010, CIGS based cells have the highest reported efficiency with is 20%

(Figure 1-2).

Light concentrators increase efficiencies and reduce the cost/efficiency ratio. The
two types of light concentrators are refractive lenses like Fresnel lenses and reflective
dishes. With the improvement of these devices, light arriving on a large surface can be
concentrated on a smaller cell. The intensity concentration ratio is the average intensity of
the focused light divided by 0.1 W/m2. The final output current of the multi-junction cell

will be multiplied by this ratio under concentrated illumination.[39, 40]

Concentrator enhanced cells produce the highest efficiencies seen to date. Three-
layer cells are fundamentally limited to 63%, but existing commercial prototypes have
already demonstrated over 40%[41] (Figure 2-2). These cells capture about 2/3 of their
theoretical maximum performance, so assuming the same is true for a non-concentrated
version of the same design; one might expect a three-layer cell of 30% efficiency. This is
not enough of an advantage over traditional silicon designs to make up for their extra
production costs. For this reason, almost all multi-junction cell research for terrestrial use

is dedicated to concentrator systems, normally using mirrors or fresnel lenses.

Using a concentrator also has the added benefit that the number of cells needed to
cover a given amount of ground area is greatly reduced. A conventional system covering

1 m? would require 625 16 cm? cells, but for a concentrator system only a single cell is
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needed, along with a concentrator. The argument for concentrated multi-junction cells
has been that the high cost of the cells themselves would be more than offset by the
reduction in total number of cells. However, the downside of the concentrator approach is
that efficiency drops off very quickly under lower lighting conditions. In order to
maximize its advantage over traditional cells and thus be cost competitive, the
concentrator system has to track the sun as it moves to keep the light focused on the cell
and maintain maximum efficiency as long as possible. This requires an expensive solar

tracker system, and offsets the potential advantages offered by multi-junction cells.

After the discoveries of new organic photovoltaic materials, a third generation of
photovoltaic devices based on organic solar cells became a very hot topic for scientists
for the last decade. These so called “plastic cells’ became a very promising solution to the
upcoming energy problem because of their flexible structures, low fabrication costs, ease

of processing and adjustable electrical properties.

Still in research phase, third generation cells has moved beyond silicon-based
cells by using the evaluation of materials innovation technology. Targeted conversion
efficiency for this organic material based generation is 30-t0-60%. Although many
scientists came up with different materials and structures to this energy harvesting
problem using organic solar cells, the efficiencies of these devices are still not good
enough for commercialization. It is recently reported that efficiencies of these devices
have increased over 5%.[42, 43] Increasing the performance of these plastic cells is

dependent on understanding and suppressing the effects of the performance limitations.

31



2.3 Types of Photovoltaic Cell Materials

Different materials display different efficiencies and have different costs.
Materials for efficient solar cells must have characteristics matched to the spectrum of
available light. Some cells are designed to efficiently convert wavelengths of solar light
that reach the Earth surface. However, some solar cells are optimized for light absorption
beyond Earth's atmosphere as well. Light absorbing materials can often be used in
multiple physical configurations to take advantage of different light absorption and

charge separation mechanisms.

Materials presently used for photovoltaic solar cells include monocrystalline
silicon (c-Si)[44-47], polycrystalline silicon[48-51], amorphous silicon (a-Si)[52-55],

CdTe[56-59], copper indium selenide/sulfide (C1S)[60-64], and CIGS.[65-69]

Many currently available solar cells are made from bulk materials that are cut into
wafers between 180-t0-240 micrometers thick that are then processed like other

semiconductors.

Other materials are made as thin-films layers, organic dyes[70], and organic
polymers[71-75] that are deposited on supporting substrates. A third group are made
from nano-crystals and used as quantum dots.[76-79] Silicon remains the only material

that is well-researched in both bulk and thin-film formes.
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2.3.1 Crystalline silicon

By far, the most prevalent bulk material for solar cells is crystalline silicon. Bulk
silicon is separated into multiple categories according to crystal structure and crystal size

in the resulting ingot, ribbon, or wafer.

Monocrystalline Silicon (c-Si)[44]: often made using the Czochralski process. Single-

crystal wafer cells tend to be expensive, and because they are cut from cylindrical ingots,
do not completely cover a square solar cell module without a substantial waste of refined

silicon. Hence most c-Si panels have uncovered gaps at the four corners of the cells.

Poly- or Multicrystalline Silicon (poly-Si or mc-Si)[47]: made from cast square ingots —

large blocks of molten silicon carefully cooled and solidified. Poly-Si cells are less
expensive to produce than single crystal silicon cells, but are less efficient. US DOE data
shows that there were a higher number of multicrystalline sales than mc-Si sales. Ribbon
silicon[80-82] is a type of mc-Si; it is formed by drawing flat thin films from molten
silicon and results in a multicrystalline structure. These cells have lower efficiencies than
poly-Si, but save on production costs due to a great reduction in silicon waste, as this

approach does not require sawing from ingots.

Analysts have predicted that prices of polycrystalline silicon will drop as
companies build additional polysilicon capacity quicker than the industry’s projected
demand. On the other hand, the cost of producing upgraded metallurgical-grade silicon,
also known as UMG Si, can potentially be one-sixth that of making polysilicon.

Manufacturers of wafer-based cells have responded to high silicon prices in 2004-2008
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prices with rapid reductions in silicon consumption. According to Jef Poortmans, director
of IMEC's organic and solar department, current cells use between eight and nine grams
of silicon per watt of power generation, with wafer thicknesses in the neighborhood of
0.200 mm. At 2008 spring's IEEE Photovoltaic Specialists' Conference (PVS'08), John
Wohlgemuth, staff scientist at BP Solar, reported that his company has qualified modules
based on 0.180 mm thick wafers and is testing processes for 0.16 mm wafers cut with 0.1
mm wire. IMEC's roadmap, presented at the organization's recent annual research review

meeting, envisions use of 0.08 mm wafers by 2015.

2.3.2 Thin-Films

Thin-film technologies reduce the amount of material required in creating the
active material of solar cell. Most thin film solar cells are sandwiched between two panes
of glass to make a module. Since silicon solar panels only use one pane of glass, thin film
panels are approximately twice as heavy as crystalline silicon panels. The majority of
film panels have significantly lower conversion efficiencies, lagging silicon by two to
three percentage points. Thin-film solar technologies have enjoyed large investment due
to the success of First Solar and the, largely unfulfilled, promise of lower cost and
flexibility compared to wafer silicon cells, but they have not become mainstream solar
products due to their lower efficiency and corresponding larger area consumption per
watt production. CdTe, CIGS and a-Si are three thin-film techologies often used as
outdoor photovoltaic solar power production. CdTe technology is most cost competitive
among them. CdTe technology costs about 30% less than CIGS technology and 40% less
than a-Si technology in 2011.

34



Cadmium Telluride (CdTe)[69]: A CdTe solar cell uses a cadmium telluride thin film, a

semiconductor layer to absorb and convert sunlight into electricity. The cadmium (Cd)
present in the cells would be toxic if released. However, release is impossible during
normal operation of the cells and is unlikely during fires in residential roofs. A square
meter of CdTe contains approximately the same amount of Cd as a single cell Nickel-

cadmium battery, in a more stable and less soluble form.

Copper Indium Gallium Selenide (CIGS)[67]: CIGS is a direct-bandgap material. It has

the highest efficiency (~20%) among thin film materials. Traditional methods of

fabrication involve vacuum processes including co-evaporation and sputtering.

Gallium Arsenide (GaAs) Multijunction[83, 84]: High-efficiency multijunction cells

were originally developed for special applications such as satellites and space
exploration, but at present, their use in terrestrial concentrators might be the lowest cost
alternative in terms of $/kWh and $/W. These multijunction cells consist of multiple thin
films produced using metalorganic vapour phase epitaxy. A triple-junction cell, for
example, may consist of the semiconductors: GaAs, germanium (Ge), and Gallium
indium phosphate (GalnP). Each type of semiconductor will have a characteristic band
gap energy which, loosely speaking, causes it to absorb light most efficiently at a certain
color, or more precisely, to absorb electromagnetic radiation over a portion of the
spectrum. The semiconductors are carefully chosen to absorb nearly the entire solar

spectrum, thus generating electricity from as much of the solar energy as possible. GaAs
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based multijunction devices are the most efficient solar cells to date. In October 2010,

triple junction metamorphic cell reached a record high of 42.3% (Figure 2-2).

Light-Absorbing Dyes[70]: Dye-sensitized solar cells (DSSCs) are made of low-cost

materials and do not need elaborate equipment to manufacture, so they can be made in a
DIY fashion, possibly allowing players to produce more of this type of solar cell than
others. In bulk it should be significantly less expensive than older solid-state cell designs.
DSSC's can be engineered into flexible sheets, and although its conversion efficiency is
less than the best thin film cells, its price/performance ratio should be high enough to
allow them to compete with fossil fuel electrical generation. The DSSC has been
developed by Prof. Michael Gratzel in 1991 at the Swiss Federal Institute of Technology

(EPFL) in Lausanne (CH).

Typically a ruthenium metalorganic dye (Ru-centered) is used as a monolayer of
light-absorbing material. The dye-sensitized solar cell depends on a mesoporous layer of
nanoparticulate titanium dioxide (TiOy) to greatly amplify the surface area (200-to-300
m?/g TiO,, as compared to approximately 10 m%g of flat single crystal). The
photogenerated electrons from the light absorbing dye are passed on to the n-type TiO,,
and the holes are absorbed by an electrolyte on the other side of the dye. The circuit is
completed by a redox couple in the electrolyte, which can be liquid or solid. This type of
cell allows a more flexible use of materials, and is typically manufactured by screen
printing and/or use of Ultrasonic Nozzles, with the potential for lower processing costs

than those used for bulk solar cells. However, the dyes in these cells also suffer from
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degradation under heat and ultraviolet (UV) light, and the cell casing is difficult to seal
due to the solvents used in assembly. In spite of the above, this is a popular emerging

technology with some commercial impact forecast within this decade.

Organic/Polymer Solar Cells[73]: Organic solar cells are a relatively novel technology,

yet hold the promise of a substantial price reduction and a faster return on investment.
These cells can be processed from solution, hence the possibility of a simple roll-to-roll

printing process, leading to inexpensive, large scale production.

Organic solar cells and polymer solar cells are built from thin film of organic
semiconductors including polymers, such as polyphenylene vinylene and small-molecule
compounds like copper phthalocyanin and carbon fullerenes and fullerene derivatives.
Energy conversion efficiencies achieved to date using conductive polymers are low
compared to inorganic materials. In addition, these cells could be beneficial for some

applications where mechanical flexibility and disposability are important.

These devices differ from inorganic semiconductor solar cells in that they do not
rely on the large built-in electric field of a pn junction to separate the electrons and holes
created when photons are absorbed. The active region of an organic device consists of
two materials, one which acts as an electron donor and the other as an acceptor. When a
photon is converted into an electron hole pair, typically in the donor material, the charges
tend to remain bound in the form of an exciton, and are separated when the exciton

diffuses to the donor-acceptor interface. The short exciton diffusion lengths of most
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polymer systems tend to limit the efficiency of such devices. Nanostructured interfaces,

sometimes in the form of bulk heterojunctions[73], can improve performance.

Silicon Thin Films[85-90]: Silicon thin-film cells are mainly deposited by chemical

vapor from silane gas and hydrogen gas. It has been found that poly-silicon with a low
volume fraction of nanocrystalline silicon (nc-Si) is optimal for high open circuit
voltage.[91] These types of silicon present dangling and twisted bonds, which results in
deep defects as well as deformation of the valence and conduction bands. The solar cells
made from these materials tend to have lower energy conversion efficiency than bulk
silicon, but are also less expensive to produce. The quantum efficiency of thin film solar

cells is also lower due to reduced number of collected charge carriers per incident photon.

An a-Si solar cell is made of amorphous or microcrystalline silicon (p-Si) and its
basic electronic structure is the p-i-n junction. a-Si is attractive as a solar cell material
because it is abundant and non-toxic and requires a low processing temperature, enabling
production of devices to occur on flexible and low-cost substrates. As the amorphous
structure has a higher absorption rate of light than crystalline cells, the complete light
spectrum can be absorbed with a very thin layer of photo-electrically active material. A
film only 1 micron thick can absorb 90% of the usable solar energy. This reduced
material requirement along with current technologies being capable of large-area
deposition of a-Si, the scalability of this type of cell is high. However, because it is
amorphous, it has high inherent disorder and dangling bonds, making it a bad conductor

for charge carriers. These dangling bonds act as recombination centers that severely
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reduce the carrier lifetime and pin the Fermi energy level so that doping the material to n-
or p- type is not possible. Amorphous Silicon also suffers from the Staebler-Wronski
effect, which results in the efficiency of devices utilizing amorphous silicon dropping as
the cell is exposed to light. The production of a-Si thin film solar cells uses glass as a
substrate and deposits a very thin layer of silicon by PECVD. A-Si manufacturers are
working towards lower costs per watt and higher conversion efficiency with continuous
research and development on multijunction solar cells for solar panels. a-Si has a higher
bandgap (1.7 eV)[92] than crystalline silicon (c-Si) (1.1 eV), which means it absorbs the
visible part of the solar spectrum more strongly than the infrared portion of the spectrum.
As nc-Si has about the same bandgap as c-Si, the nc-Si and a-Si can advantageously be
combined in thin layers, creating a layered cell called a tandem cell. The top cell in a-Si
absorbs the visible light and leaves the infrared part of the spectrum for the bottom cell in

nc-Si.

Recently, solutions to overcome the limitations of thin-film crystalline silicon
have been developed. Light trapping schemes where the weakly absorbed long
wavelength light is obliquely coupled into the silicon and traverses the film several times
can significantly enhance the absorption of sunlight in the thin silicon films. Minimizing
the top contact coverage of the cell surface is another method for reducing optical losses;
this approach simply aims at reducing the area that is covered over the cell to allow for
maximum light input into the cell. Anti-reflective coatings can also be applied to create
destructive interference within the cell. This can be done by modulating the refractive

index of the surface coating; if destructive interference is achieved, there will be no
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reflective wave and thus all light will be transmitted into the semiconductor cell. Surface
texturing is another option, but may be less viable because it also increases the
manufacturing price. By applying a texture to the surface of the solar cell, the reflected
light can be refracted into striking the surface again, thus reducing the overall light
reflected out. Light trapping as another method allows for a decrease in overall thickness
of the device; the path length that the light will travel is several times the actual device
thickness. This can be achieved by adding a textured back-reflector to the device as well
as texturing the surface. If both front and rear surfaces of the device meet this criteria, the
light will be 'trapped’ by not having an immediate pathway out of the device due to
internal reflections. Thermal processing techniques can significantly enhance the crystal
quality of the silicon and thereby lead to higher efficiencies of the final solar cells.
Further advancement into geometric considerations of building devices can exploit the
dimensionality of nanomaterials. Creating large, parallel nanowire arrays enables long
absoprtion lengths along the length of the wire while still maintaining short minority
carrier diffusion lengths along the radial direction. Adding nanoparticles between the
nanowires will allow for conduction through the device. Because of the natural geometry
of these arrays, a textured surface will naturally form which allows for even more light to
be trapped. A further advantage of this geometry is that these types of devices require

about 100 times less material than conventional wafer-based devices.
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2.4 Organic Photovoltaic Devices

The organic solar cell field started with the small organic molecules (pigments),
but real breakthrough was achieved after the development of semiconducting polymers.
Incorporating these conjugated polymers into organic solar cells resulted in remarkable

improvements within the past years.

The milestone in the polymer solar cell was in 1977. In that year, Shirakawa,
MacDiarmid, and Heeger demonstrated the conductivity of conjugated polymers can be
controlled by doping who were honored for their discovery with the Nobel prize in
chemistry in 2000.[93] Since then, these conjugated polymers have been used

successfully in LEDs [94-96] and solar cells.[96, 97]

2.4.1 Organic Semiconductor Materials (Conjugated Polymers)

What makes these conjugated polymers attractive for solar cells is the bond
structure between the carbon atoms. Different from most of the industrial plastics where
the insulating properties of them come from the formation of o bonds between the
constituent carbon atoms, in conjugated polymers these bonds that make up the backbone
are alternatingly single or double given in figure 2-3a. In other words, each carbon atom
in the backbone of the polymer binds to only three adjacent atoms, leaving one electron
per carbon atom in a p, orbital. The mutual overlap between these p, orbitals results in the
formation of 7 bonds along the conjugated backbone, thereby delocalizing the z electrons
along the entire conjugation path. As the delocalized 7 electrons fill up to whole band,

conjugated polymers becomes intrinsic semiconductors [98].
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Figure 2-3 (a) In polyacetylene, the bonds between adjacent carbon atoms are alternatingly single
or double (b) Changes in the electron energy levels of a conjugated polymer before and after the
photon absorption.

The filled z band is called the highest occupied molecular orbital (HOMO) and
the empty z* band is called the lowest unoccupied molecular orbital (LUMO). This =
system can be excited without breaking the chain and therefore chain stays together by

the o bonds without falling apart.
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In conjugated systems, pi bonds (m bonds) are covalent chemical bonds, where
two lobes of one involved electron orbital overlap two lobes of the other involved
electron orbital. Only one of the orbital's nodal planes passes through both of the
involved nuclei. Also, as the band gap of a conjugated system depends on its size,[98]
any disturbance of the conjugation along the polymer’s backbone will change the local
HOMO and LUMO positions. Therefore, real conjugated polymers are subject to
energetic disorder. Hence, it is possible to promote an electron from the HOMO to the
LUMO level upon, for example, light absorption. For absorption to occur, the energy of
the photon must exactly equal the energy of the orbital gap (band gap). Upon absorption
of a photon with sufficient energy by the organic semiconductor, an electron jumps into
the LUMO, leaving a hole behind in the HOMO given in figure 2-3b. However, due to
electrostatic interactions, this electron-hole pair forms a tightly bound state which is
called exciton. The exciton binding energy for organic semiconductors (in a range of 200-
to-500 meV) is one order of magnitude larger than inorganic semiconductors like silicon,

where photo excitations lead direct free carriers at room temperature.

2.4.2 Exciton Dissociation and Charge Transfer Mechanism

After the neutral-charge excitons generated via light absorption, they start to
transport through diffusion. The diffusion length of an exciton is a characteristic property
of the conjugated polymers and varies from 5 nm to 20 nm. However, the increase in the
diffusion length decreases the exciton lifetime meaning that they either decay or
dissociate through the internal mechanism. Therefore, the thickness of the conjugated
polymer systems is restricted by the exciton diffusion length.
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Figure 2-4 Common conjugated organic polymer photovoltaic device structure

The diffusion mechanism is followed by dissociation for the excitons that are
close enough to the layer interface. Conjugated organic polymer photovoltaic devices
usually have the device structure given in figure 2-4. As it can be seen from the figure the
device has two polymer layers, one is the donor and the other one is the acceptor for the
generated charges. After the generation of the excitons, electrons transfer into the
acceptor at the donor-acceptor interface while the hole stays. The rest of the excitons
decays through recombination. Thus, the energy efficiencies of single-layer polymer
devices remain typically below 0.1%. Then, dissociation of the electron-hole pair is
transferred into the related electrodes. Efficiency of this process is related to different
parameters. Some of which are the exciton diffusion length, carrier drift length and

exciton lifetime.
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Figure 2-5 (a) The Interface between two different polymers having lower HOMO and LUMO
level but the same band gap. Electrons can be transferred to a lower energy state but holes stay.
(b) The interface between two different semiconducting polymers can facilitate either charge
transfer by splitting the exciton or energy transfer, where the whole exciton is transferred from
the donor to the acceptor.
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In addition, the absorption bands of the materials used have a high impact on the
overall efficiency. The absorption band of most conjugated polymer lies in a relatively
narrow range of solar spectrum, as they are commonly known as intrinsic wide band gap

semiconductors (band gap above 1.4eV).

The thermal energy at room temperature (~25 meV) is not sufficient to efficiently
generate free charge carriers in organic materials by exciton dissociation, even at typical
internal electric fields (~10°-10" \//m) [95], it is not an easy process. In many conjugated

polymers most of the excitons cannot dissociate into free carriers in a pure layer [96].

The charge separation occurs at the interface between donor and acceptor
molecules, due to a large potential drop. The excited electron can jump from the LUMO
of the donor (the material with the higher LUMO) to the LUMO of the acceptor if the
potential difference A® between the ionization potential of the donor and the electron
affinity of the acceptor is larger than the exciton binding energy (Figure 2-5a). The
efficiency of this exciton dissociation process, also called as photo induced charge
transfer, depends on some conditions. First of all, during the process, free charges can be
generated only if the hole remains on the donor side of the interface which is due to the
higher HOMO level of the donor. If the HOMO of the acceptor is higher, both electron
and hole can be transferred to the acceptor side which leads to an energy loss (Figure 2-
5b). The thickness of this layer is also an important parameter for efficient exciton
generation. This thickness should be higher that the exciton diffusion length to collect all

the excitons that are able to diffuse to the interface.
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2.4.3 Organic Heterojunction Photovoltaic Devices

While high recombination rates and low efficiencies in one layer organic solar
cells made them inappropriate candidates for the future applications, the discovery of
heterojunction organic solar cells opened a new era for this type of cells. According to
this approach, polymer layer is made by hole and electron accepting organic materials
and photo generated excitons in this layer dissociated into free carriers at the interface.
Comparing with the single component solar cells, recombination rate of heterojunction

solar cells is low.

In the literature, different types of heterojunction cells are considered by using
different polymer blends and molecules. The list of some breakthrough materials and

devices are shown in Table 2-1.

Table 2-1 Summary of device characteristics for various solar cell devices fabricated with
different organic heterojunction polymer blends

Eill Power
Polymer Blend  Year Factor [%)] Conversion Reference
°1 Efficiency [%]

PPV/ Ce 1995 - - [97]
POPT/CN-PPV 1998 35 1.9 [99]
MDMO-PPV/

[60]PCBM 2001 51 3.0 [100, 101]
P3HT/ PCBM 2002 55 4.9 [101, 102]
PTB7/PC;;BM 2010 69 7.4 [103]
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Among the conjugated polymers given above, two of them, (3-hexylthiophene)
(P3HT) as the donor polymer and phenyl-Cgo-butyric acid methyl ester (PCBM) as the
acceptor polymer (Figure 2-6), drew a lot of attention because of their ability to absorb

photons at longer wavelengths and strong electron accepting properties respectively.

P3HT

Figure 2-6 Commonly used acceptor and donor polymers (left) electron acceptor polymer PCBM
(right) hole conducting and electron donor polymer P3HT

The buckminster fullerene Cgo is based on experiments in bulk heterojunction
cells that when Cg is mixed with hole conducting materials, photoconductivity increases
under illumination [104]. But, Cgo shows a tendency to crystallize in the polymer mixture.
This leads to the development of PCBM, a derivative of Cg (Figure 2-6left). The
increased solubility of PCBM resulted in the formation of smaller crystallites in the

blend. For the electron donor material, P3HT (Figure 2-6right) is one of the most widely
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used polymer. The most important finding was that slow drying of the P3HT:PCBM layer
leads to increase mobility values, thus prevents the buildup of space charge regions inside
the device. There are two main types of organic heterojunction solar cells, bi-layer

organic heterojunction and organic bulk heterojunction.

2.4.3.1 Bi-Layer Organic Heterojunction Photovoltaic Devices

Bi-layer organic heterojunction, can be prepared by depositing two different
layers of organic polymers one top of the other (Figure 2-7a). The geometry of this type
guarantees directional photo-induced charge transfer across the interface. After the
exciton dissociation, both types of charge carriers travel in different layers. So, the
chance for recombination is significantly reduced. The limiting factors on this type of
heterojunction cells is the interfacial area is limited to the total device area and thickness
of the P3HT layer has to be thin enough to enable excitons to diffuse to the P3HT/PCBM
interface for dissociation. Thinner P3HT layer reduces the photon absorption percentage

so the device efficiency.

2.4.3.2 Organic Bulk Heterojunction Photovoltaic Devices

A new structure based on the mixture of the electron donor and acceptor material
is prepared to increase the interface area and thus to improve exciton dissociation
efficiency. This mixture of materials deposited on the surface to form a heterojunction

layer which is also called as bulk heterojunction (Figure 2-7b).
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Figure 2-7 Different organic heterojunction devices structures, corresponding band (a) Bilayer
organic heterojunction device structure, (b) Organic bulk heterojunction device structure

One of the early problems in organic bulk heterojunction photovoltaic is the
possible short circuits between electrodes based on the fabrication of the thin polymer

layer. These short circuits can cause from the gaps in the layers or from the morphology.
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This problem is solved by depositing another polymer layer between the anode contact
and the active polymer layer. Most common buffer polymer is poly-(3,4-
ethylenedioxythiophene):poly-(styrenesulphonic acid) (PEDOT:PSS) given in figure 2-8.
Along with acting as an electron blocking layer, a thin semiconductor PEDOT:PSS layer
works to prevent electron leakage from the bulk heterojunction acceptor to the anode, to

help extracting the photo-generated holes and to planarize the contact surface.

n /
0 0 |

\_/ S

SO,H
PEDOT PSS

Figure 2-8 Most commonly used buffer polymers as PEDOT:PSS blend in organic
photovoltaic devices (left) PEDOT (right) PSS

Electrode materials have also important effect over the performance of organic solar
cells. The work function of the electrode materials determines whether the electrode

forms an ohmic or a blocking contact for the respective charge carrier. Moreover the
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difference in work function of the electrode materials has a considerable effect over the
open circuit voltage. The most commonly used electrode materials for the electron
collecting contact is aluminum (Al) (4.28eV). Although some metals are used for the hole
collecting side, it is not possible to form an transparent metal electrode with low sheet

resistance.

The most commonly used electrode material on the anode side is Indium Tin
Oxide (ITO) which is a degenerated semiconductor comprising a mixture of In,O3; (90%)
and SnO; (10%) with a bandgap of 3.7eV. The large bandgap allows no absorption of
wavelengths longer than about 350 nm. The material can be highly conducting leading to
very low sheet resistances for 100 nm thick layers of ITO. When there is lack of oxygen,
it acts as n- type dopant which is suitable for the anode contact applications. As the
thickness of the ITO layer increases, the sheet resistance decreases. Commercial available
ITO coated glasses have a sheet resistance between 5-to-15 Qsq ™ with a thickness of 100-
to-150 nm. The transmission properties of the thicker ITO substrates do not change much
since the material does not absorb in the visible. Nominal transmission is greater than
85% for the 150 nm thick substrates.

By this property, conjugated polymers with absorption in the whole visible range
can be used with ITO if the bandgap of the polymer and the work function of the ITO can
allow for the charges to move in the right direction. In this sense, ITO and PEDOT:PSS
are suitable for the hole collection side of the organic photovoltaic devices. The energy
diagram of an these device is given in figure 2-7a,b for both bi-layer organic photovoltaic

device and organic bulk heterojunction photovoltaic devices respectively.
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2.4.4 Fabrication of Organic Bulk Heterojunction Photovoltaic Devices

Fabrication of organic bulk heterojunction photovoltaic devices starts with the
deposition of the transparent conductive oxide layer on top of substrates. Substrates can
be glass or flexible plastic (Figure 2-9a). The most commonly used oxide materials for
the transparent anode contact are ITO and zinc oxide (ZnO). The optical transmittance
and electrical performance of ITO is much better than those of ZnO with a drawback of
high cost. The deposition of the oxide layer can be done by sputtering (Figure 2-9b). ITO
can have a 15 Q/sq sheet resistance when the optical transmittance is close to 99% so
ITO is the most popular material for transparent oxide contacts not only in the
photovoltaics area but also in liquid crystal displays (LCD) and etc. ITO deposited on top
of glass substrates shows hydrophobic property which makes it harder for the liquid
based organic polymers to attach on surface. In order to overcome this problem, ITO
coated glass substrates are usually treated by oxygen (O,) plasma etching for 5 min at
most. This process changes the surface properties of the substrates from hydrophobic to
hydrophilic.[105] Following the plasma etching a thin layer of buffer layer which is
mostly PEDOT:PSS for organic bulk heterojunction photovoltaic devices is deposited on
top of ITO layer (Figure 2-9c). The deposition of PEDOT:PSS starts with first solving the
PEDOT:PSS in organic solvents such as methylpyrrolidone, dimethyl sulfoxide or
sorbitol which increase the electrical conductivity of PEDOT:PSS layer many orders of
magnitude. Then, PEDOT:PSS solution is spin coated on to the surface with 4000 rounds
per minute (rpm) for less than 1 min to make the layer both conductive and thin enough

for high optical transmittance.
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Figure 2-9 Fabrication steps for organic bulk heterojunction photovoltaic devices. (a) substrate,
(b) deposition of transparent and electrically conductive oxide layer, (c) deposition of buffer
layer, (d) deposition of donor and acceptor polymer blend, (e) deposition of protective layer, (f)
deposition of metal cathode electrode.
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The aqueous PEDOT:PSS is then annealed at 120-to-150 °C for 15 minutes in
usually inert gas environment such as nitrogen (N,) to make the layer hard enough to for
deposition of the active donor and acceptor polymer blend. The benefits of this annealing
on the surface properties have been previously shown.[106]. The donor, P3HT, and
acceptor, PCBM, are prepared as a mixture of 1:1 P3HT and PCBM blend which had
been dissolved in 1 ml 1,2-dichlorobenzene (ODCB) to make a 60 mg/ml solution, and
stirred for 12 hours at 80 °C was filtered through a 0.22 um filter and then deposited on
top of the PEDOT:PSS layer at different speeds for 50-to-100 seconds depending on the
layer thickness by spin coating (Figure 2-9d). High temperature annealing treatment was
carried in Ny environment for 1 hour at 80-to-120 °C. The sample was then cooled back
to room temperature within a 30 minute ramp. Slow annealing and cooling makes the
crystal structure of the organic polymer blend more ordered which helps to increase the
efficiency of the charge transfer, exciton dissociation and reduce the number of dead ends
in the for the charges. For the cathode contact, first 1 nm of protective layer which is
usually lithium fluoride (LiF) is deposited on top of active polymer blend via vacuum
thermal evaporation to protect the organic polymer from the energetic metal atoms during
thermal evaporation.[107] This protection layer also improves the overall performance by
lowering the work function of the metal electrode. Then, 60-to-100 nm thick metal layer
is deposited on top of LiF layer as the cathode contact again via vacuum thermal
evaporation. Most commonly used metallic contact material for organic bulk
heterojunction photovoltaic devices is Al because of its high electrical conductivity and

low price.
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2.4.5 Characterization of Organic Bulk Heterojunction Photovoltaic Devices

2.4.5.1 Optical (Spectral) Characterization

Absorbance / Transmittance: Since the photovoltaic means converting the energy of

light to electricity, the first step for this conversion is absorbing the energy of light. Light
is electromagnetic radiation of any wavelength. Generally, this electromagnetic radiation
is classified by wavelength. Light exhibits properties of both waves and particles and
these particles are called photons. A photon has energy proportional to its frequency, i.e.
reciprocal of wavelength. Light is emitted and absorbed in photons so in order to absorb
the energy of light photons have to be absorbed in a process that their energy can be
converted in to electricity. This process is known as photoelectric effect and explained in

part 2.2.

Absorbance is the logarithmic measure of light that shows the amount of absorbed
photons out of all incident photons for a given wavelength. This parameter can be defined
over a range of wavelengths known also as spectra. When the definition of absorbance is
done over a spectra this gives the absorbance spectra of a semiconductor material.

Absorbance is defined as;
o
A?» = |Oglo T (21)

where | is the intensity of light for a given wavelength, &, passed through the material and

lo is the intensity of incident light.
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Figure 2-10 Absorbance spectra of P3HT:PCBM photo-active bulk heterojunction layers having
different thicknesses versus the solar irradiance spectra.
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In order to use the light source more efficiently the peak absorbance should be in
the range of high power irradiance spectra. Most of the organic photovoltaic devices are
solar cells so the absorbance peaks of organic polymer blends used in bulk heterojunction
structure should follow the solar irradiance spectra. In figure 2-10, absorbance spectra for
P3HT:PCBM bulk heterojunction photo-active organic polymer layers and solar
irradiance spectra are given. As it can be seen from the figure, the peak absorbance of

P3HT:PCBM is in the range of the highest solar irradiance.

Additionally, in the device structure, magnitude of absorbance depends on the
thickness of the active layer. Because the thickness of the active layer is of the same
order of magnitude as the wavelength of the incident light, small changes in this layer
thickness can have a significant effect on the absorbance of the devices. As it can be seen
in figure 2-10, as the thickness of the P3HT:PCBM layer increases, magnitude of
absorbance increases. This means more photons are absorbed and turned into exitons.
However, there is a trade-off between the device thickness, absorbed number of photons
and the recombination rate of excitons. Because organic polymers have very short
exciton diffusion lengths and low charge carrier mobility values.

Transmittance is the fraction of incident light at a specific wavelength that passes
through the material. It is also known as the reciprocal of the absorbance and can be

defined as;

T, =107 (2.2)
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Spectral Responsivity: Spectral responsivity measurements of organic bulk

heterojunction photovoltaic devices are used to calculate the spectral mismatch correction
factor and understand physical mechanisms of devices. This correction factor between the
reference and test cells is used to set the light intensity of the solar simulator for solar

performance measurements. The spectral responsivity, S,, is calculated by

q7\,
S ———QE 2.3
A hc A ( )

where the constant term g/hc equals 8.0655 x 105 for w in units of meters, S, in units of
A/W and the quantum efficiency, QE; in units of %.

The quantum efficiency is the ratio of the number of carriers collected by the solar
cell to the number of photons of a given energy incident on the solar cell. The quantum
efficiency may be given either as a function of wavelength or as energy. If all photons of
a certain wavelength are absorbed and the resulting minority carriers are collected, then
the quantum efficiency at that particular wavelength is unity. The quantum efficiency for
photons with energy below the band gap is zero. A quantum efficiency curve for an ideal
solar cell is shown in figure 2-11. While quantum efficiency ideally has the rectangular
shape shown above, the quantum efficiency for most solar cells is reduced due to
recombination effects. The same mechanisms which affect the collection probability also
affect the quantum efficiency. The quantum efficiency can be viewed as the collection
probability due the generation profile of a single wavelength, integrated over the device

thickness and normalized to the incident number of photons.
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Figure 2-11 External and internal quantum efficiency spectra for a P3HT:PCBM organic bulk
heterojunction photovoltaic device given in comparison with the ideal quantum efficiency.
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There are two types of quantum efficiency definitions. The first one is the external
quantum efficiency (EQE) which describes the overall efficiency of the working
mechanism of the organic bulk heterojunction photovoltaic devices. EQE can be
determined by the ratio of the photons that generate electrons in the external circuit to
incident photons of monochromatic light per time and area and given as;

_Number extracted electrons (N,)
Number of incident photons (N )

EQE (2.4)

The EQE therefore depends on both the absorption of light and the collection of
charges. EQE of a P3HT:PCBM organic bulk heterojunction photovoltaic device is given
in figure 2-11. One important parameter during the measurements of the spectral
response of the organic bulk heterojunction photovoltaic devices is the response time of
the cell to the chopped light. For polymer solar cells, the response of the device to the
incident light is very fast. For a P3HT:PCBM device, the response time is less than a
millisecond [108].

Second type of quantum efficiency is the internal quantum efficiency (IQE). The
IQE is the ratio of the number of charge carriers collected by the solar cell to the number
of photons of a given energy that shine on the solar cell from outside and are not reflected
back by the cell, nor penetrate through, i.e. absorbed photons. By measuring the
reflection and transmission of a device, the EQE curve can be corrected to obtain the
IQE. If the optical losses in a solar cell are known, the IQE can be calculated as;

IOE = Number extracted electrons(N,) 2.5)
Number of absorbed photons (N ;)
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The IQE only considers photons, which are absorbed in the active layer. It is
therefore the ratio of electrons in the external circuit to the number of photons absorbed
in the active layer. IQE of a P3HT:PCBM organic bulk heterojunction photovoltaic
device is given in figure 2-11. IQE and EQE give insight into both the charge carrier

generation and transport processes in a photovoltaic device.

2.4.5.2 Electrical Characterization

Equivalent Circuit Model: Before we start the discussion of the electrical properties of

organic solar cells, it is important to understand the electrical model of a solar cell. In the
ideal case, a solar cell can be modeled by a diode parallel with a current source. But in
practice, a series and a shunt resistance should be added to the model such that; the shunt
resistor Rsy is due to recombination of charge carriers near the dissociation site and the
series resistor Rs considers mobility of the specific charge carrier in the respective
transport medium (Figure 2-12). In the ideal case, Rs = 0 (short circuit) and Rsy = «©
(open circuit). The illuminated current density equation is given by,

\E Jo{exp{w}l +

nKgT

V —JARs

-J 2.6
vl (2.6)

where Jp is the reverse saturation density, ¢ is the elementary charge, A is the active area
of the device, n is the ideality factor, Kg is the Boltzmann constant, T the temperature of
the device and V the externally applied bias voltage. Here, J_ is the photogenerated

current density.
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Figure 2-12 Equivalent circuit model of a organic bulk heterojunction photovoltaic device, where
I_ is the photogenerated current.

J-V_curve and Photovoltaic Device Performance Parameters: The main performance

evaluation of a solar cell is described from its power conversion efficiency (PCE). PCE
of a photovoltaic device is determined from the current density (J, current per unit device
area) — voltage (V) characteristics of the cell. The J-V characteristics of an organic bulk
heterojunction photovoltaic device in the dark and under illumination are shown in figure

2-13.

While, the J-V curve shows a diode like behavior in the dark; under illumination,
extra charge carriers are generated in the device and the dark J-V curve is shifted in the
negative J. Under illumination, three key figures are determined from the J-V curve; open

circuit voltage (Voc), short circuit current density (Jsc) and maximum power point (Pmax)-
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Figure 2-13 J-V characteristics of an organic bulk heterojunction photovoltaic devices measured
in dark and under 1 sun (AM 1.5 — ImWmm) illumination.

64



In organic bulk heterojunction photovoltaic devices, the Voc is found to be
linearly dependent on the HOMO level of the donor (D) and LUMO level of the acceptor
(A).[109-111] However, this relation is only valid when the electrodes form ohmic
contacts with the HOMO of the donor and the LUMO of the acceptor. This relationship

can be described by the following equation;

1-p)yN2

Voe = HOMO(D)- LuMo(A)- T |y (L-pINE @.7)
q PGm

in which g is the elementary charge, p is the dissociation probability of a bound electron—

hole pair into free charge carriers, Gy is the generation rate of the bound electron-hole

pairs, y is the Langevin recombination constant, Nc is the effective density of states, Kg is

the Boltzmann constant, and T is the temperature.

In the organic bulk heterojunction organic photovoltaic device architecture, Voc is
dependent on various structural parameters. If the charge carrier losses increase, Voc
decreases. Moreover, open circuit voltage depends on the nanomorphology of the organic
polymers in the bulk heterojunction active layer. It is also important to have a better
match between the work function of the metal electrode and the HOMO level of the
organic polymer semiconductor to avoid formation of Schottky barriers which reduce the
charge carrier diffusion to metal electrode by generating an electric field on the interface.
This match is modified by depositing a thin layer of LiF between the electrode and the

organic polymer. This deposition decreases the interfacial effects on the interface.
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In the ideal case, photogenerated current of the organic polymer layer in an

organic bulk heterojunction photovoltaic device can be described by;
I, =nquE (2.8)

where n is the charge carrier density, g is the elementary charge, [ is the charge carrier
mobility, and E is the electric field. When the overall photovoltaic device structure is
considered, this current is reduced by several factors. As an outcome, overall short circuit

current of an organic bulk heterojunction photovoltaic device is described by;
Isc =1L —lsy = Ip (2.9)

where lIsy is the shunt resistor current and current and Ip is the diode current as given in

figure 2-12. Isc is the current | when the voltage source V is short-circuited.

The point where the electrical power generated by the photovoltaic device reaches
the maximum value represents the condition where the device can deliver its maximum
power to an external load. It is called the Pnax as given in figure 2-13. The ratio of this
Pmax to the product of the Jsc and the Voc, i.e. theoretical maximum power can be

generated by the device if the device is ideal, is called the fill factor (FF).[112]

P
FF = max (2.10)
VocIsc

Ideally, the fill factor should be unity, but losses due to transport and
recombination result in values between 0.2-0.7 for organic bulk heterojunction

photovoltaic devices. Fill factor of a photovoltaic device is mainly determined by charge
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dissociation, the charge carrier transport, and the recombination processes. These
processes effects the hole transport capability. When hole and electron transport are
unbalanced, a build up space charge region results in the active layer, resulting in low fill

factors.

The photovoltaic power conversion efficiency (n) [113] is then calculated for an

incident light power of light by;

_ Pout _ Vocdsc FF (2.11)

I:)in I:)in

where P, is the incident light power per unit area. This light intensity is standardized at
1000 W/m? with a spectral intensity distribution matching that of the sun on the earth’s
surface at an incident angle of 48.2°, which is called the AM 1.5 spectrum [114]. The
spectra of solar irradiation for AM 0 and A.M 1.5 which are also known as the
extraterrestrial and terrestrial irradiations are given in figure 2-14 in comparison with the
black body radiation. A black body is an idealized physical body that absorbs all incident
electromagnetic radiation. Because of this perfect absorptivity at all wavelengths, a black
body is also the best possible emitter of thermal radiation, which it radiates
incandescently in a characteristic, continuous spectrum that depends on the body's
temperature. At Earth-ambient temperatures this emission is in the infrared region of the
electromagnetic spectrum and is not visible. The object appears black, since it does not
reflect or emit any visible light. Blackbody radiation becomes a visible glow of light if

the temperature of the object is high enough.
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Figure 2-14 Solar spectral irradiance at sea level, terrestrial or AM 1.5, above earth’s
atmosphere, extraterrestrial or AM 0, and black body radiation.
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One other important performance parameter of organic bulk heterojunction
photovoltaic devices that can be extracted from the J-V characteristic of the device is the

series resistance, Rs, of the device by;[115]

RS — VmaxP _ nKBT (212)

ImaxP Q(IL_ImaxP)

where Vmaxe and Imaxp are the voltage and current at Prmax point, n is the diode ideality
factor, Kg is the Boltzmann constant, T is the temperature, g is the elementary charge and

I is the photogenerated current.
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Chapter 3:

Effect of Incident Light Power on Schottky Barriers and 1-V Characteristics of
Organic Bulk Heterojunction Photodiodes

3.1 Introduction

In recent years, photodiodes fabricated from organic semiconductors have drawn
great attention due to the cost effective, flexible, thin and large area device fabrication
opportunities.[116, 117] In addition to these desirable properties, their high on/off ratios
and high external quantum efficiencies have taken organic photodiodes (OPDs) to a
competing level with their inorganic counterparts.[118, 119] These unique electro-optical
characteristics make them candidates for various optical/electrical applications, such as;
optochemical sensors,[120] image sensor arrays[121] or optocouplers.[122] Despite of
this high application potential, there are few works reported in literature about analyzing
and explaining the device principles of the OPDs.[123] In most of these reports,
photodiodes are characterized by using the non-ideal diode model.[124, 125] The
drawback of this model is assuming some parameters, such as; photo-generated current
and recombination to be constant or to have a linear effect on the device

performance.[126]

The most commonly used structure for the bulk heterojunction (BH) OPDs is the
indium tin  oxide  (ITO)/poly(ethylene-dioxythiophene):poly(styrenesulphonate)
(PEDOT:PSS)/poly(3-hexylthiophene):phenyl-Cg;-butyric acid methyl ester

(P3HT:PCBM)/ Aluminum(Al)[105] given in figure 3-1. During the fabrication process,
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P3HT:PCBM layer exposes to oxygen and moisture because of remaining water
molecules at the interfaces. As previous studies show that P3HT can easily be p-type
doped under these circumstances[127] and doping concentration is directly related to the
oxygen concentration in P3HT.[128, 129] The doping makes it possible to form Schottky
barriers (SBs) at the metal contacts of the devices (Figure 3-1). These barriers can be
detected by Mott-Schottky characteristics.[130] The space charge regions (SCRs) on SBs
forming only in the semiconductor side so these barriers behave as single junction

Schottky diodes.[130]

Metal Electrode Schottky Barrier

PEDOT:PSS

Organic Semiconductor

Figure 3-1 Structure of BH OPDs: Glass Substrate / ITO / PEDOT:PSS / P3HT:PCBM / Al
electrodes. SBs form under Al electrodes on metal-organic semiconductor interface.
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Here we studied the effect of incident light power (ILP) on the SCRs of the SBs,
the current-voltage (I-V) characteristics and performance of the devices and built an I-V

model for the devices that involves these effects.

3.2 Experimental

For the fabrication of OPDs, ITO coated glass substrates from Delta Technologies
(15 Q/sq) were used as the transparent anode contact. The glass substrates were cleaned
by ultrasonification in subsequent solutions such as; detergent, de-ionized (di) water for
rinsing, acetone and isopropanol alcohol (IPA). After the cleaning process, the cleaned
ITO coated glass substrates were left for annealing for 12 hours in nitrogen (N) at 70 °C.
This process was followed by oxygen (O,) plasma etching for 5 minutes to change the
surface properties of the substrates from hydrophobic to hydrophilic.[105] Following the
plasma etching, a thin layer of PEDOT:PSS was spin-coated from aqueous solution at
4000 rpm for 40 seconds, after passing through 0.45 um syringe filter. The substrate was
then annealed at 150 °C for 15 minutes in N,. The benefits of this annealing on the
surface properties have been previously shown.[106] After the deposition of the
PEDOT:PSS layer, the substrates were transferred into a N filled glove-box system. A
mixture of 1:1 P3HT and PCBM blend which had been dissolved in 1 ml 1,2-
dichlorobenzene (ODCB) to make a 60 mg/ml solution, and stirred for 12 hours at 80 °C
was filtered through a 0.22 um filter and then deposited on top of the PEDOT:PSS layer
at 400 rpm, 500 rpm and 600 rpm separately on different samples for 50 seconds by spin

coating. High temperature annealing treatment was carried in N, environment for 1 hour
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at 120 °C. For the cathode contact, 100 nm thick Al layer was deposited on top of

P3HT:PCBM layer via vacuum thermal evaporation (Temescal BJD 1800).
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Figure 3-2 Power irradiance spectra of the Newport 96000 Solar Simulator at 0.5 m distance.
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I-V characterization measurements were performed on each device by using
Newport 96000, UV-Enhanced 150 W Xenon Solar Simulator at a distance of 50 cm
from the light source by changing the ILP from 0 mW/mm?to 1.34 mW/mm? The I-V
characteristics were acquired via measurement under different ILPs by using a probe

station and Agilent 4155C Semiconductor Parameter Analyzer.

For OPD responsivity characterization, the photocurrent values under O bias
voltage, short-circuit currents under illumination, were measured by using the solar
simulator which set to a power of AM 15 G, 1 sun (1 mW/mm?), for 10 different
wavelength values changing from 350 nm to 850 nm. Different wavelengths of light were
acquired by using a rotatable filter cage system which has 10 different optical band-pass
filters (Thorlabs) installed in. The power irradiance of the light source for the sample

distance was measured by using a reference photodiode (Thorlabs) (Figure 3-2).

For Mott-Schottky characterization, the capacitance-voltage (C-V) measurements

were performed for each device by using Agilent 4284A LCR meter at 98 Hz.

3.3 Results and Discussion

In order to investigate the effect of change in SCR width on the I-V characteristics
of the OPDs, first, the ILP was fixed to 1 mW/mm?. The approximate |-V characteristic
of SBs[131] with slight modifications for reverse bias and generated photocurrent, given
in equation 3.1, is usually used to model reverse biased BH OPDs. This model assumes

that there is no change in the SCR width of the SBs at metal-semiconductor interfaces.
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| =—Is{exp{;|gv_l'f}—l}+ L,
: (3.1)

In equation 3.1, Is = 1.2 mA, the reverse saturation current, is extracted from dark
measurement (Figure 3-3), Vr is the applied reverse bias, n = 40, the ideality factor, and
lon = 1.25 mA, the photocurrent, are extracted from the measurement data in figure 3-4,
Kg is the Boltzmann constant, T = 300 K is the temperature and q is the electronic charge.
In figure 3-4, there is a significant difference between the measurement data and the
results from equation 3.1 model. The reason for this is; the effect of change in SCR

thickness was not included in the calculations.

This effect can be included to the 1-V model in equation 3.1 by adding the reverse

generation current, on Schottky SCR which is given by[132]

1, = AT
Te (3.2)

where, A = 16 mm? is the area of the aluminum contact, n; = 1.9 x 10 ecm™, intrinsic

doping concentration of P3HT:PCBM, is extracted from the slope of the dark current, W

is the width of the SCR and TE, the relaxation time of electrons, is assumed as 107™°

s.[133] Accordingly, the new I-V model is then given by equation 3.3.
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B Is{exphg\/_‘ﬂ—l}+ lon + 1 (3.3)
B

As it can be seen from equation 3.2, I, is directly proportional with the SCR
width. Since the Schottky junctions can be treated as single-sided p-n junctions,[134] the

SCR width of the junction is then given by[135]

W= \/2808r (Vbi +Vg )i
a Na (3.4)

where, o

is the permittivity of vacuum, ®r, the relative permittivity of P3HT:PCBM, is
assumed as 3,[136] Na is the concentration of p-type dopants in P3HT and Vy; is the built-
in voltage of the SB. The change in the SCR region width can be investigated with the
small signal capacitance vs. reverse voltage bias measurement.[137] Because the SBs
formed on BH devices, the small signal capacitance depends on frequency of the
measurement.[137] In order to decrease the level of this dependency, the C-V
measurements (Figure 3-5) were done below 100 Hz.[137] Reciprocal of the capacitance
squared versus applied reverse voltage relation[136] which is given in equation 3.5, gives
the Mott-Schottky curve in figure 3-6. The curve shows a linear behavior along the RVB

and by extrapolating this straight line to the voltage-axis Vyi, can be extracted as 0.43

eV.[136]
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layer thickness.
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Figure 3-6 Mott-Schottky Characteristic of 200 nm OPD calculated from C-V measurement.
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Figure 3-7 Calculation results of SCR width of SBs on metal-organic semiconductor interface of
OPDs according to RVB.

Accordingly, Na is then calculated as 3.5 x10* cm™ from equation 3.5. The SCR
width versus the RVB was then calculated as in figure 3-7. The results show that the SCR
with in SBs increase with the increasing RVB from 10nm to 40nm. This increases lg, S0
the total reverse bias current given in equation 3.3 with a constant slope as it can be seen
in figure 3-4. Although, the I-V curve of this model is more accurate than the model in
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equation 3.1 and involves the effect of change in SRC width, there is still difference
between the measurement data and the results of equation 3.3 model. The slope of the
measurement data is still larger than that of the model results. The reason for this may be

explained as; the width of the SCR in SB does not only depend on the RVB.
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Figure 3-8 Reverse bias | — VV measurements under different ILPs.

In order to investigate the effect of ILP, power of light was increased from 0
mW/mm? to 1.34 mW/mm?. In figure 3-8, the reverse bias I-V curves according to

increasing ILP can be seen. It is clear that, as ILP increases, the slopes of the I-V curves
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increase. When the tangents to the saturation region of these curves are extrapolated, all
the tangent lines intersect the voltage-axis at the same voltage value, Va. This shows that,
the increase in the slopes of the curves has a certain order. This behavior looks similar to
the lc-Vce (collector current vs. collector-emitter bias) characteristic of n-p-n bipolar
junction transistors (BJT).[131] In BJTs, the base current causes the shift in curves by
injecting electrons, similarly, in OPDs, the ILP works like the base current by exciting
electrons/holes. The increase in the slope of the curves in BJTs is because of the
increasing SCR width in base due to the increasing RVB on base-collector junction, i.e.
Early Effect.[131] Similarly, as mentioned in equation 3.3 model, SCR width has the
same effect on the I-V characteristics of OPDs but that model was not enough for

handling all the effects on SCR width.

Assuming that the change in slopes of the I-V curves does only depend on the
change in SCR width, according to figure 3-8, the increasing ILP, then, increases the
SCR width. Because the Early model theoretically involves all the effect of increasing
SCR width on the I-V characteristic, using a model similar to the Early model will
involve all the effects, the effect of RVB bias and the effect of ILP, on the SCR width.
Accordingly, 1 was removed from the model in equation 3.3 and the new coefficient

similar to the Early model was introduced to the model as given in equation 3.6.

| :{— Is{exp{%}—l}ﬂph}(l—\\//ij
B A (3.6)
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In figure 3-4, it is obvious that equation 3.6 model is much more accurate than the
other models given above, so it can be said that this model involves both the effect of
RVB and ILP on the SCR width of the SB. With the assumption above, the increase in
the SRC width due to increasing ILP was extracted from the difference between the
equation 3.3 model and the equation 3.6 model as it can be seen in figure 3-9. It can
easily be seen that the ILP has an effect on the width of the depletion region of the SBs in

OPDs. Also in figure 3-10, the dependency of slopes to the ILP can be seen.
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Figure 3-9 Calculation results of the increase in the SCR width of the OPDs due to the ILP.
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Figure 3-11 Reverse bias |-V measurements of OPDs having different P3HT:PCBM thicknesses;

slopes of the saturation region in the I-V characteristics is inversely proportional with the OPD
active layer thickness.
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In order to investigate the effect of SCRs width of SBs on the performance of the
devices, three different devices with different active layer thicknesses were fabricated.
The reason for this is to understand the effect of total device thickness to SCR width ratio
on the performance with the assumption that Na and Vy,; do not depend on the device
thickness. In figure 3-11, under the same ILP, devices having different thicknesses show
different V4 values. The thinner devices have smaller V4 values, larger slopes on I-V
curves and higher current values. This indicates a better photodetection performance of
the devices with the decreasing total device thickness to SCR width ratio or the thicker
the SCR on SB, the higher the performance. In figure 3-12, the thinnest device having the
smallest V4, shows the highest responsivity so the highest performance. But, on the other
hand, under excessive ILP, the SCR width becomes comparable with the total device
thickness, or the ratio gets closer to 1. This makes the gap between the SCR region and
ITO contact small enough that charges can tunnel through and the device will break
down. As Va decreases, the photodetection performance of the devices increase but when
Va becomes too close zero, the devices will instantly break down and behave as ohmic

devices.

88



3.4 Conclusion

In summary, the ILP has an effect on the SBs of the OPDs by changing the width
of the SCRs. This change directly affects the reverse bias I-V curves by increasing the
current values and the slope of the curves. The photodetection performance of the devices
tends to increase with the increasing light power due to the increasing SCR width. But
under excessive ILP; the SCRs will merge, the devices will break down and work as

ohmic devices.
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Chapter 4:

Increased Absorption in Band Energy Structure Arranged A-DNA/Organic Bulk
Heterojunction Photovoltaic Devices with Colloidal Platinum Nanoparticle Surface
Plasmons

4.1 Introduction

In recent years, organic bulk heterojunction (BHJ) photovoltaic devices have
attracted great attention due to the advantages of light weight, flexibility, tunable optical
properties and low cost large area fabrication.[138-140] The active layer of these devices
is fabricated by cascading solutions of conjugated polymers and fullerene derivatives or
nanoparticles. Despite of their promising benefits, the power conversion of BHJ
photovoltaics are limited due to their short exciton diffusion lengths of the polymers in
the active layer[141], short drift length of the charge carriers[142], non-ordered phase
separation[143], low dissociation probability of excitons and inefficient hopping carrier

transport.

The BHJ photovoltaic device performance improving can be achieved by using
several approaches. One approach is to introduce organic/inorganic nanostructures
including carbon nanotubes (CNT)[144], nanorods[145], nanoparticles[146],
deoxyribonucleic acid (DNA) complexes[147], nanowires[148] and etc. to increase the
exciton dissociation, charge carrier transport in and inter material by enhancing the
efficiency of the hooping carrier transport. This can be achieved by arranging the band

energy diagram of the BHJ photovoltaic devices by introducing hole collecting and
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electron blocking layers into the device structure. The hole collection and electron
blocking effect of DNA complexes has already been shown.[104, 147] One other
approach is to improving device photon absorption percentage by using plasmonic effect

of nanoparticles.[149, 150]
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Figure 4-1 Band energy diagrams of organic BHJ photovoltaic devices. (a) Control sample with
the well known band energy diagram, (b) DNA complex layer introduced between PEDOT:PSS
and P3HT:PCBM layers as hole collecting and electron blocking layer.

A plasmon is a quantum of plasma oscillation. The plasmon is a quasiparticle
resulting from the quantization of plasma oscillations just as photons and phonons are
quantizations of light and mechanical vibrations, respectively. Thus, plasmons are
collective oscillations of the free electron gas density, for example, at optical frequencies.
Plasmons can couple with a photon to create another quasiparticle called a plasma

polariton.
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Photovoltaic devices exploiting this effect of nanoparticles are called plasmonic
photovoltaic devices. A major limitation in all thin film photovoltaics technologies is that
their absorbance of near-bandgap light is ineffective. Therefore, structuring the
photovoltaic devices so that light is trapped inside, in order to increase the absorbance, is
very important. It is possible to achieve light-trapping by forming a wavelength-scale
texture on the substrate and then depositing the thin-film photovoltaic device on top, and
large increases in photocurrent have been achieved in this way.[151, 152] However,
rough semiconductor surface results in increased surface recombination, and
semiconductors deposited on rough surfaces typically have low material quality. A new
method for increasing the light absorption that has emerged recently is the use of
scattering from noble metal nanoparticles such as gold, silver, platinum and etc., excited

at their surface plasmon resonance.

In this study, we combined the two improvement methods, improving the charge
carrier transport and improving absorption of the BHJ photovoltaic devices. For charge
carrier transport improvement, we presented DNA complexes as hole collecting and
electron blocking layer on the anode side of the devices by using them as hole collecting
and band energy diagram arranging layer. The band energy diagrams for the devices are
given in figure 4-1. In figure 4-1a the band energy diagram for the control sample is
given and the band energy diagram for DNA complex layer introduced device is given in
figure 4-1b. The DNA complexes have the highest occupied molecular orbital (HOMO)
level of 5.6 eV[104] which creates a mid step between the photoactive polymer poly(3-

hexylthiophene):phenyl-Cg;-butyric acid methyl ester (P3HT:PCBM) and the anode
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electrode polymer poly(ethylene-dioxythiophene):poly(styrenesulphonate) (PEDOT:PSS)
and lowest unoccupied molecular orbital (LUMO) level of 1.5 eV[147] which creates a
high potential difference between the LUMO of the P3HT:PCBM layer and blocks the
electrons to be transferred to anode electrode. For absorption improvement with
plasmonic effect of the particles, we present colloidal platinum nanoparticles as the

surface plasmons.

4.2 Experimental

Four separate device structure have been fabricated for testing and comparing the

performance of organic BHJ photovoltaic devices (Figure 4-2).

Figure 4-2 Structure of organic BHJ photovoltaic devices used in this study. (a) Most commonly
used structure for organic BHJ photovoltaic devices, control sample, (b) A-DNA-CTMA layer
introduced device structure, (c¢) PtNC surface plasmon layer introduced device structure, (d)
PtNC/DNA-CTMA mixture layer introduced device structure
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First device, figure 4-2a, is the control sample which has the most commonly used
device structure. For the fabrication of control sample for organic BHJs, first, ITO coated
glass substrates from Delta Technologies (15 Q/sq) were used as the transparent anode
contact. The glass substrates were cleaned by ultrasonification in subsequent solutions
such as; detergent, de-ionized (di) water for rinsing, acetone and isopropanol alcohol
(IPA). After the cleaning process, the cleaned ITO coated glass substrates were left for
annealing for 12 hours in nitrogen (N) at 70 °C. This process was followed by oxygen
(O,) plasma etching for 5 minutes to change the surface properties of the substrates from
hydrophobic to hydrophilic.[105] Following the plasma etching, a thin layer of
PEDOT:PSS was spin-coated from aqueous solution at 4000 rpm for 40 seconds, after
passing through 0.45 um syringe filter. The substrate was then annealed at 150 °C for 15
minutes in N,. The benefits of this annealing on the surface properties have been
previously shown.[106] After the deposition of the PEDOT:PSS layer, the substrates
were transferred into a N, filled glove-box system. A mixture of 1:1 P3HT and PCBM
blend which had been dissolved in 1 ml 1,2-dichlorobenzene (ODCB) to make a 60
mg/ml solution, and stirred for 12 hours at 80 °C was filtered through a 0.22 um filter and
then deposited on top of the PEDOT:PSS layer at 700 rpm for 50 seconds by spin
coating. High temperature annealing treatment was carried in N, environment for 1 hour
at 120 °C. For the cathode contact, first 1 nm of protective layer which is usually lithium
fluoride (LiF) is deposited on top of active polymer blend via vacuum thermal
evaporation (Temescal BJD 1800). Then, 100 nm thick Al layer was deposited on top of

P3HT:PCBM layer via vacuum thermal evaporation (Temescal BJD 1800).
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Second device, figure 4-2b, is the organic BHJ photovoltaic device which has
DNA complex layer as the band energy structure arrangement and hole
collecting/electron blocking layer. The fabrication of the device starts with the
preparation of the DNA complex. First, DNA-CTMA electron blocking-hole collecting
layer in the device structure was synthesized by mixing Lambda Phage DNA (A-DNA),

(Sigma-Aldrich, Product No:D3654, Non-methylated from Escherichia coli host strain

GM119 (m,dam” dem™)  strains in the form of buffered aqueous solution and
Cetyltrimethylammonium (CTMA) chloride solution, (Sigma-Aldrich, Product No:
292737, 25 wt. % in H,0). 5 pg/ml DNA and 1 ml of CTMA chloride were diluted in 15
ml of di-water separately by ultrasonicating the solutions for 1 hour. DNA solution was
added into the CTMA solution while stirring the mixture as it was added. For the
precipitation process the DNA-CTMA mixture was centrifuged for 1 minute at 500 rpm.
The liquid in the vessel was taken with a syringe and the DNA-CTMA precipitates left in
the vessel were dispensed on a filter paper. The precipitates were dried in a nitrogen (N,)
filled oven at 40°C for 12 hours. For the preparation process of the DNA-CTMA solution
used in the fabrication of the organic BHJ photovoltaic devices; 100 mg of DNA-CTMA
with 2 ml of methanol mixed in an aluminum (Al) foil-wrapped bottle to prevent light
degradation. Then, the air left inside the bottle was vacuumed and Ar pumped in to
reduce oxidation. The solution was stirred on a hot plate placed in a N, filled glove-box
for 24 hours at 60°C. Following the preparetion of the DNA-CTMA solution the
fabrication of the photovoltaic devices starts. DNA-CTMA layer is deposited via spin

coating of the solution at 1500 rpm between PEDOT:PSS and P3HT:PCBM layers in the
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structure of the control sample.[147] After the deposition of the DNA-CTMA layer the
samples are annealed for 5 minutes at 40°C in a N, filled glove-box. The rest of the
fabrications steps, deposition of P3HT:PCBM, LiF and Al are same with the control

samples.

Third device, figure 4-2c, is the organic BHJ photovoltaic device which has
colloidal Pt nanoparticles (PtNC) for the improvement of device photon absorption rate.
PtNC used as the surface plasmons in the device were synthesized by Rampino and
Nord[153, 154] method. The Pt was incorporated in the form of potassium
tetrachloroplatinate(ll) (K;PtCls) (Sigma-Aldrich, Product N0:520853;99.9% trace
metals basis) solution. A solution of 1 x 10 M K,PtCl, was prepared in 5 ml de-ionized
water (di-water) to which 0.2 ml of 0.1 M sodium polyacrylic acid (Sigma-Aldrich,
Product No: 420344, average Mw ~2,100) was added. The solution was then
ultrasonicated for 10 minutes and left for aging for 24 hours. Later, Argon (Ar) gas was
bubbled through the aged solution for 20 min. For reduction of the Pt ions, hydrogen (H,)
gas was bubbled vigorously through the solution for 10 minutes. Then the reaction
mixture was incubated at room temperature for 12 hours and centrifuged for 10 seconds
at 500 rpm. After centrifuge, the upper 2 ml of the solution was taken with a syringe and
dispensed in a clean vessel for later use. The PtNC layer is deposited via spin coating of
the solution at 1500 rpm between the PEDOT:PSS and P3HT:PCBM layers in the the
structure of the control sample. After the deposition of the PtNC layer the samples are
annealed for 5 minutes at 40°C. The rest of the fabrications steps are same with the

control samples.
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The Fourth device, figure 4-2d, is the organic BHJ photovoltaic device which has
DNA-CTMA for the improvement of interlayer charge carrier hopping and colloidal Pt
nanoparticles for the improvement of device photon absorption rate. The previously
synthesized 2 ml of colloidal PtNC solution is first mixed with 2 ml of DNA-CTMA
solution by stirred for 1 hour and ultrasonificating the solution for 10 minutes. The
PtNC/DNA-CTMA mixture is deposited via spin coating of the solution at 1500 rpm
between PEDOT:PSS and P3HT:PCBM layers in the structure of the control sample.
After the deposition of the PtNC/DNA-CTMA layer, the samples are annealed for 5

minutes at 40°C. The rest of the fabrications steps are same with the control samples.

In order to define the order of the deposition steps to arrange a proper band
energy diagram for the charge carriers, first the work function of the PtNCs is measured.
Since the work function values for metallic materials, zero-bandgap, can be measured by
using thermionic emission method [155-157], a device has been designed and fabricated
for this measurement (Figure 4-3). Fabrication of the device starts with the deposition of
the ptNC solution on top of a 5.08 cm in length, 2.54 cm in depth and 5 mm in thickness
ceramic substrate. Aluminum Nitride (AIN) ceramic is used as the substrate because of its
high thermal conductivity and electrical insulation properties.[158] After the deposition
of the PtNC, 100 nm thick gold (Au) electrode is deposited on top of PtNC particles only
on one side of the sample for thermionic emission current measurements via thermal

evaporation.
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Figure 4-3 Device which has been designed and fabricated for thermionic emission
measurements of PtNCs and the measurement setup.

In order to protect the anode side of the device from heat dissipation graphite
foam is used as the heat insulator between cathode (emitter) and anode (collector)
electrodes.[159, 160] For this, graphite foam blocks given in figure 4-3 are cut from a
bulk grapite foam by using doctors blade and adhered to the substrate by using thermal
glue. The cut graphite foam blocks are ~1.27 cm in length, 2.54 cm in depth and ~1 mm
in thickness. A gap has been prepared by cutting the block given on right hand side of the
sample which Au electrode was deposited. For insulating the unintended electrical
current flow between the anode and the cathode side Si/SiO, wafer pieces are used.
Wafer pieces are cut according to the dimensions of the graphite foam blocks and
adhered on them by using thermal glue. Then, 100 nm thick gold (Au) electrode is
deposited on top of SiO, only on one side of the sample for thermionic emission current
measurements via thermal evaporation as given in figure 4-3, on right hand side of the
sample. For anode side of the device, 5.08 cm by 2.54 cm ITO coated glass from Delta
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Technologies (15 /sq) that has a cut part on one side is used. The ITO coated glass is
adhered to the sample by using electrically conductive glue mixed with gold

nanoparticles for increasing the electrical conductivity of the glue.

The measurement is done in MMR vacuum probe station with K-20
Programmable Temperature Controller. Two probes which are in contact with the emitter
electrode and collector electrodes are used for the measurement. Probes are connected to
Agilent 4155 Semiconductor parameter analyzer for sweeping applied voltage over the
anode-cathode from 0-to-100V which creates an increasing electromagnetic field
between the emitter and collector electrodes and increases the collection rate of the
emitted electrons from the surface and LMC6001 Ultra Ultra-Low Input Current
Amplifier for pre-amplification of the very low thermionic emission current before
measured by the semiconductor parameter analyzer. First, the pressure in the vacuum
probe station is set to ~10° mmHg. Then, the temperature applied to the sample is swept
from 600-t0-650 K by 5 K steps and the thermionic emission current is measured for each

temperature step accordingly.

Electrical and spectral characterization of photovoltaic devices is performed in
both dark and illuminated conditions. Newport 9600 150 W Solar Simulator which is
calibrated to generate illumination power equals to 1 sun (AM 1.5 G) is used as the light
source. Current-Voltage (I-V) characteristics of the devices are measured by using
Agilent 4155C Semiconductor Parameter Analyzer. For spectral performance analysis

such as external quantum efficiency (EQE) and internal quantum efficiency (IQE) 30
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band-pass optical filters in the spectral range of 350-t0-800 nm wavelengths used to filter
white light into monochromatic light for making the calculation of number of photons
which is the denominator in efficiency calculations (Chapter 2.4.5.1 Optical (Spectral)

Characterization) possible.

Other devices used in the measurements are Perkins Elmer Lambda 35, UV/VIS
Spectrometer for absorbance/transmittance/extinction measurements, Perkins Elmer LS
55 Luminescence Spectrometer for PtNC solution photoluminescence measurements and

Veeco Multimode V for atomic force microscopy (AFM) imaging.

4.3 Results and Discussion

In this study, we used solution-processable PtNC to trigger the localized surface
plasmon resonance. After the synthesis of the PtNC, the solution is used for the extinction
measurement for determination of the plasmon resonance frequency values of the PtNCs.
The extinction spectrum of the PtNCs, determined using UV/VIS spectroscopy, is
displayed in figure 4-4. As it can be seen from the figure, the plasmon resonance
frequency of the solution processable PtNCs in solution was located at around 550 nm.
The plasmonic resonance regime of the PtNCs is close to the absorption peak of the
P3HT/PCBM blends of the organic BHJ photovoltaic devices given in figure 4-5.
Thereby this enhancement is suggesting enhanced light-harvesting efficiency in the active
layer of the devices. As it can be seen from the figure 4-5 introduction of PtNCs into the
device structure enhanced the absorption of the devices without making a significant

increase in the thickness of the active layers of the devices.
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Figure 4-4 UV/VIS extinction spectrum of the solution processable PtNCs measured in the
spectral range of 300-to-800 nm wavelengths.
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Figure 4-5 UV/VIS absorbance spectrum of the photovoltaic devices fabricated with four
different device structures. Purple arrows indicate the light-harvesting enhancement due to
surface plasmon resonance.
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In order to measure the average particle size and particle distribution throughout
the surface, AFM images of PtNCs deposited on Si/SiO, substrates are taken. In figure
4-6, AFM image of the PtNCs is given. It can easily be seen from the figure that PtNCs
which have been deposited on the surface via spin coating are distributed evenly
throughout the surface. This shows that the particle suspension and distribution in the
solution-processable PtNC solution was achieved and homogeneous. Additionally, in
figure 4-7, a close-up view of the AFM image of PtNCs deposited on Si/SiO, substrate is
given for illustrating the particle sizes in both vertical and horizontal scales. There are
particles having sizes in the range of 5-t0-80 nm in diameter. From the calculations
throughout the surface, the average particle size of the synthesized PtNCs is determined

as ~25 nm in diameter.

Figure 4-6 AFM height image of PtNCs deposited via spin coating on Si/SiO, substrate.
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Figure 4-7 Close-up view of AFM height image of PtNCs deposited via spin coating on Si/SiO,
substrate.

Work function is an important parameter for materials used in the structure of the
photovoltaic devices, because the order of the layers is defined according to work
function to enable charge carriers hop between layers. Order of the layers is important for
designing the fabrication process. In order to define the order of the deposition steps to
arrange a proper band energy diagram for the charge carriers, the work function of the

PtNCs is measured. The work function values for metallic materials, zero-bandgap, can

104



be measured by using thermionic emission method.[155-157] Thermionic electron
emission is used as electron sources in a wide variety of applications, such as fluorescent
lamps, cathode ray tubes, X-ray tubes, mass spectrometers, vacuum gauges, scanning
electron microscopes and many scientific instruments. Currently, thermionic emission
measurements require high operation temperature (>1000 °C) for practical measurements
due to the low emission efficiency. Low-temperature and highly efficient thermionic

emission not only improves, but also make it more easy to measure the work function.

Thermionic electron emission current can be described by the Richardson-
Dushman[161, 162] equation with the Richardson’s emission constant A (A-cm2-K ).
The work function was calculated according to Richardson-Dushman equation,[161]

lp = AT? exp(— %} (4.1)
B

where | is the zero field thermionic emission current, T is the absolute temperature, ® is
the work function of the cathode at absolute zero temperature, Kg is the Boltzmann

constant.

The “zero field thermionic emission current” lp can be calculated from the I-V

curves according to the Schottky effect,[162]

04/qE/4neg } (4.2)

Ia:IOexpE— T
B
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where 1, is the thermionic emission current, q is the electron charge, E is the electric field

on the thermionic cathode surface, and gy is the vacuum dielectric constant. E can be
substituted by a,/U, + U, . Here a is a constant determined by the geometry of electrode

structures, U, is the anode voltage in volts, U. is the contact potential between the

cathode and anode, which is usually below 1 V and can be neglected in the calculation.

Figure 4-8 shows representative results of emission current, i.e. anode current, as
a function of anode voltage at several temperatures for forward bias. The measurement
was done at different temperatures in the range of 600-t0-650 K for anode voltage
sweeping from 0-to-100 V. No emission current was observed for reverse bias. The
emission current increased rapidly and saturated with increasing the anode voltage for the

temperatures from 625 K to 650 K.
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Figure 4-8 Thermionic emission current as a function of forward bias at several temperatures.
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The saturation emission current increased with increasing the temperature.
Temperature dependence of saturation current at anode voltage = 99 V is shown in figure
4-9. As it can be seen from the figure, saturation current rapidly increased with increasing

the temperature as expected.

0
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Figure 4-9 Saturation emission current at anode voltage = 99 V as a function of the temperature.

The work function (®) for the PtNCs can be estimated from the relation between
the saturation emission current density (J) and the temperature. The J divided T2 (J/T?)
showed a straight line against the reciprocal temperature as shown in figure 4-10. Natural
logarithm, In(3/T?), of this relation is calculated an given in figure 4-11 as the
experimental In(3/T?) versus 1000/T curves. The slope of the plot given in equation
4.3,[163] gives the work function which corresponds to @ = 5.8 eV.

® :—&L)[In(J/TZ)] (4.3)

q d(1000/T
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Figure 4-11 The experimental natural logarithm of saturation current density divided by T?
In(J/T?), as a function of the reciprocal temperature (1000/T).
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The orders of the layers in the organic BHJ photovoltaic devices are then arranged
according to this work function value. Since the work function of the PtNCs are 5.8 eV,
the layers having PtNC in their composition should be placed between PEDOT:PSS and
P3HT:PCBM due to allow the holes hop smoothly between layers. The corresponding
band energy diagrams for the devices in which PtNCs are used as the surface plasmons

are given in figure 4-12.
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Figure 4-22 Band energy diagrams of organic BHJ photovoltaic devices. (a) Sample with the
PtNCs as the surface plasmons , (b) Sample with PINC/DNA complex layer introduced between
PEDOT:PSS and P3HT:PCBM layers as hole collecting and electron blocking layer.

After completing the structural designs, several devices having four different
device structures which have been discussed above as control samples, samples with
DNA complex introduced only, samples with PtNC layer introduced only and samples

with PtNC/DNA complex introduced are fabricated for electrical and spectral
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characterization and performance analysis of the devices. For the electrical
characterization the devices have been tested under 1 sun illumination. The results for the
current-voltage measurements are given in figure 4-13 as the current density as a function

of applied voltage.
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Figure 4-33 Current density (J) — Applied voltage (V) characteristics of the organic BHJ
photovoltaic devices, control sample and devices with DNA-CTMA layer, PtNC layer and
PtNC/DNA layer introduced between PEDOT:PSS and P3HT:PCBM layers, tested under
illumination having power of ImW/mm2, i.e. 1sun or AM 1.5 G
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As it can easily be seen form figure 4-13, a significant increase in the short-circuit
current density, which stands for the photocurrent under zero bias voltage, for the devices
having improvement layers introduced in the device structure. The electrical
characterization parameters for the devices have been calculated as in chapter 2.4.5.2 and

given in table 4-1.

Table 4-1 Electrical characterization parameters for the organic BHJ photovoltaic devices having
four different device structures.

Power Fill
Device Voo (V) I (Alcm?) Conversion Factor (QCISHZ)
Efficiency [%0] [%6]
Control 0.59 -9.7 2.84 49.7 3.35
DNA-CTMA 0.57 -10.8 3.03 49.2 2.85
PtNC 0.59 -11.1 3.06 46.7 2.96
PtNC/DNA 0.55 -12.2 3.59 53.5 2.53

In table 4-1, averages of the characterization parameters for the devices are given.
Power conversion efficiency (PCE) of all of the fabricated devices having improvement
layers show increase. DNA-CTMA layer with its band energy structure arrangement for
electron blocking and hole collecting properties, increased the charge hopping efficiency
because there is almost no increase in the photon absorption or light-harvesting efficiency
of the devices due to this layer as it can be seen from figure 4-5. This unchanged
absorbance spectra prove the improvement is only in charge hopping efficiency between
layers. Additionally, from table 4-1, series resistance (Rs) of the device has also reduced
due to increasing charge hopping efficiency. This device structure has 7% higher PCE
compared to the control device structure.
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The devices having PtNC surface plasmons shows great improvement in the
photon absorption (Figure 4-5) matching with the range of plasmon extinction spectra
(Figure 4-4). This improvement in the light-harvesting efficiency brings more charge
carriers which results an 8% increase in the PCE of the device. Additionally, Rs of this

device is also reduced.

Combination of PtNCs and DNA-CTMA in the same device structure improves
the device in both light-harvesting efficiency and charge hopping efficiency. For the
light-harvesting efficiency, absorbance spectra of the devices having PtNC/DNA layer
show great increase in the photon absorption. Figure 4-5 indicates that, comparison of
PtNC only device absorbance and PtNC/DNA device absorbance are almost same,
thereby, it can be said that the improvement of light-harvesting comes only from the
PtNC surface plasmons. This improvement in the absorbance spectra also matches with
the extinction spectra of the PtNCs given in figure 4-4. DNA-CTMA mixed with PtNCs
causes additional improvement by improving the charge carrier hopping for the holes on
the anode side and blocking the electrons diffusing to the anode electrode. As a result of
this combination, Rs of devices having this structure reduces 30% and PCE increases

26%.

For the spectral characterization of the devices, first, the photocurrent density
spectra of the devices given in figure 4-14 are calculated by using the Js. values from
which the short circuit dark current density was subtracted measured under illumination

of 30 different wavelengths of light filtered by monochromatic band-pass filters.
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Figure 4-44 Photocurrent density spectra of the devices as a function of wavelength measured
under illumination of 30 different wavelengths of light filtered by monochromatic band-pass
filters.
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Although position of the peaks of the photocurrent density spectra of the devices
match perfectly with the position of the peaks of the absorbance spectra of the devices,
they show different behavior in magnitudes of the peaks. This difference comes from
different methods of device improvement such as DNA-CTMA shows less absorption but
higher charge carrier hopping efficiency improvement when it is compared to PtNC
device. As a result, they have almost the same photocurrent density spectra. Besides these
anecdotes on the devices, without any questions PtNC/DNA combination shows the

highest performance.

Using the photocurrent density spectra and the solar simulator power irradiance
spectra given in figure 3-2 other spectral characterizations such as EQE and IQE were

calculated and given in figure 4-15 and 4-16 respectively.
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Figure 4-55 EQE spectra of the devices as a function of wavelength measured under illumination
of 30 different wavelengths of light filtered by monochromatic band-pass filters.
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Figure 4-66 IQE spectra of the devices as a function of wavelength measured under illumination
of 30 different wavelengths of light filtered by monochromatic band-pass filters.

As it can be seen in figure 4-15 and 4-16, in PtNC/DNA devices, more excitons
can dissociate and charges can reach to the anode and cathode electrodes without
recombining. This results a higher increase in the rate of EQE spectra than that of

absorbance spectra which is a proof of improvement in charge carrier hopping

4.4 Conclusion

As a summary, four different device structures with three different improvement
layers for organic BHJ photovoltaic devices have been tested and characterized. All three
of the new layers introduced into to device structure improves the performance of the
devices as they compared with the very-well known P3HT:PCBM device structure.
DNA-CTMA layer improved the device performance by improving the charge carrier
hopping efficiency of the devices by arranging the band energy diagram in order to

collect holes easily and block electrons diffusing to anode electrodes. PtNC layer
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improved the device performance by increasing the light-harvesting efficiency of the
devices by increasing the rate of photon absorption. This proves that the PtNCs can be
used as surface plasmons in organic BHJ photovoltaic devices. Because peak their
extinction spectra matches with the peak of absorbance of P3HT:PCBM. Combination of
these two novel materials in the same device showed a significant improvement as a 26%

increase in the PCE of the devices as they compared with the control samples.
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Chapter 5:

Conclusion

In conclusion, the space charge region width of the Schottky barrier forms on the
interface between aluminum and organic semiconductor polymer of organic
bulkheterojunction photovoltaic devices based on poly(3-hexylthiophene) (P3HT): [6,6]-
phenyl-Cg;-butyric acid methyl ester (PCBM) blend, have been investigated according to
reverse voltage bias over the device. Comparison of the developed mathematical models
and experimental data measured under different incident light powers indicates a
dependency of space charge region to the incident light power. The incident light power
has an effect on the Schottky barriers of the organic bulk heterojunction photovoltaic
devices by changing the width of the space charge regions. This change directly affects
the reverse bias 1-V curves by increasing the current values and the slope of the curves.
The photodetection performance of the devices tends to increase with the increasing light
power due to the increasing space charge region width. But under excessive incident light
power; the space charge regions will merge, the devices will break down and work as

ohmic devices.

Four different device structures with three different improvement layers for
organic BHJ photovoltaic devices have been tested and characterized. All three of the
new layers introduced into to device structure improves the performance of the devices as
they compared with the very-well known P3HT:PCBM device structure.
deoxyribonucleic acid complex layer improved the device performance by improving the

118



charge carrier hopping efficiency of the devices by arranging the band energy diagram in
order to collect holes easily and block electrons diffusing to anode electrodes. Colloidal
plationum nanoparticles layer improved the device performance by increasing the light-
harvesting efficiency of the devices by increasing the rate of photon absorption. This
proves that the Colloidal plationum nanoparticles can be used as surface plasmons in
organic bulk heterojunction photovoltaic devices. Because peak their extinction spectra
matches with the peak of absorbance of P3HT:PCBM. Combination of these two novel
materials in the same device showed a significant improvement as a 26% increase in the

power conversion efficiency of the devices as they compared with the control samples.
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