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PSiF:DBT: Poly [2,7-(9,9-dioctyl-dibenzosilole)-alt-4,7-bis(thiophen-2-yl)benzo-2,1,3
thiadiazole],Poly [2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl(9,9-dioctyl-9H-9-
silafluorene-2,7-diyl)-2,5-thiophenediyl]

PSS: Poly (styrenesulfonate)

Pt: Platinum

PT: Polythiophene

PTB7: Poly [[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b"|dithiophene-2,6-diyl][3-fluoro-2-
[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl]]

PV: Photovoltaic

P,: An atomic orbital

g: magnitude of the electronic charge

QD: Quantum dot

Qe: Incident light power

R: Gas constant = 8.3145 J.mol ™" K"

R: Reduced species

RE: Reference electrode

redox: Reduction/Oxidation



Rs: Series resistance

Rsh: Shunt or parallel resistance

S: Siemens, unit of electrical conductance
SCs: Solar Cells

Se: Selenium

Si: Silicon

SnO.: Tin dioxide

STC: Standard test condition

T: Absolute temperature

t,: Barrier layer thickness

TBAFPg: Tetrabutylammonium hexafluorophosphate
TBAP: Tetraethylammonium perchlorates
Te: Tellurium

TiO,: Titanium Oxide

USA: United States of America

UV-vis: Ultraviolet-Visible

V: Volts, unit of voltage

Vg: Valence Band

Vm: Maximum voltage

Vqc: Open circuit voltage

W: Watt, unit of power

WE: Working electrode

yr: Year

ZnCl,: Zinc chloride

Zn(NOs3)2.6H,0: Zinc nitrate

Zn0O: Zinc Oxide

Zn(OH),: Zinc hydroxide

ZnSe: Zinc selenide

ZrO,: Zirconium Oxide

AEgs: Excited energy offset

AEgs: Ground state energy offset

€. Dielectric constant

na: Photon absorption yield

Ne: Charge collection yield

Nairr: Exciton diffusion yield

Naiss: EXxciton dissociation yield

N« Charge carrier transport yield

pm: Micrometer

o: Sigma: A type of covalent chemical bond
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1. INTRODUCTION

The discovery of the steam engine, which consumed coal as a fuel, in 1712 by
Thomas Newcomen, was the start of industrialization and changing of the human being’s
life. Thereafter solid coal, liquid crude oil and natural gas have consumed by human
beings as main sources of energy. By increasing the population, consumption and price of
the fossil fuels was raised up drastically. For example in the last century the global
population has increased by a factor of 4 and the energy demand by a factor of 24 [1]. By
considering the concept of the peak oil', in the past few decades the supply has been
growing at the same time of the demand, therefore there has been enough oil to meet the
demand. However after the peak, the supply reduces and the oil price will rise, so the
demand will not be met by supply. According to the international energy agency (IEA)
and energy information administration (EIA), from now till 2040 the world population
will increase to 9 billion, the world energy consumption will grow by 56% and the
worldwide energy-related carbon dioxide emissions increase by 46% [2]. On the other
hand the distribution of the fossil fuel resources is not uniform in the world. For example
2/3 of crude oil resources are in the Middle East region and the most petrol consumption
is in the USA, Europe and Japan [1]. This causes some problems such as environmental
destruction (destroying of the lands, leakage from tanks and pipes) and political issues
between countries.

Therefore, today the energy is one of the primary issues of concern and many
countries and scientist are searching the new and cost-effective ways to use the renewable
sources of energy and reduce reliance on the fossil fuel. There are various renewable
sources of energy such as sunlight, wind, hydro, tides, geothermal heat and biomass.
Figure 1.1 shows a comparison between annual renewable energy and total non-
renewable resources.

The energy content of annual solar radiation which reaches the earth and its
atmosphere is 2895000 EJ, compared to the total annual non-renewable energy resources

of 325300 EJ for oil, gas, uranium and coal. The energy content of other major renewable

"fwe plot the rate of oil production versus time, there will be a point (peak) which represents
the maximum rate of oil production at time.



is estimated as 1960 EJ/yr for wind, geothermal and hydro which is a very small fraction
of annual solar radiation. The world energy consumption is about 425 EJ/yr. Although
the renewable sources of energy are more available than non-renewable sources, today
almost 80% of worldwide energy consumption is based on fossil fuels including 33% of
consumption of the oil, 24% of the natural gas and 30% of the coal [2,3]. The annual
worldwide energy consumption of 9% comes from the nuclear power and 11% from the
renewable energy including 54% from biomass, 31% from hydro, 11% from wind, 3%
from geothermal and 1% from solar radiation [2].

Annual world
consumption

0Oil
Gas

Nuclear Power

Coal

Annular solar
energy
Wind

Geothermal
¥

Fig 1.1 Order of magnitude of energy sources on earth [3]

According to this figure, solar energy can be considered the most available
renewable energy sources around us.

The human being has used the solar radiation from many centuries ago to set the fire
by focusing the sunlight, or warming the houses and cooking the food with sunlight
collectors. By the discovery of the photovoltaic effect in 1839 by Becquerel and the
discovery of the photoconductivity of selenium, the use of solar radiation became more
specific. After the first solar cell by Charles Fritts in 1883 which made from selenium

wafers, many materials like copper oxide, cadmium sulfide and silicon were probed in



the solar cells. Till today many scientists and research groups have proposed different
types of solar cells composed from different materials and methods of synthesis.

Figure 1.2 represents the importance of the use of solar radiation. Everyday a vast
amount of solar energy is incident on Erath. The energy supply for a solar cell is photons
coming from the sun. The amount of solar energy that is received by different places on
Earth depends on variables like latitude, time of day and atmospheric conditions over
different wavelengths. However many regions received high amount of solar spectra.
That’s why it is necessary to develop the investigations to utilize the Sun radiation to
produce the required energy for human beings and to be independent of the fossil fuel

resources and save the next generation and our planet.

2,000

1,500

Fig 1.2 Solar direct radiation map for different countries around the world, the bar shows the
amount of annual solar energy which is received by different zone on Earth from the Sun [3]

1.1 Nanotechnology and solar energy
1.1.1 Definition of nano scale and nanotechnology

In 1974, for the firs time Norio Taniguchi proposed the term “nanotechnology”
which is a technology to deal with the materials in nano scale. It means the materials with
at least one dimension in the range of 1 to 1000 nanometers (10'9 meter) [4,5].

The nano scale dimension results in the specific mechanical, electrical, thermal,
magnetic, optical and chemical properties of nanomaterials and make these materials
suitable for a wide range of applications such as electronic and magnetic devices, sensors,

energy storage and conversion, semiconductors, medical and biomedical area and



aerospace applications [6]. Unlike bulk materials, properties of nanomaterials are strongly
depending on their shapes [7].

Up to now many investigation groups are looking for the reason of this difference
between nanoscale and bulk materials. However one reason can be explained by the
concept of critical quantum radius. When the particle size becomes small, it approaches
the critical quantum radius, which is called Exciton Bohr radius. In this case particle
diameter is of the same magnitude as the wavelength of the electron wave function and
the electronic and optical properties of the particle is changed. The electronic and optical
properties of such a small particle is hence more like those of a molecule than an
extended solid. These properties depend not only on the material of which the particle
composed but also on its size [8,9, 10,11,12]. Because of the important role of
nanomaterials and nanotechnology in human’s life, developing our knowledge on the
synthesis and characteristics of these materials is necessary.

There are two approaches for the synthesis of nanomaterials; the top-down and
bottom-up. In top-down approach large objects are modified to give smaller objects for
example synthesis by lithography. In contrast bottom-up approach starts from smaller
building blocks which are assembled to fabricate larger structures for example; chemical
synthesis [13]. Both approaches have advantages and disadvantages. In general bottom-up
approach shows the better results of fabricated nanomaterials with less structural defects,
more homogenous chemical composition and better long range ordering compared to the
top-down approach. Because the bottom-up approach is based on the reduction of Gibbs
energy, so the product of synthesis is in a state closer to a thermodynamic equilibrium
state.

Nanomaterials can be zero-dimensional (nanoparticles), one-dimensional
(nanowires, nanotubes, nanorods) and two-dimensional (thin film or stacks of thin films)
[14]. In this project synthesis and properties of one-dimensional nanomaterials will be
mentioned.

Among many applications of nanotechnology in our today lives, the energy
conversion and use of the solar radiation is the purpose of this thesis. Next section

represents the role of nanotechnology in solar cell application.



1.1.2 Nanotechnology in solar cells industry

The photovoltaic effect which is the direct conversion of the solar radiation into the
electricity takes place in semiconductor materials. Two semiconductors in which one is
electron donor and the other one is electron acceptor are coupled together to covert the
solar radiation into electricity. Semiconductor materials in nanoscale have higher surface
area to volume ratio compare to the bulk materials. The amount of energy converted from
sunlight to electricity directly depends upon how many electrons can pass through the
interfaces between two layers. Thank to nanotechnology, the efficiency of solar cells and
so the use of solar radiation is increasing rapidly. One way that nanotechnology can help,
is increasing the size of these interfaces resulting in more pathways for electrons and
increasing the efficiency. This characteristic of nanomaterials leads to the better solar
radiation collection and efficiency by exposing more conducting surfaces to the sunlight.

As well as increasing the interfaces between two materials, nanotechnology helps to
synthesis quantum dot semiconductors (just few nanometers in size) to enhance the
performance of solar cells. These quantum dot-small semiconductor solar cells are
already used in spacecraft application to replace the heavy and fragile solar cells by a
mixture of organic and inorganic nanomaterials to make ultra-lightweight, flexible and
low cost solar cells. Not only there are investigations on nano-synthesis of active
materials, but also the nanotechnology plays an important role to improve the
performance of other parts of solar panels. For example by the aid of nanotechnology, in
July 2012 ecoSolargy US company has achieved to 6% more absorption efficiency of
regular solar modules, by producing the smooth surface panel that prevents water, dust
and dirt accumulations, making them self-cleaning, anti-fogging, anti-fading and anti-
bacterial without needing for periodical cleaning maintenance that implies costs [15].
Another example is the use of organic dye monolayer by the researchers of Northwestern
University in dye- sensitized solar cells. These solar cells suffered from the leakage of
their liquid electrolyte leading to poor lifetime and making them commercially unusable.
By the aid of nanotechnology the researchers of northwest university proposed a new
material for the electrolyte that actually starts as liquid but solidifies at the end and with

this innovation, they could achieve the more stable and longer-lasting cells [16].



Using nanoparticles in manufacturing the solar cells results in reducing the
fabrication costs because of low temperature synthesis and deposition methods like
printing or spraying instead of high temperature vacuum deposition process which is
typically used to manufacture conventional crystalline silicon solar cells. Besides of the
manufacturing costs, the installation costs also will be reduced by fabrication of flexible
panels instead of rigid panels.

Currently available nanomaterials solar cells are not efficient as traditional ones,
however by daily development of nanotechnology it is possible to reach the higher
efficiency nanomaterials solar cells while the production price is much lower that

conventional solar cells.

2. THESIS MOTIVATIONS

By this brief introduction it can be said that the aim of this work is investigation on
nanomaterials synthesis and morphology for solar cells application. These materials are
used in new generation of solar cells named “hybrid solar cells”. As it will be explained
in the next chapter the contact between the synthesized materials is an important issue of
this type of cells. So finding out the optimum experimental conditions to have the better
contact between two materials and producing more interfaces between them by the aid of
electrochemistry may help to achieve the better performance of hybrid solar cells.

Other goal of this work is obtaining one-dimensional materials by using AAO
template. Fabrication of template and the synthesis of photoactive layer of hybrid solar
cell consisting of P3HT and ZnO have been studied. This PhD thesis shows that how
electrochemistry helps to find the optimum conditions to fabricate a suitable AAO
template which used as mold to synthesis the active materials with major interface

contact.

3. CHAPTERS DESCRIPTION

This thesis is divided in five main chapters as followings:

% The first chapter presents a brief introduction and the motivations of this thesis.
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The second chapter focuses on some concepts that the reader will encounter while
reading this document. In this chapter the previous works from different research
groups on hybrid solar cells, the methods and materials and the challenges in this
field will be reported. At the end of this chapter the hypothesis, general and

specific objectives will be introduced.

The third chapter presents the materials, methodology, experimental conditions,
set ups and the characterization methods which were applied in this thesis to

synthesize and characterize the materials.

The forth chapter represents the experiments results; images, curves and
calculations. In this chapter the extensive discussion on obtained results and

conclusions are reported.

The fifth chapter is conclusion of this work and the future works which may be

done to improve the results.



Chapter 2

Concepts & Literature review



This chapter contains to parts. Part 2.1 presents the concepts and definitions that are involved
with this thesis. This part starts with a description of photovoltaic effect and useful
explanation on fundamental and type of semiconductors. Extensive information will be found
on solar cells efficiencies up today, the reasons of low efficiency of solar cells, hybrid solar
cells definition and their mechanism and information on materials and method using in this
project. Part 2.2 is a review of previous studies on hybrid solar cells as well as the challenges

and drawbacks of this kind of cells.

2.1 CONCEPTS AND DEFINITIONS

2.1.1 Photovoltaic effect

The photovoltaic effect is the direct conversion of the solar radiation shining upon
the solid or liquid system, into the electricity. This conversion consists of the following
steps; - Absorption of light which causes a transition in absorber material from a ground
state to an excited state and the conversion of the excited state into the electron-hole pair.
- The separation of the electrons and holes by the structure of the device in which the
electrons go to the negative terminal and the holes to the positive terminal.

- The combination of the electrons with the holes causes returning the absorber in its
ground state [17].
These steps of energy conversion from sunlight to electricity occur in p-n junction

semiconductor materials.
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Fig 2.1 Simple schematic view of photovoltaic phenomena
in semiconductor materials [17]
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2.1.2 Semiconductors
2.1.2.1 Definition of semiconductors

Semiconductor material is a solid substance which is neither an insulator nor a
conductor [18]. As it is shown in figure 2.2 for insulator materials there is a large energy
gap between conduction band (Cg) and valence band (Vg). Because of presence of this
energy gap, at ordinary temperature no electron can reach the conduction band from the
valence band. This energy gap decreases in semiconductor materials results in the small
fraction of the electrons which are weekly bounded with their atoms move from valence
band to the conduction band under some conditions such as heating the material or
addition of impurities. In the case of conductor materials, there is no difference between

the energy level of conduction band and valence band leading to the overlap between

them.
A A A
CB
Electron
Band S /7 2 CB 3
and gap E o E
w Bandgap W cB
CICECES) © ®
® - @ VB VBO VB
- e 09 = @\? Q O
Hole
Insulator Semiconductor Conductor

Fig 2.2 Presentation of semiconductor and comparing between semiconductor
materials with metals and insulators. CB is conduction band and VB is valence band [18]

2.1.2.2 Fundamental and type of semiconductors

When free atoms form a crystal (like in the case of semiconductor), their discrete
energies convert to the bands. The lower band called valence band with the valence band
energy (Ey), the upper is the conduction band with the conduction band energy (E.) and
the gap between them called the band gap with the band gap energy (E,). At zero Kelvin,
all the energy levels in valence band are occupied by electrons and those in conduction

band are empty.

10



There are two groups of semiconductors; intrinsic and extrinsic semiconductors.
Intrinsic semiconductors are the pure materials like silicon crystal in which at any
temperature above 0 K, electrons and holes can be thermally generated without presence
of any impurities. For this group the number of the electrons is equal to the number of the
holes. However they have high electrical resistivity and low electrical conductivities.
This problem can be overcome by doping a semiconductor material with impurities. This
group of semiconductor is called extrinsic semiconductors. These impurities change the
properties of intrinsic semiconductors. If the impurity leads to extra electrons in
semiconductor structure, the impurity called donor and the semiconductor called n-type
semiconductor. And if the impurity causes positively charged holes, the impurity called
acceptor and the semiconductor is p-type. Binding a p-type semiconductor with n-type
results in p-n junction [19].

Solar cells are made of layers of semiconductor materials. Solar cells are generally
small and each one maybe produces a DC photovoltage of 0.5 to 1 volts and in short
circuit a photocurrent of some tens of milliamps per cm” of the solar cell unit. To produce
useful DC voltage, usually 28 to 36 cells are connected together in series and formed a
module or panel. A module generates a voltage of 12V in standard illumination
conditions. The 12V-module can be used singly or be connected in parallel or series
together to form an array with a larger output voltage and current. Figure 2.3 shows solar

cell, module and array [17, 20].
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Fig 2.3 Schematic view of a solar cell, a module and an array [17,20]

11



2.1.3 Reasons for low efficiency of solar cells

The complete conversion of solar radiation to the electricity never happens in a
semiconductor. The solar cell’s efficiency and performance is highly dependent on
synthesis and morphology of semiconductors. Here the reasons for low efficiency of up-

to-date-solar cells are explained.

Certain wavelength detection: a semiconductor can only detect the light with the photon

energy bigger than its band gap or with the wavelength shorter than the cutoff

wavelength.

Energy loss: when the energy of photon is bigger than the band gap energy this excess

energy wastes as heat.

Voltage losses: which happens during the recombination of electrons and holes. It means

that the solar cell can never fully use the maximum voltage. To control the open- circuit
voltage (the ideal maximum voltage of solar cells), it is necessary to control the number
of minority carriers at the junction edges which lead to the fast recombination. The
presence of a surface or grain boundary next to the junction also results in fast
recombination. To minimize the concentration of minority carriers one way is increasing
the concentration of dopant. Another way is lower the speed of recombination by
decreasing the length of diffusion path that depends on the type of materials and

processing methods.

Structural defects: the defects of the materials stem from their fabrication procedure and

synthesis. These defects lead to the current leakage through the edge and decrease the

efficiency of solar cells [19].

2.1.4 Important parameters to determine the solar cells performance

To determine the performance of a solar cell, the voltage, current, external quantum

efficiency, power conversion efficiency and fill factor are important parameters. These

12



measurements must be done under the standard experimental conditions defined by
ASTM? International [21].

The standard condition for calculation of solar cell’s efficiency is introduces as air
mass (AM) which is the measure of how far the sun light travels through the Earth’s
atmosphere and how adsorption in the atmosphere affects the spectral content and
intensity of the solar radiation reaching the Earth’s surface. Figure 2.4 shows this

concept.

] 1
Air mass (AM) = v 2.1)

in which 0 is the angel between the solar incident and the Earth’s atmosphere.
AMO describes the solar radiation in space where it is

unaffected by the atmosphere. To determine the

7
AD-
efficiency of a solar cell the standard test condition /
Q
(STC) defines as delivery of 1000W/m” of sunlight AMO
intensity at 25 °C with airmass of 1.5 (AMIL.5) AM1.5 N AM1

corresponding to 6=48.2° [22].
Under these conditions the solar cell performance is

determined by following parameters:

External Quantum Efficiency (EQE): is the ratio of Atmospher

photogenerated collected electrons to the number of
Fig 2.4 The concept of air

incident photons at a specific wavelength and is described mass [22]
as:
EQE = N4 Naiff Naiss Ner Nee (2.2)

na: photon absorption yield, this parameter depends on both band gap and adsorption
coefficient of material as well as the thickness of the active layer.
naiee : exciton diffusion yield, is the ability of an exciton to diffuse to a donor/acceptor

interfaces. This parameter depends on the excitonic diffusion length which is a material

> ASTM International: American Society for Testing and Materials is a globally recognized
leader in the development and delivery of international voluntary consensus standards for a wide
range of materials, products, systems, and services [21].

13



property, and the distance between excitation and the nearest interface which can be
controlled by architecture of the active layer.

Ngiss: €xciton dissociation yield, defines as an energy offset required to overcome the
exciton binding energy to release the electrons from exciton and allow conduction to
occur. This energy typically is in the range of 0.1-0.5¢V. The exciton dissociation takes
place at the boundaries between the two materials and therefore distribution of the
interface through the active layer is crucial factor.

Ne: charge carrier transport yield, charge transport occurs by a hopping between energy
states and is influenced by traps and recombination sites in the photoactive layer. This
parameter depends on the charge mobility of the associated semiconductors.

Nee: charge collection yield, this parameter describes the ability of the charge carriers to
be injected into the electrodes from the photoactive layer. This parameter depends on the
electronic composition of the device. Large portion of electrons can be injected to the
cathode if the magnitude of the conduction band energy level of the acceptor material is
less than the work function of the metal. For successful injection of holes into the anode,
the magnitude of the HOMO level of the donor material must be higher than work

function of the transparent anode.

Power Conversion Efficiency (PCE): which is the ratio of maximum output power to

incident light power and is calculated from the equation (2.3):

PCE = Pmax/qb 2.3)

and

Fill factor (FF): which is determined by the equation (2.4):

FF = fmax/, 24)

sc’oc

In which I and V,are short circuit current and open circuit voltage respectively
and they are measured from I-V plot of the solar cell which is shown in figure 2.5

[17,18,19,20,22,23].
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The short circuit current density (Js) is the maximum photocurrent density generated
by device under short circuit conditions. The maximum power density obtained from
device is given by J,xVy,, which is the area of the inner rectangle. The outer rectangle has
the area of J;:x V. If the fill factor becomes equal to 1, the I-V curve would follow the
outer rectangle. The power of real cells cannot reach at maximum due to the resistance of

the contacts and current leakage around the sides of the device.

Current density

fsﬂ

C

Under illumination

Figure 2.5 Current density—voltage (J-V) characteristics for a solar cell which
indicates the three major device characteristics which determine PCE [20, 23,24]

These effects come from two resistances in series (R;) and in parallel (Rg,). The
series resistance is due to the resistance of the cell materials and resistive contacts against
the flow of current. The parallel or shunt resistance arises from leakage of the current
from the edges of the device. Presence of series and parallel resistances reduce the fill
factor. For an efficient cell the Rgshould be small that means the high current will flow
through the cell at low applied voltage and and Ry, should be as large as possible
meaning that there are no shorts or leakages of photocurrent in the device. Figure 2.6
shows the equivalent circuit for a cell [25,26].

The series resistance not only comes from the contact between the electrodes and
semiconductors but also from the bulk resistance of the blend in the PV device. Contact

between a metal and semiconductor materials can either be ohmic or non-ohmic. The
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most important non-ohmic barrier is Schottky barrier. For a semiconductor device with
one ohmic and one Schottky contact, the current- voltage characteristics is described by

Shockley equation as below [25]:

1v) = Io[eGim) — 1] 2.5)

Where [ is the saturation current, q the magnitude of the electronic charge, V the
applied voltage, n the ideality factor, k Boltzmann’s constant, and T the absolute
temperature. The ideality factor n takes account of recombination and tunneling processes
and lies between 1 (ideal diode) and 2 (mainly recombination processes) for contacts

between a metal and an inorganic semiconductor.

o]

Fig 2.6 Equivalent circuit for a real solar cell including series
and parallel resistances and photogenerated current [26]

2.1.5 Materials for solar cells in general

One of the important issues in solar cell industry is choosing the proper semiconductor
materials which can reach the higher efficiency. Different semiconductor materials
including both solid and liquid materials are used for solar cells. These materials can be
organic, inorganic, crystalline, polycrystalline or amorphous. To bring this materials in
industrial scale, the candidate materials should have some criteria such as direct band gap
between 1.1 eV and 3.5 eV, non-toxic, easy synthesis, not expensive, reproducibility in

large-scale production and highly stable [20, 27,28].

2.1.6 Type of solar cells

Depending on the type of materials, there are 5 main classifications of solar cells as
listed in table 1 with corresponding efficiency reported in 2013. After developing of the
first silicon solar cell in 1954 by Chapin et al with the efficiency of 4%, many attempts
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were done to increase the efficiency of crystalline Si-based solar cells and they reached to
the efficiency of about 25% [28]. However silicon wafer production is costly. Thus the
other types of cells with different materials like amorphous silicon, thin film
semiconductors of group III and V, dye sensitized solar cells (DSSCs), organic solar
cells (OSCs) and multijunction devices have been the center of scientific researches and
interests [29]. Possible alternatives to crystalline silicon solar cells are inorganic thin film
devices. The lower thickness of these thin films reduces the cost of solar cell industry.
The current components used for today technology are Cu(In-Ga)Se, and cadmium
telluride (CdTe). Although these devices may fabricate from cost-effective methods, their
production requires the use of very rare materials. The search for low cost photovoltaic
devices has led researchers to organic materials as possible candidate [30]. Conjugated
conductive polymers are flexible, lightweight and they have very high absorption
coefficient which allows very thin film to be used while still absorbing a sufficient
portion of the solar spectrum. The main advantage of these organic solar cells is their low
processing cost because of using solution phase methods such as jet printing and roll-to-
roll techniques which lead to very cheap and large-scale manufacturing. However they
have low power conversion efficiency, low electron mobility typically in the range of 10°
%107 em®>. V'S because of the presence of electron traps such as oxygen and poor
operational stability because of phase degradation of organic materials [30,31,32,
33,34,35,36,37]. Other disadvantage is that in contrast to inorganic semiconductors, photo
absorption in organic semiconductors does not directly result in the formation of free
charge carriers that are required for photovoltaic effect. In silicon solar cells, an incident
light breaks a covalent bond and forms an electron-hole pair.

Due to the crystalline nature of silicon lattice, just there is a small interaction force
between charge carriers and as a result, absorption in silicon leads to effectively free
charge carriers. However, the low relative dielectric constant of organic semiconductors
(er=3), leads to a large electrostatic force between electron and holes. By incident light
to the organic semiconductors, a strongly bound electron-hole pair, or exciton, is
generated. It means that the electron and hole are coulombically bound and a force is
required to overcome this excitonic binding energy which is in the range of 0.05 — 1.0

eV.
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This exciton can be separated into free charge carriers only at the interface between
an electron donor (p-type) and electron acceptor (n-type) material where the differences
in the electron affinities and the ionization potentials between the contacting materials are
sufficiently large to overcome the exciton binding energy. Since the exciton diffusion
lengths in conjugated polymer are around 10-20 nm, the optimum distance of the exciton
to the donor/acceptor (D/A) interface should be in the same length range [30,38,39,40].

The first polymer solar cells made of MEHPPV and Cg had the efficiency of 0.04%.
By considering the equation (2.1) for the polymer, the exciton diffusion yield is much
lower than unity (ngirr << 1) due to the bigger polymeric layer length in comparison to the
exciton diffusion length (Lpp > Lex). Thus the recombination of the electrons and holes
take places before the exciton dissociation. Also there are losses during charge transport
of electrons and holes to their respective electrodes. It means that 1, << 1 and the EQE is
too low [23,41]. Recently there are more attempts to modify the performance of organic
solar cells. One recent way is replacing one of the organic semiconductors with an
inorganic semiconductor [42]. In 1994 Yu et al demonstrated the dispersion of an
inorganic nanomaterial inside the polymeric phase in order to achieve the bulk
heterojunction solar cells (BHJ) [29,43]. Therefore the new generation of solar cells came
through with the name of hybrid solar cells (HSCs) with the intent of combining the
advantages of both organic and inorganic materials. From one side, inorganic materials
still maintaining the low cost processability and from the other hand they are more
environmentally stable than organic materials. It means that inserting an inorganic
material in polymeric matrix reduces the degradation of the polymer
[30,34,38,39,40,44,45,46,47,48,49]. Additionally, quantum confinement that deals with the
modification of size and shape of inorganic nanoparticles, leads to change the band gap
and thus absorption profile of nanoparticles. Using quantum dots nanoparticles not only
extend the window of the absorption profile, but also causes to ultrafast photo-induced
charge carrier transfer to organic material. This transfer rate has been observed in the
order of picoseconds which is more faster than recombination rate of electron and holes
and results in efficient charge transfer between donor and acceptor. Band gap tuning in

nanoparticles can be achieved by adjusting the device architecture.
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The energy levels of polymers can be tuned by chemical modification of the
backbone chain and the energy levels of organic nanomaterials can be tuned through the
size-dependent quantum confinement effect. That’s why the mixture of two materials
offers the possibility of tailoring optimal conditions for solar cells [47]. As mentioned
above although there are theoretical advantages associated with using an inorganic
acceptor semiconductor in polymeric matrix, the currently achieved efficiency for hybrid
solar cells are significantly lower than polymer: fullerene OPV devices. The surface
chemistry of materials, the contact between organic and inorganic materials and the
morphology of hybrid film are reasons related to this lower efficiency [48,49].

This thesis focuses on synthesis and morphology of nanomaterials in hybrid solar
application. For this reason in next section this type of solar cells are introduced

extensively.

Table 2.1 Classification and efficiencies of different solar cells
The efficiencies measured under the global AM 1.5 spectrum (1000 W/m?) at 25 °C [50]

Classification Efficiency Vo Jse Fill Test
(%) (V) | (mA/cm® | Factor Center
(%)
Silicon solar cells
Si (crystalline) - 25 0.76 42.7 82.8 Sandia
1I-V cells
GaAs (thin-film) 28.8 1122 | 29.68 86.5 NREL
Thin-film chalcogenide 19.6 0.713 34.8 79.2 NREL
(CIGS)
Dye sensitized
11.9 0.744 22.47 71.2 AIST
Organic solar cells
10.7 0.872 17.75 68.9 AIST

Multijunction devices

InGaP/GaAs/InGaAs m 379 3065 14.27 86.7 AIST

Sandia: Sandia national laboratories (USA)
NREL: National Renewable Energy Laboratory (USA)
AIST: Japanese National Institute of Advanced Industrial Science and Technology

S
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2.1.7 Structure of hybrid solar cells

The structure of a hybrid solar cell is presented in figure 2.7 and consisting of:
Photoanode: the anode is usually transparent substrate such as ITO glass. Its role is to
allow the light to pass through and to collect the holes from the device. Usually the layer
of conductive polymer PEDOT: PSS spin coated on ITO surface and serves as hole
transporting layer and exciton blocker. Its role is matching the fermi level of the
photoanode to HOMO energy level of the polymer for hole collection. Also it seals the
active layer from oxygen and prevents the cathode material from diffusing into the active
layer.

Photocathode: the cathode usually is aluminum and sometimes magnesium is used. The
function of the cathode is to collect electrons from the device. This layer is deposited via
thermal evaporation.

Photoactive layer: the photoactive layer is sandwiched between two electrodes and

consisting of the donor conductive polymer like MEHPPV, PCDTBT or polythiophene
derivatives and inorganic acceptor like CdSe, PbS,PbSe and CulnS;, [23,30,51]. Also
several metal oxides like TiO,, ZnO, Fe,03, ZrO,, Nb,Os, Al,Os, and CeO, have been
used in HSCs [42,51,52]. Metal oxides are cheap and non-toxic and they have good
optoelectrical and magnetic properties, proper hardness, high thermal stability and good
chemical resistance. Among them TiO, and ZnO can be considered as future candidates
because they showed better performances than the other metal oxides. In comparison to
TiO2, ZnO shows higher electron mobility and longer electron lifetimes which means
lower charge recombination Also ZnO can be obtained from a wide variety of easy and
low-cost synthesis method in different nano-form
with easy tuning of its morphology. Zinc oxide is a
direct band gap semiconductor with the E;=3.37 eV
and large exciton binding energy of 60 meV

[30,42,53,54,55].

Transparent Substrate

Fig 2.7 Schematic view of a hybrid solar cell
structure consisting of four parts [17]
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2.1.7.1 Fundamental of hybrid solar cells and device operation

Figure 2.8 shows the device operation of a hybrid solar. When a photon is absorbed
by the active layer, the exciton is generated at the interface of donor/acceptor and once
the exciton separated to free charges, the electron in donor material is transported to the
cathode for charge collection and the hole produced in donor materials travels to anode to

be collected [30,49, 56, 57].
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Fig 2.8 Schematic diagram of a hybrid solar cell operation, the efficiencies
which are presented in equation (2.1) are shown in the diagram

As mentioned before, in hybrid solar cells, to overcome the exciton binding energy
and separate the excitons to the free charge carriers, a force is required. For dissociation
of the exciton which are formed in the donor material, the energy level offset of the
lowest unoccupied molecular orbital (LUMO) of the donor and the conduction band edge
of the acceptor materials is required. In figure 2.9 this energy offset is shown as AEgs
which is the excited energy offset. For dissociation of the exciton which are formed in
acceptor material, the energy level offset of the highest occupied molecular orbital
(HOMO) of the donor and the valence band edge of the acceptor materials is required to
be overcome. In figure 2.9 this energy offset is represented by 4Ess which is the ground
state energy offset. Since the excitonic dissociation due to these energy offsets occurs at
the interface between the donor and the acceptor phase, the arrangement of the two

materials in active layer is crucial for the successful operation of the device.
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Fig 2.9 Energy level diagram of an organic— inorganic hybrid solar cell [30,42,58]

2.1.7.2 Ideal materials for hybrid solar cells

Donor material: to choose the donor material, electronic composition, hole mobility,

the band gap and the HOMO and LUMO levels are important factor to be considered. In
2006 Scharber and his colleagues proposed the design rules for donor in bulk
heterojunction solar cells when the acceptor is PCBM. They suggested for an ideal donor
material the band gap must be less than 1.74 eV and the LUMO level less than -3.92 eV
with respect to vacuum level. With this small band gap, large portion of solar spectrum
can be utilized. Search for donor materials to enhance the performance of hybrid solar
cells, led the researchers to poly (3-hexylthiophene). From around 2002, P3HT became
the suitable polymer donor and regioregular P3HT shows environmental stability and
higher hole mobility than other donors [59, 60]. Another excellent candidate for donor
materials can be cyclipentadithiophene-based polymer which is a low band gap and high
absorbing donor. J for this polymer is much higher than that of the P3HT. More recent
suitable donor polymer is PTB7 which has a band gap of 1.6 eV and exhibits good hole
mobility and good solubility in organic solvents. It seems that these polymers are
candidates for high performance of hybrid solar cells in the future [61,62].

Acceptor material: the electronic structure of the inorganic acceptor is an important

factor to choose it. This electronic structure should be suitable for combining inorganic
material with organic material. Xiang et al proposed that the ideal inorganic material
should have a bang-gap of 1.5 eV which is small enough to ensure good photon
adsorption, so thus Js.. The band gap of the acceptor material must be minimize to utilize

more solar spectrum. Also these authors suggested the HOMO level of offset of 0.3 eV
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which provides enough energy for exciton dissociation [63]. However, in addition of
electronic structure, there are other physical requirements to be considered for choosing
the acceptor material such as solubility in common solvent with the donor material,

abundance, cost and tuning its nanomorphology [30].

2.1.7.3 Photoactive layer nanomorphology

The most important challenge for all type of solar cells, is achieving to the higher
PCE values. In hybrid solar cells, the nanoscopic morphology of the composite plays a
fundamental role for efficient performance of solar cells [30,47].

There are different morphology of active materials such as bi-layer, bulk
heterojunction, nanoparticles dispersed heterojunction and vertically aligned
heterojunction morphology which are shown in figure 2.10. In bi-layer morphology, two
layers of donor polymer and inorganic acceptor are completely separated and in this case
the recombination of exciton is so fast due to the long travel distance for electrons and
holes to reach the terminals. In contrast in heterjunction morphology, two layers of
materials are not separated but one phase is dispersed through other phase. This
morphology provides less travel distance for the electrons and holes to reach the
terminals compared to bi-layer morphology. The heterojunction morphology (figure 2.10)
is defined as:

- Bulk heterojunction: in which the inorganic materials is randomly dispersed inside the

organic matrix

- Nanoparticles dispersed: in which also there are dispersion of inorganic nanoparticles

in polymeric phase as shown in figure 2.10. However in this case the diameter of
nanoparticles is a key factor for efficiency of hybrid solar cells. As will be explained
later, the quantum dot (diameter of almost 5 nm) nanoparticles have shown better cell
performance.

- Vertically aligned morphology: in which the vertically aligned inorganic materials

present in whole polymeric matrix. Researches of recent years have shown that using
inorganic materials with the rod-like shape increased the efficiency of hybrid solar cells
due to the formation of more charge transport pathways and their high surface-to-volume

ratio [29,30,34,40,44,45,51,53, 55].
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Figure 2.11 represents the pathways for electrons and holes in bi-layer and
heterojunction morphologies. As it can be seen from the image, in the case of bi-layer,
the length of donor phase (polymer) is more than the exciton diffusion length leading to
the recombination of electrons and holes before arriving to the corresponding terminals.
However in the case of bulk heterojunction, a much higher portion of donor phase is in

less than the distance of L. from the interface.

+ -

B Organic material

Photodctive Layer [ Inorganic material

Transparent Siystrate

Bi-layer Bulk heterojunction Dispersed Vertically aligned
nanoparticles nanomaterials

Fig 2.10 Schematic views of different types of active layer morphology in hybrid solar cells
[40,53,64]

Photocathode Photocathode

h+
Ich polymer phase 1
| (donor)
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Photoanode (transparent) Photoanode
(G) Lpot >> Lex (b) Lpoi2 Lexand Lipoi £ Lex

Fig 2.11 Schematic view of (a) bilayer and (b) bulk heterojunction morphology. €, h', Lyy and Le,
represent electrons, holes, the thickness of polymeric layer and the exciton diffusion length
respectively [23,65,66]
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According to different reports, the ideal morphology for when one material is
dispersed through other materials, is rod-shape morphology [63,64,67]. Figure 2.12 shows
how rod-shape materials provide more pathways for electrons and holes to arrive directly
to the terminals with minimum recombination between them.

o
4

Photocathode

Photoanode

Lpo[ =< Lex ’f.,.

Lpo[

Fig 2.12 Schematic view of charge transport in vertically aligned heterojunction morphology in
which &, h", Ly, and L., represent electrons, holes, the thickness of polymeric layer and the
exciton diffusion length respectively [65,66]

Choosing the synthesis method to obtain vertically oriented nanorods (NRs) and
controlling their distribution is important. Since one of current thesis objective is the
synthesis of rod-shape active nanomaterials, in next section the synthesis method will be

explained.

2.1.8 Synthesis methods for fabrication of one- dimensional nanomaterials

There are different methods to synthesize the metal oxide nanorods such as chemical
and physical vapor deposition, hydrothermal process, solvothermal method, template
growth, microwave assisted method, micelles, electrochemical deposition technique and
etc. Vapor deposition techniques need to work in vacuum or at high temperature so they
require sophisticated and expensive equipment. In contrast, solution methods consume
lower energy for large-scale production.

Among these methods template-based synthesis is commonly and widely used

method to obtain well-ordered freestanding nanowires, nanorods and nanotubes
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[43,68,69]. The template method is a low cost, controllable and highly yields technique for
synthesis of 1D nanomaterials [70, 71]. Templates are considered as a mold to fabricate
micro and nano materials through their porous structure [72,73]. The diameter and length
of the final product depend on the pore diameter and thickness of the template which are
controlled by controlling the experimental conditions during the template fabrication. Up
to now many materials like metals, metal oxides and conductive polymers have been
synthesized by this method [74]. Since the template synthesis is the method using to
obtain the materials in this project, in next section the brief information on template is

introduced.

2.1.8.1 Template synthesis method

Template method is classified to hard template and soft template. Usually organic
materials like polymer networks, carbon nitrides and carbonaceous materials are example
of soft templates and conversely porous solids such as silica, zeolites, and aluminum
oxide are examples of hard templates [75,76]. In this project the materials were

synthesized by hard template method from anodic aluminum oxide (AAO).

2.1.8.1.1 Anodic aluminum oxide (AAO) template

Porous alumina has been studied for more than three decades. AAO template is
suitable for application such as nanopatterning, fabrication of highly ordered one-
dimensional nanostructures and nanocapacitor arrays in sensors, computing device, tool
storage, magnetic and recording area. Also this template has been used as catalyst supports
and adsorbents. This wide range of applications is due to its easy and low cost fabrication,
good thermal and chemical stability and easy control of pore distribution, pore diameter,
length and thickness of the template [70,77,78]. In addition also it is possible to synthesize
nanowires, nanotubes and nanorods by using these templates.

AAO is described as a honeycomb structure consisting of hexagonal cell array with
cylindrical nanoporous which are perpendicular to the template surface (figure 2.13) with

pore diameter ranging from 10 nm to 200 nm, pore densities in the range of 10 cm™ to
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10" cm™ and the membrane thickness ranging from few tens of nanometers to more than

several hundred micrometers [68, 69,79,80].

Porous-Layer

Barrier-Layer

Fig 2.13 Schematic view of AAO template D, is pore diameter,
D, is cell diameter and t, is the thickness of barrier layer [79]

Since the method using in this project is electrochemical deposition using AAO

template thus here the brief explanation of electrochemistry is needed.

2.1.9 Electrochemistry
Electrochemistry is the science concerning with the relation between electrical and
chemical phenomena and is the measurements of electrical quantities such as current,
voltage and conductivity and their relationship with chemical parameters like solution
concentration, pH [81, 82]. If we consider a redox (reduction/oxidation) reaction in
electrochemical cell (equation 2.6):

O+ne =R (2.6)
In which O is oxidized species, R is reduced species and 7 is the number of electron

exchanged between O and R. The Nernst equation (equation 2.7) describes the concept

of electrochemistry.
E=E°+ ElnM (2.7)
nf [R]

Where E is potential between two electrodes, £’ is standard electrode potential, R is

the gas constant 8.3145 J.mol . K'!, T is the temperature (K), and f'is faraday’s constant
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96485.3 C.mol™, [0] is the concentration of oxidized species and [R] is the concentration
of reduced species [82].

In this manuscripts some terminology will be used and they are listed below:
- Oxidation: refers to the process in which a chemical species loses one or more
electrons.
- Reduction: refers to the process in which a chemical species gains one or more
electrons.
- Electrochemical cell: device that involves the presence of faradic currents as results of
redox chemical reactions. There are two types of electrochemical cells: galvanic cells
where spontaneously electrical energy produced and electrolytic cells that consume
electrical energy and convert it to chemical energy.
- Anode: electrode where the oxidation takes place.
- Cathode: electrode where the reduction takes place.
- Electrode: an electrical conductor or semiconductor where the electron transfer occurs.
(It can be anode or cathode).
- Potential: is the driving force for the redox reaction.
- Current: electron flow is the result of a redox reaction. Current measures the rate of the
reaction (electrons per second).
- Working electrode (WE): the electrode where the redox processes under study occur.
WEs are typically cathodes in electrochemical cell.
- Reference electrode (RE): electrode that can maintain a constant potential under
exchanging experimental conditions. The WE is referred vs. the RE potential. REs are
typically anodes in electrochemical cell.
- Counter electrode (CE): electrode that helps the current pass through the cell. The
current travels between WE and CE.
- Supporting electrolyte: an ionic substance (typically salt) that presents as solution to
ensure the charge carrier mobility in the cell. It does not undergo redox reaction.
Sometimes supporting electrolyte simply called electrolyte.
- Potentiostat: an electronic instrument that measures and controls the voltage difference
between working and reference electrodes and the current flow between working and

counter electrodes.
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Another important formula in electrochemistry is Faraday’s law which correlated the

total charge (Q) passing through the cell with the amount of products (N).

Q = nfN (2.8)
Where Q, n, fand N are the total charge passing through the cell, the number of
transferred electrons per 1 mole of product, faraday’s constant and the amount of product
respectively. One of the applications of faraday’s law is to find the amount of substance
deposited at an electrode [83].
Electrodeposition methods such as potentiostatic and galvanostatic methods allow us to
synthesis a wide range of materials on the surface of an electrode and electrochemical
analyses such as cyclic voltammetry and impedance spectroscopy help us to find out the

behavior of the deposited materials.

2.1.9.1 Potentiostatic method

In this method a constant voltage is applied between working and reference electrodes
and the current between working electrode and counter electrode is measured with time.
The thickness of the deposited film on the electrode surface depends on the deposition

time and is calculated from faraday’s law.

2.1.9.2 Galvanostatic method
In this method a fixed current or charge is applied between the working and counter
electrodes and the change in potential induced in the working electrode by the passage of

current, is measured against the reference electrode.

2.1.9.3. Cyclic voltammetry (CV)

Cyclic Voltammetry (CV) may is the most effective and versatile electroanalytical
technique available for the mechanism study of redox systems. CV is often the first
experiment performed in an electrochemical study. In CV the potential of WE linearly
changes with time starting from a known potential, reaching to the final potential and
again sweeping back from the final potential to the initial potential at fixed scan rate [84].

From the peaks of triangle-shape current —voltage curve, the reduction/oxidation potential
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and current at peaks will be obtained. These values are useful to determine the

reversibility and stability of the system, HOMO/LUMO energy levels and band gap.

2.1.9.4 Electrochemical Impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy is a technique which has been utilized over
a century because of its ability to determine physical and electronic properties of
electrochemical systems such as diffusion coefficient, electron transfer rate constant,
adsorption mechanism, charge transfer resistance and capacitance. The technique is based
upon complex mathematical transforms defining impedance as the complex ratio of the

voltage and current in an AC circuit [85].

Since the materials which were synthesized in this project are a conductive polymer
and metal oxide, thus in the following parts the brief information on these materials will

be introduced.

2.1.10 Conductive polymers

Polymers have been used as insulating materials for many ages because they can be
shaped and processed more easily than for example metals. After the invention of the first
conductive polymer i.e. polyacetylene in 1970s, these materials became the center of
attention for researchers. Their wide range of electrical conductivity can be achieved with
various doping levels, while they are maintaining mechanical flexibility and high thermal
stability. These properties make them suitable for applications such as LED,
supercapacitors, photovoltaic cells, electrochromic device, biosensors and so on [86]. In
the structure of conductive polymers there are single and double bonds between carbon
atoms.

The carbon atoms are in sp>-hybridized state. Each of these sp’ carbon atoms has 3 ¢
(sigma) bonds and a remaining p, atomic orbital which exhibits m-overlap with the p,
atomic orbital of nearest neighbor. The chain of atoms with m-overlap of p, atomic
orbitals leads to the formation of m-states delocalized along the polymer chain where the

flow of electrons leads to electrical conductivity of the polymer. However this is not quite
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enough to conduct electricity since the electrons are still tightly linked to the polymeric
chain. What needs to be done is to remove or to add some electrons to the chain. This
process is called doping.

Removing electrons from the polymer backbone results in p-doping and adding
electrons to the backbone results in n-doping. Doping can increase the conductivity of a
plastic like material by a billion times up to the level matching that of the metallic
materials. For example the conductivity of copper is a bit less than 10° S/cm and the
conductivity of polyacetylene doped with AsFs was reported more than 10° S/cm [87].

Most famous conductive polymers are polyacetylene, polyaniline, polypyrrole and
polythiophene. Figure 2.14 shows the structures of theses polymers and table 2.2 is the

comparison between the properties of these polymers.

O Y

Polyacetylene Polyaniline Polypyrrole Polythiophene

Fig 2.14 Schematic structures of conductive polymers [87]

Table 2.2 Properties comparison between conductive polymers [88]

Polymer Conductivity Stability Processing
(S/cm) (doped state) possibilities
Polyacetylene 10°- 1.7 x10° Poor Limited
(air-sensitive)
Polyaniline 0-200 Good Good
Polypyrrole 10%-7.5 x10° Good Excellent
Polythiophene 10-10° Good Good

Among the conductive polymers, although polythiophene and its derivatives have
less solubility in water because of their higher crystallinity [89], they have attracted

considerable attention due to their conductivity, high charge carrier mobility, longer
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wavelength absorption and chemical stability in air and moisture in both neutral and

doped states compared to the other conductive polymers [90, 91,92,93].

2.1.10.1 Poly (3-hexylthiophene)(P3HT)

P3HT is one of polythiophene family with excellent properties such as hole mobility
as high as 0.1 cm?/V.S and optical absorption coefficient in the visible spectra in the
order of 10’ cm ™' [25,94]. The electrical properties of P3HT are highly dependent on the
fabrication process. For example the reported values for the band gap energy of the P3HT
are in the range of 1.7-2.1 eV, the electron affinity values are in the range of 3.2-3.5 eV
and the doping concentrations are in the range of 1x 10" to 1x 10'" ¢cm™. The highest
value for conductivity of poly (3-hexylthiophene) was reported 1000 S/cm at room
temperature [94, 95].

2.1.11 Metal oxides

Wide band gap oxide semiconductors such as TiO,, SnO,, CeO, and ZnO have been
used as inorganic acceptors in hybrid solar cells because they are cheap and non-toxic
and they have good thermal stability and optoelectrical properties. The major advantage
possessed by these semiconductors is the ability to form vertically aligned oxide
nanostructures. Currently, the most heavily investigated of these materials is TiO,, as it
has been extensively used in dye sensitized solar cells due to the high surface area of the

semiconductor.

2.1.11.1 Zinc oxide

The stability of hybrid solar cells using ZnO has also been investigated. In
comparison to TiO,, zinc oxide has higher electron mobility and longer electron lifetimes
which results in lower charge recombination.
ZnO is a direct band gap semiconductor with piezoelectric property, band gap of 3.3 eV
and a large exciton binding energy of 60 meV. Zinc oxide can be synthesized from a
wide variety of easy and low-cost methods in various nano forms and it is easy to tune its

nanomorphology by changing the experimental conditions.
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The next section is a review on the materials which have currently been investigated
in hybrid solar cells. Their synthesis methods are explained and finally the summary of

the major limitations and challenges in the field of hybrid solar cells will introduce.

2.2 Literature review

As a promising alternative to inorganic silicon solar cells, in 1991 Brian Oregan and
Michael Gritzel invented a photochemical solar cell called dye-sensitized solar cells
(DSSC) consisting of liquid electrolyte and TiO; films [96]. Up to now these cells have
reached more than 10% of light conversion efficiency and being competitive with
amorphous silicon solar cells. However these Gritzel cells have to be sealed to prevent
the leakage of the electrolyte during the whole time operation. In 1995, Cao and his
colleagues fabricated a photoelectrochemical cell with polymer gel electrolyte consisting
a mixture of polyacrylonitrile, ethylene carbonate, propylene carbonate, acetonitrile and
nanocrystalline TiO, electrode. This cell achieved the overall energy conversion
efficiencies of 3-5%, V. of 0.6V, Iy of 3 mA/cm? under 30 mW/cm? illumination. They
mentioned that this quasi-solid-state cell exhibited the behavior similar to cells with
liquid electrolyte, suggesting that ion transport in the polymer gel electrolyte does not
influence the performance of these cells [97]. Two years later Haarer et al published a
report on combining the advantages of organic and inorganic materials with the name of
novel hybrid solar cells. This cell consisting of TiO, and propylene carbonate mixed with
Lil and I, and Ruthenium complex as sensitizer. The TiO; screen printed on ITO and
sintered at 450 °C to burn out the organic additives. Although they could successfully
replace the volatile and unstable liquid electrolyte in Grétzel cell with a solid organic
material, they just achieved the external quantum efficiency of 0.2% with this cell design
[98]. After this report many research groups had focused seriously on replacement of one
inorganic material with different type of polymers [99, 100,101, 102].

According to the review of Arici et al in 2004 on hybrid solar cells, there are three
common methods to prepare organic/inorganic hybrid blend film; spin-coating from a
solution, electrodeposition and layer-by-layer assembly [47]. In spin-coating method the

nanocrystalline inorganic materials typically are synthesized by colloidal chemistry in
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organic solutions such as alkyl thiol, amines, phosphines, or phosphine oxides and they
are usually soluble in common organic solvents and can be mixed together with the
conjugated polymers. However organic surfactant and ligands on the surface of inorganic
materials tend to be insulated and decrease the electron transport between adjacent
nanocrystallines.

Huynh et al synthesized the mixture of CdSe nanorods and P3HT. The nanorods of
CdSe was not perpendicular on polymeric film but they were planar on polymer matrix.
They selected P3HT because of its effective hole transport among other conductive
polymers which can reach up to 0.1 cm®V.S hole mobility. They synthesized the
nanorods of CdSe separately and solved it in pyridine and chloroform mixture which is
also suitable solvent for P3HT. Then the mixture of materials span coated on ITO.

They suggested that the length of nanorods have grater influenced on light
adsorption by the material than their diameter by preparing different nanocrystalline of
CdSe with diameter of 7nm/ length of 7nm, diameter of 7nm/ length of 30 nm, diameter
of 7nm/ length of 60nm; it means the aspect ratio (AR: length/diameter) of 1 to 10. They
suggested the rod-shape materials show better cell performance. It means by increasing
the aspect ratio from 1 to 10, the charge transport and external quantum efficiency of
cells increased by a factor of approximately 3. According to their report the best device
which contained 7nm diameter and 60 nm length performed with a maximum EQE of
55% under 0.1 mW/cm? illumination at 485 nm wavelength. For the rods shorter than 60
nm the electron transport is dominated by hopping. Also they investigated the surface
chemistry between organic and inorganic materials by the influenced of the solvent which
was used. They proposed the pyridine-chloroform mixture as suitable solvent for having
the major interfaces and contacts between organic and inorganic materials [103]. A year
later, the same authors, studied how it is possible to improve the efficiency of the cell
consisting of CdSe (D: 7 nm —L: 60 nm) /P3HT materials by I-V characteristics using
improved circuit model and modified Shockley equation considering series and shunt
resistances. They reported that under illumination, the efficiency of photocurrent
generations was dependent on the applied bias, unlike conventional inorganic
semiconductors devices in which photocurrent is constant. They suggested that a

theoretical understanding of the device physics of nanocrystal-polymer PV cells is
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essential for improving this class of materials for using in high light intensity applications
like solar cells [25].

After theoretical studies of device performance, this research group did extensive
investigation on the role of the solvent in casting process of the O/I mixture. To create a
high interfacial surface area, good dispersion of the inorganic nanoparticles within the
polymer is essential. When in 2002 they mixed pyridine and chloroform as solvent, they
did not mentioned the role and the volume portion of each solvent. One year later, with
more studies they mentioned that with using suitable binary solvent, the PCE of cell was
increase more than 50%. Suitable binary solvent with optimum volume portion of species
will enhance the solubility of both organic and inorganic materials. The suggested the
mixture of 4 vol.% to 12 vol.% of pyridine in chloroform as optimum volume ratio for
this solvent. Pyridine is miscible in chloroform and pyridine-coated inorganic
nanomaterials are more soluble in chloroform than their naked counterparts. Thus low
amount of pyridine leads to insufficient solubility of inorganic materials resulting in
phase separation. They also mentioned that the interaction of inorganic materials with
polymer is mainly controlled by organic ligands adsorbed onto the surface of inorganic
nanomaterials that makes their surface passive and unstable. The advantage of using
pyridine is that this solvent does not bind to the inorganic nanomaterials and just covers
their surface. Thus the low boiling point of pyridine (116 °C) allows the easily removal of
this organic ligands from inorganic surface by heat treatment. With this modification in
solvent their cell reached the EQE of 59% under 0.1 mW/cm? illumination at 450 nm
which was higher than EQE of the same cell (54%) by using 1/2 volume ratio of pyridine
to chloroform in 2002 [104].

The heat treatment on pyridine contained solvent also examined for PCPDTBT: CdSe
and MEHPPV: CdSe composites materials and in both cases the better electron transport
between NCs by reducing the insulating effects of the ligand and more contact between
NCs and polymer was observed leading to improvement of Jgc, 14iss and 1 [105,106].

In addition to pyridine other solvent can work as capping organic ligands from the
surface of inorganic materials. These solvents are tributylamine, oleic acid, pyridine,

stearic acid, and butylamine and have been tasted in P3HT:CdSE HPV cells. The highest
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PCE (up to 1.8%) was obtained by using butylamine- capped CdSe NPs with a w/w
mixing ratio of 12: 1 (CdSe: P3HT) and a post-treatment temperature of 110 °C [107,108].
In spin coating preparation of the hybrid films, beside the type of solvent and
morphology of the inorganic materials, the synthesis method of nanocrystalline materials
and spin speed also are important factors to be considered. High-temperature synthesis
and toxicity of Cd-based materials motivated the researchers to find alternative materials.
Transparent semiconducting metal oxides like TiO; and ZnO can also be used as the
electron accepting material in combination with p-type donor conjugated polymers.
These metal oxides are not toxic and are abundance. The synthesis of TiO, nanoparticle
powders mainly occurs in water or alcohol based media. Transferring these nanoparticle
powders into organic solvents regularly leads to aggregate formation and therefore a low
miscibility with conjugated polymers. Besides crystallization of TiO, requires high
temperature (more than 350 °C). These drawbacks of TiO,, make ZnO more suitable for
hybrid solar cell application [38,39,48]. Janssen et a/ showed that ZnO crystallizes in
lower temperature. The nanoparticles of ZnO synthesized from diethylzinc by sol-gel
process showed lack of adsorption above 250 nm. After heating up the products just to
110 °C, the adsorption onset shifted to 375 nm. Janssen assembled a hybrid solar cell
with these crystalline ZnO particles combined with MDMO-PPV conductive polymer and
reached the 1.1% of PCE under AMI.5 standard condition [39]. Beek and Janssen
investigated on effect of solvent, spin speed and morphology in ZnO:MDMO-PPV hybrid
solar cells. ZnO nanoparticles were synthesized by hydrolysis and condensation of zinc
acetate dihydrate by potassium hydroxide in methanol and ZnO nanorods were formed
from the nanoparticles by heating a concentrated nanoparticle solution. The length of the
rods tuned by varying the heating time. Nanorods prepared at 60 °C for 20 h had 60 nm
in length. The device fabricated from spin casting of ZnO:MDMO-PPV mixture from
chlorobenzene: methanol (95:5/v:v) solution. Higher fill factor of 0.62 was observed for
rod-shape ZnO with volume portion of 26% in the mixture by spin speed of 1500 (rpm)
from chlorobenzene solvent [109].
In 2006 Olson and his colleagues discussed on performance of ZnO nanofibers/poly (3-
hexylthiophene) composite. Seed layer of ZnO deposited on ITO using zinc acetate
solution in 2-methoxyethanol following by hydrothermally growth of ZnO nanofiber

36



from nucleation sites in zinc nitrate solution at 70 °C. Then the 200 nm of P3HT was spin
coated on ZnO nanofibers. The device reached the V. of 0.44 V which was lower than
expected from the effective band gap of the donor—acceptor couple, defined as the
difference between the energies of the highest occupied molecular orbital (HOMO) of the
donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor. In the case
of P3HT—ZnO, the effective band gap is approximately 0.9 eV. They reported that the
reason for the lower measured V,. may because of the presence of mid-gap states on the
surface of the ZnO that pin the Fermi level; or the electron mobility of the ZnO
nanofibers could actually be too high, resulting in increased carrier recombination at the
ZnO/P3HT interface and in a reduced V.. Also the spacing between the ZnO nanofibers
as grown was on the order of 100 nm larger than the typical exciton diffusion length in
P3HT. They improved the V, by incorporation of PCBM into P3HT. The V,.reached the
0.475 V and the J increased by the factor of 5 for a device ZnO nanofibers:P3HT
compared to ZnO nanofibers: P3HT/PCBM.

This result demonstrates efficient electron transfer from PCBM to ZnO, as there
were no direct pathways for electrons to be transferred from PCBM to the ITO without
first being transferred to either the ZnO nucleation layer or the ZnO nanofibers. Also the
P3HT/PCBM blend effectively reduced the distance between donor and acceptor
materials resulted in higher EQE [110]. The same authors investigated the effect of
solvent selection and polymer processing on photovoltaic performance of the hybrid solar
cells consisting of ZnO nanofibers: P3HT. The device using dichlorobenzene showed
better performance in comparison to the device using chloroform because of better
contact between donor-acceptor materials. Also they annealed the active materials in two
temperatures of 150 °C and 250 °C. For the device at 150 °C, PCE and FF of 0.25% 46.6
% were reported respectively and the device at 250 °C reached to PCE of 0.28% and FF
of 48.4%. It was assumed that annealing caused the better infiltration of P3HT polymer
chain into ZnO nanorods which led to improve of interfacial contact between organic and
inorganic materials. One disadvantage of annealing is changing ordered polymer to more
disordered polymer. This can be overcome by slow drying of polymer. In Olson
experiments this phenomenon was observed from the loss of shoulders in absorbance

spectrum of the device [111].
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Beside solvent type, morphology and annealing of active materials, the solidification
time of polymer has effect on contact between donor and acceptor.

Chen et al showed this effect of polymer solidification on hybrid cell contained ZnO
nanorods: P3HT/PCBM. They prepared a sample with ZnO nanorods and P3HT solved in
dichlorobenzene. After annealing at 250 °C, the sample was cooled down from 5 min to
54 min with different spin coating rate from 1000 to 400 rmp. All cell parameters were
reported higher for the sample with drying time of 54 min. They suggested that the slow
drying gives polymer longer time to self-organize and reaches the higher order. The
absorption spectra of the samples showed larger absorption for slow dried sample. So
lengthening the cooling rate causes thicker active layer which leads to better light
harvesting [46].

In previous paragraphs, the synthesis of rod-shape inorganic materials by different
research groups was explained. Kim and Cho synthesized conductive polymer nanorods
by using AAO template for organic solar cells application. AAO template was fabricated
by anodic oxidation of an aluminum sheet in 0.3 M oxalic acid at 40V. P3HT in
chloroform was spin- coated onto PEDOT/PSS-coated ITO glass. The AAO template was
next placed on top of the film and the combination was heated to 250 °C under vacuum,
well above the melting temperature of P3HT. The molten P3HT chains readily entered
the nanopores by capillary action. By this method they obtained nanorods of P3HT with
50 nm of diameter and 150 nm of length. The P3HT nanorods showed 20 times more
hole mobility compared to P3HT continues films as mentioned also by McGehee and
coworkers [112]. For their organic cells the efficiency of P3HT nanorods/C60 was a
factor of 6.6 higher than the efficiency of planar P3HT/Cg (0.17% versus 1.12%)[113].

In 2012, Russell and his coworkers synthesized the nanopillars of P3HT via AAO
template by new approach. A 2wt % P3HT chlorobenzene solution was spin-coated on
ITO glass to form a polymeric layer on ITO. The ITO faced down on surface of AAO and
sandwiched between two glass slides and clamped together putting in the furnace and
heating up to 230 °C for 10 min. The P3HT on ITO melted and filled the channels of
AAO template. They obtained P3HT nanopillars of 30 nm and 50 nm in diameters by

using two different templates. The layer of Cep span coated on the pillars and the cell
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efficiencies were calculated. The pillars with 30 nm of diameter showed PCE of 2.4%
while the pillars with 50 nm of diameters reached the 2.0% of efficiency [114].

As mentioned previously, the vertically aligned morphology is a promising and ideal
morphology in hybrid solar cells which cannot be reached by spin coating of both
materials from the same solution on the substrate and it is difficult to control the
composite morphology. Although the rods of materials can be obtained in polymeric
matrix, but these rods are lean on the matrix and are not perpendicular to the polymeric
film.

Other method of hybrid film preparation is via electrochemistry combined with
template method which results in synthesis of vertically-aligned nanomaterials. Films of
nanocrystalline inorganic materials can be deposited by electrochemical method from
non-aqueous solution such as DMSO containing solutions and metal salts. Second step is
electropolymerization of conductive polymers onto inorganic layer. Many inorganic
materials for photovoltaic application were synthesized by this method such as CdS,
CdTe, CulnS,;, CulnSe;, TiO,, ZnO, ZnSe, conductive polymers and etc
[115,116,117,118,119,120121,122].

In 2005, Kim et al fabricated a hybrid solar cell consisting of CdTe nanorods and
poly (3-octylthiophene) (P30T). The power conversion efficiency of cell was 1.06%
which was higher than this value without the rods (PCE of 0.0006%). They used AAO
template as working electrode with diameter about 200 nm, thickness of 30 um and pore
density of 5x10%/ cm®. The cathodic deposition of CdTe was performed from an aqueous
solution and then the P30T was spin coated on nanorods. They reported the resistivity
and electron density of rods by the Hall effect which were 2x10° Q.cm and 1.3 x10"
cm ° respectively which showed fast electron transport in O/I blend by this morphology.
Other solar cell parameters that they reported were the short-circuit current density, open-
circuit voltage and fill factor of 3.12 mA / cm?, 0.714 V and 47.7% respectively [123].

In 2010, Zhang’s research group electrodeposited ZnO on transparent reduced
graphene oxide electrode (rGO) to fabricate ZnO nanorods. The aim of their work was to
investigate the substrate surface chemistry on cell performance. They prepared the rGO
electrodes with different thickness of 5, 9 and 13 nm by transferring the hydrazine vapor
reduced graphene oxide (GO) film onto a 3-amino-propyl-triethoxysilane (APTES)-
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coated quartz. Electrodeposition of ZnO nanorods carried out at -0.98 V and 80 °C from
ZnCl; and KClI solution on rGO.
They observed that the obtained electrochemically deposited ZnO varies from a random
porous structure to the highly c-axis oriented nanorod structure, as the thickness of rGO
films increases. The thinner rGO film has a lower current flow and the charge density on
electrodes is small, leading to a lower concentration of hydroxide ions, which are
generated through electrochemical reduction of oxygen. They assembled two cells with
quartz/rGO(13nm)/ZnO NRs/P3HT/PEDOT:PSS/Au and quartz/rGO (13nm)annealed
/ZnO NRs/P3HT/PEDOT:PSS/Au with the efficiencies of 0.14% and 0.31% respectively.
Since the work function of electrodes plays an important role in enhancing the
performance of solar cells, they suggested that the decrease of work function after
thermal annealing has two advantages: 1) an increase in V, to favor more efficient
electron—hole separation and 2) a better match between the Fermi level of rGO and E; of
ZnO to improve the efficiency of electron collection. Compared to the other reports on
ZnO/P3HT hybrid solar cells with carbon nanotubes (CNTs) or ITO as electrodes, their
device showed less PCE and this might be due to more defects, lower conductivity, and
relatively poor optical transmittance of rGO films, as compared to CNTs and ITO [124].

In electrochemical method, control the parameters like substrate type, voltage,
electrolyte, current density, temperature and deposition time are critical to obtain the
suitable final product with less structural defects.
Lin et al investigated the effect of temperature and deposition time in synthesis of ZnO
nanorods via electrochemical deposition method on ITO substrate at -0.9 V from 0.005 M
Zn (NOs),. The experiments were done at two growth temperatures of 60 and 80 °C for
different deposition time. They reported the longer ZnO nanorods by increase the
deposition time, whereas the deposition time had minor influence on diameter of rods. It
was observed that the temperature increase had effect on faster deposition rate. They
obtained ZnO nanorods with 260, 360 and 740 nm heights at 80 °C and 99, 120 and 210
nm at 60 °C during 5,10 and 20 minutes of deposition respectively. In both cases the rods
diameter was 102 + 12 nm [125].

Also there are several reports on electrochemical synthesis of organic materials.

Some conductive polymeric films like polypyrrole, polythiophene, thiophene-derivatives,
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polyacethylene, polyaniline have been synthesized by various research groups from
different methods of electropolymerization such as potentiostatic, galvanostatic and
cyclic voltammetry [126, 127, 128, 129,130, 131,132, 133, 134]. In 1992, Roncali wrote an
extensive report on electrochemical synthesis of polythiophene. This report was on the
mechanism of electropolymerization, different synthesis route such as cathodic and
anodic routs, monomer concentration, type or organic solvent, type of electrolyte,
electrical conditions like voltage, current or scan rate and the obtained values for
conductivity by changing the experimental conditions [135].

For the first time, Charles Martin reported the electropolymerization of conductive
polymers into the AAO channels for fabrication of wires, rods and tubes of conductive
polymers. He fabricated the fibers of polypyrrole from the pyrrole-contained solution
[136]. Later he synthesized the fibers of poly (3-methylthiophene) from the solution of
0.6M of 3-methylthiophene and Fe(ClO,); in acetonitrile as electrolyte [137]. After the
report of Martin, many groups have synthesized the polymer nanowire, nanorods and
nanotube by electropolymerization and template methods. In this method, the AAO
template as working electrode is placed in 3-electrode cell containing the solution of
monomer and supporting electrolyte. The behaviors of polymers like oxidation and
reduction peak voltages and currents can be obtained from I-V curve of cyclic
voltammetry. Common electrolytes are BusNBF, [138], BFEE [139], TBAP [140], LiCIO4
[141], EtyNBF, [142] and TBAFP; [143].

As is understood from the previous reports on hybrid solar cells, the efficiency of
these cells is still too low when industrial applications are targeted. One of the main
reasons of low efficiency is because of the contact between organic and inorganic
materials. The selection of these materials and the manner of contact between them are
critical issues to gain better optoelectrical properties as well as mechanical properties. In
2005, Mammeri and Sanchez reported an extensive review on mechanical properties of
hybrid inorganic-organic materials [144]. They mentioned that by increasing the
interfacial interactions between both components via the formation of hydrogen bonds or
covalent bond, by mixing various polymers or the adequate choice of the inorganic

precursor, homogenously dispersed organic-inorganic nanocomposites can be obtained.
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The properties of O/I are dependent on their micro- and nanostructures and the nature of
interface between them.

Also, other important issue is the interface between the hybrid film and the substrate
since the strong adhesion can ensure the less delamination of the film. The table 2.3
shows the efficiencies of up-to-date hybrid solar cells with different organic and

inorganic materials and morphologies.

Table 2.3 A summarized list of selected hybrid materials and parameters of hybrid solar cells

Acceptor Structure Donor Jse Vo (V) FF PCE Illumination Year Ref
(mA/cm?) (%) (mW/em?)

CdS QD P3HT 10.9 1.1 0.35 4.1 100 2011 [145]
CdS NwW P3HT 5.26 0.6 0.54 1.73 - 2009 [146]
CdS NR MEH-PPV 2.96 0.85 0.466 1.17 100 2007 [147]
CdSe NR:QD PCPDTBT 13.86 0.48 0.51 3.64 100 2012 [148]
CdSe NP PCPDTBT 9.2 0.78 0.49 35 100 2012 [149]
CdSe NR P3HT 9.7 0.553 0.494 2.65 100 2010 [150]
CdSe Tetrapod OC,C,,-PPV 6.42 0.76 0.44 2.4 89.9 2005 [151]
CdSe Tetrapod PCPDTBT 10.1 0.678 0.51 3.19 100 2010 [105]
CdSe Tetrapod PDTTTPD 7.26 0.88 0.46 2.9 100 2011 [152]
CdSe QD PCPDTBT 8.3 0.591 0.56 2.7 100 2011 [61]
CdSe QD P3HT 5.5 0.78 0.47 2 100 2011 [108]
CdSe NC P3HT 5.62 0.8 0.43 1.9 100 2012 [153]
CdSe NS P3HT 6.5 0.7 0.42 1.9 100 2011 [154]
CdTe QD PPV 10.7 0.5 0.4 2.14 100 2011 [155]
CdTe Tetrapod PSBTBT-NH, 7.23 0.79 0.56 32 100 2011 [156]
CdTe NR P30T 3.12 0.714 0.477 1.06 100 2005 [123]
CdTe NC PNV 6.14 0.44 0.32 0.86 100 2011 [157]
CulnSe, QD P3HT 8.07 0.335 0.527 1.425 100 2011 [158]
PbS NC MEH-PPV 0.13 1 0.28 0.7 5 2005 [159]
PbS QD P3HT 1 0.42 0.39 0.16 - 2011 [160]
Si QD P3HT 3.8 0.8 0.47 1.47 100 2010 [161]
Si NwW P3HT 11.61 0.425 0.39 1.93 100 2009 [162]
Si NwW PEDOT:PSS 24.24 0.532 0.651 8.4 100 2012 [163]
ZnO NP MDMO:PPV 2.67 0.828 0.399 0.88 100 2011 [164]
ZnO NP P3HbpT 2.1 0.83 0.35 0.61 100 2012 [165]
ZnO NwW P3HT 0.32 0.4 0.28 0.036 100 2010 [166]
ZnO NR P3HT 7.46 0.60 0.535 2.4 - 2012 [114]
ZnS NP P3HT 0.00081 1.2 0.25 0.2 - 2009 [167]
TiO, NT P3HT 1.8 0.62 0.58 0.5 100 2011 [168]
TiO, NR P3HT 433 0.78 0.65 22 100 2009 [169]
TiO, Porous P3HT 4.71 0.87 0.68 2.81 100 2011 [170]
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There are some reports on hybrid solar cells to improve their performance by using
other morphologies or techniques. For example in 2007 Alivisatos and his coworkers
mentioned the synthetic method for the creation of 3D dendritic inorganic nanocrystals
with controlled size and branching structure. These hyperbranched nanocrystals allow the
creation of hybrid solar cells, whose architecture affords advantages over conventional
approaches. They suggested that the branching structure of the nanocrystals, controls the
dispersion of the inorganic phase in the polymer matrix. Thus ensuring a large,
distributed surface area for charge separation. Moreover, each hyperbranched particle
spans the entire device thickness and thus contains a built-in percolation pathway for
transport of electrons to the anode. These composites based on these 3D particles can
therefore be spin cast from a single solvent and this prevents the phase separation
between inorganic and organic materials. They reported V,.and PCE of 0.6 V and 2.18%
under Am1.5G for a blend of hyperbranched of CdSe and P3HT [54].

Another example is tuning the energy levels of hybrid films by inserting other
organic material. Kutsenco et al/ synthesized the CdSe (both rod and dot-like):P3MT
composite and dispersed it in the P3HT matrix.

They mentioned that the effect of the P3MT layer is to moderate charge and energy
transfer between CdSe and P3HT in the ternary nanocomposite system. They shown that
excitation of the low-molecular P3MT resulted in energy transfer to both CdSe and P3HT
components, and it also served as a barrier against recombination of electrons and holes
separated at CdSe and P3HT, respectively. The open circuit voltage of ternary-phase
system was more than just CdSe: P3HT composite [57].

In 2012, the researches of Stanford university fabricated Si nanocone: PEDOT:PSS
hybrid solar cell. With this nanocone morphology reaching the 35.6 mA/cm? 0.51 V,
41.3% and 7.54% of current density, open circuit voltage, fill factor and power
conversion efficiency respectively which were higher than these parameters in Si
(planar): PEDOT:PSS composite with J;. of 22.5 mA/ecm?®, V. of 0.55 V, FF of 48% and
PCE of 5.92%. The synthesis method of Si nanocone was reactive-ion etching (RIE)
[171].

Other examples of efforts for improve the performance of hybrid solar cells is

hybrid solar cell in tandem architecture proposed by Trimmel in 2013. This structure

43



consisting of  Glass/ITO/PEDOT:PSS/PSiF:DBT-CIS/PEDOT:PSS/PTB7:PBCM/Al
(electrode) and reached the Vo=0.9 V, Ji= 8.04 mA/cm®, FF= 0.57 and PCE= 4.1%
[172].

The last but not the least example is the work of Wei and He on Si/PEDOT:PSS hybrid
solar cell. They increased the junction area by new morphology consisting of
micropyramids (MPs) and nanowires (NWs) of silicon. The MP arrays were fabricated on
Si substrates via an electrodeless chemical etching process. After the formation of MP
arrays, the Si wafer was immersed into an etchant composed of hydrofluoric acid and
hydrogen peroxide mixtures for an anisotropic wet-chemical etching process. Etching the
micropyramids caused the formation of Si nanowires. The lengths of the Si NWs were
controlled by the etching time. Lengths of 30, 185, 234, 357, and 602 nm correspond to
the etching time of 2, 3, 5, 6, and 9 min were obtained. Hybrid cells with hierarchical Si
surfaces consisting of micropyramids and nanowires exhibited open-circuit voltage of
0.52 V, short-circuit current density of 34.46 mA-cm?, fill factor of 64.06% and PCE of
11.48%, which was the highest PCE among all the reported Si/organic hybrid cells [173].

In previous pages the two main challenges of hybrid solar cells i.e. morphology of
active materials and contact between them were discussed and some procedure to resolve
these problems were explained but Other challenge is the degradation of organic
materials which results in low life cycles of hybrid solar cells compared to other types of
cell. The degradation is caused by the diffusion of oxygen and water into the devices.

Krebs et al has recently reported the long-term stability of a HSC made of ZnO
nanoparticles and the polymer poly (3-carboxy-dithiophene) (P3CT). The author
modified the planar HSC configuration of ITO/ZnO(dense layer):MEH-PPV/Ag
applying ZnO as dense thin films, to ITO/ZnO(nanoparticles):P3CT/PEDOT:PSS/Ag
using ZnO nanoparticles. The lifetime of the first configuration was limited to only a few
minutes (hours), the new configuration shows a lifetime of up to 500 h, in both cases
without the use of a UV filter [174]. This higher stability of the polymer is due to the
removing of carboxylic acid groups which is more stable towards oxygen. Also the time
required for the solar cell to exchange oxygen and degrade the polymer could also be

related to the total active surface area of the oxide. If the latter is true, in a HSC made of
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dense thin films of ZnO (about 30 nm thickness) the exchange of oxygen and the
stabilization in the dark would take place in only a couple of hours while in a
nanostructured ZnO thin film made of nanoparticles the stabilization period could take
several days, even months [42]. Other way to overcome the polymer instability is
physically separation of the electron and hole transporting components.

Wang et al carried out stability analyses of a cell consisting of
Al/P3HT:ZnO:PDI/PEDOT/ITO where ZnO was used in the form of nanoparticles and
the dye PDI was used to improve photovoltaic performance. They reported that dye-
treated device showed longer lifetime, better charge transfer yield and slower half-life
[31].

Nowadays the stability of hybrid solar cell improved thanks to many studies in this field.

According to the reports of Azzopardi and Mutale in 2010 on life cycles of different
type of solar cells, the life cycle of organic solar cells and hybrid solar cells in their
studies assumed to be 25 years which is a bit less than the lifetime of mono-crystalline
cell of 30 years and is more than some thin-film solar cells (table 2.4) [175]. However
with good advantage of hybrid materials like flexibility of device and combination of
both organic and inorganic advantages and also with the recent approaches to improve

their performance it is worth it to investigate and do research on these kind of cells.

Table 2.4 Comparable assumed characteristics for future hybrid solar cells [175]

Solar cells type PCE (%) Lifetime (year)
Hybrid QD-based 10 25 (assumed)
Organic cell 5 25 (assumed)
Mono-crystalline 13.2 30
Thin-film (CIS) 11 20
Thin-film (CdTe) 9 20

An example of recent investigation is a report of University of London with the
name of “Solar cells get down with pop music” published in PhysicsWorld.com in

November 2013, focusing on piezoelectric properties of ZnO (mentioned in part 2.11.1).
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In this work they suggested an interesting hypothesis that in the cell consisting of ZnO
nanorods and P3HT, how the piezoelectric effect can help in PV generation and a 50%
improvement of cell performance. Their experiments suggested that the improved
performance was down to the zinc oxide nanorods converting the kinetic energy of the
vibrations into electrical energy. This electric energy interacted with the excited charge
carriers formed by sunlight in the PV polymer, and this interaction prolonged their
lifetime and reduces the rate at which they are lost to recombination. According to the
researchers, pop and rock music gets the cells going more than classical music, but they
suggest that any noise with a broad range of frequencies will produce similar effects. The
discovery might be exploited by placing the devices on top of buses, air-conditioning

units and in other noisy spots [176].

From the literature review it could be concluded that the poly (3-hexylthiophene) as
organic material and zinc oxide as inorganic material are the promising materials for
hybrid solar cells. The challenge is mixing these two materials together to have the best
interfacial contacts between them and charge carrier mobility by one-dimensional
morphology. It is assumed that the template assisted electrochemical deposition will
result in better infiltration and connection between organic and inorganic materials as
well as obtaining the rod morphology of active materials. This assumption led to propose

the following hypothesis.

Hypothesis

“The synthesis of zinc oxide nanorods by conductive polymeric template will allow
fabricating the vertically aligned morphology of active materials and the hybrid film can

be a candidate in hybrid solar cell applications”.

General Objectives

“Synthesis of zinc oxide nanorods by template assisted method from conductive polymer

with the application of the hybrid film in hybrid solar cells”.
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Specific objectives

Fabrication of anodic aluminum oxide (AAO) template and finding the optimum
conditions through an anodization process in an electrolytical cell. Changing the
experimental conditions resulting in control the pore size and the thickness of the

template.

P3HT synthesis and characterization from two methods of electrochemical and
chemical polymerizations in which the AAO template which is obtained from the

first stage, will be used as substrate to deposit the polymer into its pores.
Synthesis of zinc oxide nanorods by the polymeric template which is obtained
from the previous step and finding out the optimum parameters such as diameter

and length of rods.

Characterization of active layer consisting of ZnO nanorods and polymeric phase

such as structural and optical analysis by methods such as: SEM and UV-vis.

Hybrid material analysis by different methods like: absorption (Uv-vis),

photocurrent measurements and photoluminescence.
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Chapter 3

Methodology
(Synthesis and characterization methods)
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3IMETHODS, MATERIALS AND EXPERIMENTAL CONDITIONS

This chapter explains the experimental and characterization methods, materials and

experimental conditions that have been used in this PhD thesis. First of all, the method for

template fabrication is described. Then, the chemical and electrochemical synthesis of

polymer are presented. At the end, the synthesis method of zinc oxide will be described.

3.1 First step: anodic aluminum oxide (AAQ) template fabrication processes

Fabrication of AAO template consists of 5 steps:
1- Surface cleaning of pure aluminum
2- First anodization
3- Etching
4- Second anodization
5- Pore widening

The flowchart below shows this procedure.

Step1
AAO fabrication steps

(Anodization of aluminum)

A 4 A\ 4 A 4 A 4 \ 4

A 4

1. Surface 2. First 3. Etching 4. Second 5 Po_re
cleaning anodization anodization widening

6. Template
conductivity

L 4 \ 4 Y

1- Mechanical polishing SR ETIE 4 Experi_n?ental\ Expe:il_rtr?ental Experimental

2. Rinsing conditions conditions conditions conditions

3- Electropolishing Electrolyte: oxalic | | Solution: 1.8wt% | | Electrolyte: oxalic | | goiution: Phosphoric
acid (0.3 M) Chromic acid (0.3 M) acid 5wt%
Voltage: 40V acid+5wt% Voltage: 40V T:35°C
T:10°C Phosphoric acid T:10°C Time: variable
Time: variable T:65°C Time: variable

Time: variable

Flowchart 1. Fabrication steps for anodic aluminum oxide template
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AAO fabrication is an electrochemical process which takes place in an
electrochemical cell consisting of electrolyte and two electrodes connected to the DC
power source.

The electrodes are pure aluminum foil which will be oxidized and converted into
aluminum oxide during the process. This electrode serves as anode. Another electrode
can be carbon, nickel, palladium, platinum, stainless steel or any electron conductor,
which is inert to electrolyte and serves as cathode. When the current passing through the
cell, the electrochemical reactions take place, the aluminum metal reacts with the acidic
electrolyte and the oxide layer (anodic film) is formed on its surface. To do this process

special design of cell was necessary.

3.1.1 Setup and cell design

The structure of the cell is shown in figure 3.1. The sample (pure Al foil) was placed
at the bottom of the cell. With this cell design there is no need to connect the aluminum
by a wire to the DC terminal. Because of the presence of high temperature and voltage
during the anodization, the wire will be corroded so fast and just the platinum wire can
resist in these experimental conditions since it does not react with the acid. However the
platinum wire is expensive. The cell body is made of poly vinyl chloride (PVC) cylinder
which has proper resistance to acidic solution and high temperature. At the bottom of the
cell there is a hole where the sample is places and will be in contact with the electrolyte
from one face. The sample was fixed with a gasket and from the other face was
connected to the sheet of aluminum and screwed with the pins to the aluminum plate. The
aluminum sheet was connected to the positive terminal of DC power with alligator to
pass the electricity to the sample (anode).

During the anodization, the electrolyte was agitated vigorously by an agitator which
was fixed above the cell by the laboratory clamp. This provides uniform temperature
distribution through the electrolyte and prevents the accumulation of ions on the surface
of the sample. To reduce the temperature, peltier was connected to the bottom of cell.
Perltier function is based on the thermoelectric effect which is a direct conversion of

temperature difference to the electric voltage and vice versa.
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— 2 Sample

£

/ (anode)
/

3
Cell body
(made of PVC) 0/. e
Al sheet

(To connect the sample
to the positive terminal
6 of power source)

Fig 3.1 Left side: schematic side view of the cell: (1) aluminum sheet (cathode), (2) agitator, (3)

cell body made of PVC, (4) gasket at the bottom of the cell to place the sample (pure aluminum,

anode), (5) pins to fixed the cell body to aluminum plate to prevent the leakage of the electrolyte,

(6) aluminum sheet to connect the sample to the power source, (7) aluminum plate to fixe whole
structure and (8) peltier. Right side: up view of the cell

This phenomenon can be useful when it is necessary to transfer heat from one
medium to another on a small scale. The Peltier consists of two semiconductors of n and
p type sandwiched between two thermally conductive ceramic plates which is shown in

figure 3.2.

Cold side

p-type semiconductor

/‘

Ceramic plate
Hot side ‘ /

Fig 3.2 Structure of the peltier on the left side and peltier itself on the right side

n-type semiconductor

When the peltier is connected to the power supply, the applied voltage creates a
temperature difference between two plates that stems from the charge mobility from one

semiconductor to another one. With this temperature gradient one plate becomes cool

51



while the other one is hot. In our case the cold side of peltier was in contact with the
bottom of the cell to cool down the temperature of the sample and the hot side was in
contact with a ventilator to remove the heat. Figure 3.3 shows the entire setup that was

used to fabricate the AAO template.

L Agitator

Cell

Peltier
Distributor

Power Source Ventilator

Fig 3.3 Schematic view of entire set up for anodization process consisting of agitator,
cell, peltier, distributor, ventilator and power source

3.1.2 Surface cleaning or Pre-treatment on pure aluminum surface

The quality of the template depends on the aluminum surface. To obtain the well-
ordered pores with the uniform distribution, a clean and uniform surface of aluminum is
necessary which was obtained by pre-treatment on the aluminum metal surface before
starting the template fabrication. Pretreatments consisting of:

- Rinsing the piece of aluminum foil in water and in ultrasonic bath of acetone for 10
minutes to clean the surface from the dusk and dirt.

- Mechanical polishing by using the polishing cream to remove the surface grease and
small surface scratches following by washing the aluminum piece.

- Electropolishing to have a smooth, clean and shiny surface free of scratches.
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3.1.2.1 Pre-treatments: Mechanical polishing and Electropolishing

Mechanical polishing was done on the surface of aluminum by polishing cream in
order to obtain clean and more smooth surface than the original surface. The AFM
images of original surface and the surface after mechanical polishing will be shown in the
next chapter.

Electrochemical polishing was done in the cell shown in figure 3.4. The cell was
filled by electrolyte that was the mixture of ethanol and perchloric acid with the volume
ratio of 4:1. The mixture of perchloric acid and ethanol is so exothermic and explosive.
(High precautions should be considered for mixing these two solutions).

In this case these solutions were mixed inside an ice bath. The aluminum piece was
held between the heads of the pince. The cell with red wire connected to the positive
terminal and the alligator from one side connected to the negative terminal and from the
other side connected to the pince. The temperature was kept under 10 °C because of the
two reasons; first the explosive nature of perchloric acid and ethanol mixture especially
by applying the voltage and another reason is that the higher temperature causes the local
heating of the sample during passing the voltage. When the voltage is increasing in its
initial seconds, the current density also increases sharply and the local temperature of the
sample will increase as well. The low temperature of the solution helps the uniform

distribution of heat on sample surface and prevents the local burning.

Fig 3.4 Electropolishing cell with the bowl to pour the electrolyte
and the pince for holding the aluminum foil

The voltage was adjusted at 10V for the beginning of electropolishing. Dark oxide

layer was formed on the surface of aluminum in initial seconds of the reaction. This layer
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was felt down and the voltage decreased to 7 V to continue the electropolishing. The

whole procedure time changed between 15 to 20 minutes till obtaining the bright surface.

3.1.3 First anodization step

After surface cleaning, the aluminum piece was ready for the next step; i.e first
anodization step. The aluminum piece was placed at the bottom of the cell and 0.3 M
oxalic acid was placed inside the cell. After connecting the wires the voltage of 40 V was
applied through the electrolyte while the electrolyte was agitated and the temperature was
kept at 10 °C by peltier. The distance between two electrodes was 3 cm and the surface
area of the sample exposed to the electrolyte was about 0.8 cm®. The first anodization

was done for different period of time of about 30 min and 2 hours.

3.1.4 Etching

To have the perfect template, two-step anodization is highly recommended. Usually
the oxide layer formed on aluminum surface in the first step, is removed in etching
process. During this process, the undesired and disordered oxide layer was etched and
just the pores traces are remained which are considered as a pattern or sites for the pore
growth in second anodization process.

This layer was etched in solution of 1.8wt% chromic acid and 5wt% phosphoric acid.
The sample was drawn in this solution and the temperature was kept at 65 °C. The
etching time was variable and was dependent on first anodization time. After etching, the

sample was rinsed several times with distilled water and dried in air.

3.1.5 Second anodization step

The sample from etching step again was placed at the bottom of the cell. The
experimental conditions for second anodization step were the same as first anodization
step i.e. oxalic acid electrolyte (0.3 M) with vigorous agitation, distance between
electrodes of 3 cm, temperature of 10 °C and voltage of 40 V. Dependent on the thickness
of the final template, the time of this step varied from 120 seconds to 2 hours. This is the

advantage of electrochemistry that makes it possible to control the thickness of the
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materials by control the amount of current density passing through the material and the
deposition time. Ultrafine templates with thickness of 100 nm can be obtained. After this
process the sample was taken out from the cell and it was rinsed with distilled water and
dried in ambient temperature. In figure 3.5 the AAO fabrication step is shown. As it can
be seen the first anodization results in non-uniform and distorted channels. Removing this
distorted oxide layer by etching leaves a highly ordered concave pattern on the aluminum
surface (figure 3.5 d). In second anodization step, the highly ordered and regular channels

are obtained.

[

Fig 3.5 Schematic view of AAO template fabricated steps: (a) untreated aluminum, (b)
electropolished aluminum, (c) 1 st anodization, (d) Etching and (e) 2 nd anodization

3.1.6 Pore-widening

The pores diameter in AAO template can be extended by pore widening process in
which the sample was placed in 6wt% solution of H;PO, at 35 °C. The phosphoric acid
dissolved the template and the pores diameter was extended and the distance between
pores was reduced. The dissolution rate of aluminum oxide layer depends on the time in
this process. The control of time is so important to have desired diameter for pores. If the
time exceeds the optimum time, the template is etched so fast by acid and the pores
extend so much and they merge together resulting in disordered and undesired template.
The final diameter can be adjusted depending on the application. It means that the
morphology and nature of the deposited materials determine the pore diameter. For
example for nanorwire synthesis, the template with smaller pores is suitable and for

nanorods the template with bigger pore diameter.
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It should be taking into account that the nature of material is important in the matter of if

their molecule size can be matched with pore diameter or not.

3.1.7 Making the template conductive
Because the method using in this project is electrochemical deposition of materials into the

pores of AAO template, thus it is important to make the template conductive to serve as
working electrode. Although the AAO is formed on electrically conductive aluminum
metal, AAO itself is not conductive because of the presence of the barrier layer. Thus
when the electrodeposition of materials is targeted, it cannot be used as working electrode
especially when the electrodeposition voltage is too low.

This barrier layer usually has the thickness between 10 to 50 nm which does not allow the
current pass through the channels. This layer must be removed and like this the electrons
can reach to the bottom of the channels. It means the template must be separated from the
aluminum substrate. According to figure 3.6 to reach this barrier layer, first the aluminum

foil must be removed. Then the barrier layer must be dissolved in etching solution.

— Channels

Barrier layer
Aluminum Foil

Fig 3.6 Structure of the AAO template with pure aluminum
substrate, barrier layer and channels

To do so after pore widening the thin layer of Au was deposited on template. Then
the template with Au layer was connected to the piece of aluminum with Ag exposy
paste. This piece of aluminum is like a support for the template. The AAO template is so
brittle and fragile and after removing of aluminum foil, the template could be fractured
easily. When the thickness of template is less than 5 micrometers this procedure will be

so tricky especially for ultrathin templates (less than 200 nm of thickness).
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Now the aluminum foil is faced up and can be removed by dissolution in solutions such
as HgCl,, CuCl,/HCl, SnCly, and methanol/I, [177, 178]. Mercury (II) chloride is toxic
and environmentally dangerous solution. Copper (II) chloride and tin (IV) chloride are
corrosive and may cause the damage of the AAO template without framing the template.
According to Meng et al Methanol/I; solution is not toxic and is considered as good
choice because of its selectivity to etch aluminum metal rather than alumina [179].

In this work the diluted solution Copper (II) chloride was used. The aluminum foil
was dissolved in 0.1M CuCl,, 50 ml of distilled water and 25ml of HCI. After rinsing the
sample several times with distilled water, the barrier layer was removed and the closed
bottom of channels were opened in 5wt% H3PO4. The time of etching with acid is so
important and depends on the template and barrier layer thickness. If the time exceeds
from the optimum time, the template is over etched and the over pore opening results in
damage of the template and distortion of the channels. This procedure is shown in figure

3.7.
Deposited gold

layer \ Pure aluminum foil
Channels ‘l“““l
= = Commercial aluminum
U‘LUU‘U cpficlie] [T

©) (a) (b) (c)

+ = Pure aluminum
1 foil

. Commercial aluminum
Commercial aluminum

(d) NG

Fig 3.7 Steps involved in making conductive template. (a) template with barrier layer and
channels, (b) sputtering Au thin film, (c) stick the template from Au face to the commercial
aluminum by silver epoxy (d) dissolution of pure aluminum with mixed solution of CuCl,, H,O
and HCI, (e) barrier layer dissolution and pore opening in Swt%H;PO,
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After this treatment, the template was opened from the both side. One side was
connected to the Au layer and conductive commercial aluminum sheet (which will be
connected to the terminal of potentiostat for electrodeposition) without presence of
barrier layer, thus the electrons can pass through the bottom of channels and
electrodeposition was possible and the other side was ready for filling by the materials
during electrodeposition process. At the end of these steps, transparent aluminum anodic
oxide template was obtained.

The experimental parameters which were involved in two-step anodization process

are summarized in table below.

Table 3.1 Experimental parameters involved in anodization process

Parameter Material and conditions
Electrolyte Oxalic acid 0.3 M
Cathode Al Sheet
Anode Pure Al (to be anodized)
Voltage 40V
Temperature 10°C
First anodization time 30 min and 2 hours
Solution Temperature | Time
Etching 1.8wt%H,CrO4
and 65°C 10 and 40 min
Swt%H3PO4
Second anodization 5, 8, 10, 20 and 240 min
time

58



3.2 Second step: Polymerization- Synthesis of poly (3-hexylthiophene) (P3HT)

Poly (3-hexylthiophene) was obtained by two different routs of chemical

polymerization and electrochemical polymerization. The characteristics of polymer from

each method will be explained in next chapter. Flowchart below shows this step.

Step 2

Poly (3-hexylthiophene)

synthesis

\4

Chemical polymerization

Oxidative polymerization by
reaction between monomer and
oxidant

Experimental conditions

Monomer: 3HT
Oxidant: FeCl3
Ambient: N> atmosphere
Time: 24 hours

T: RT

\ 4

Electrochemical polymerization

Oxidation of monomer in an organic
electrolyte solution under applying
voltage

v

[ Experimental conditions ]

' v

/Method: cv \ mllethod: Potentiostatic

Substrate: ITO Substrate: AAO
Monomer: 3HT Substrate thickness:
Electrolyte: TBAPFg variable
Voltage range: -0.1 to +1.8 V Monomer:3HT
Scan rate:.50 mV/s concentration: variable
N'o.CycIes. 5 Electrolyte: TBAPFs
kT- RT / Voltage: 2 V
Time: variable

!: RT

~

/

Flowchart 2. Synthesis steps for polymerization of poly (3-hexylthiophene)

3.2.1 Chemical polymerization

P3HT was synthesized by oxidative polymerization of 3-hexylthiophene (3HT)

monomer and anhydrous FeCl; as an oxidant. The materials were used without any

further purification. The solution of FeCl; (4mmol) in 50 mL chloroform was places in 3-
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necked flask. After stirring for 1 hour, the monomer (Immol) in 10 mL of chloroform
was added to this solution drop wise. The mixture was left under continuous magnetic
stirring for 24 hours at room temperature and nitrogen atmosphere. The inert atmosphere
was applied to prevent any side reactions. The black product was transferred to methanol
and stirred for couple of minutes. The black precipitate was filtered with a vacuum

filtration system and dried at room temperature before characterization [180, 181]

Monomer
i Final Product
N; : >
in : N, out
FeClzin
—>
CHCI;
| S, |

Fig 3.8 Left side: chemical polymerization procedure, Right side: obtained
poly (3-hexylthiophene) by this method

According to the general mechanism of chemical oxidative polymerization, first the
radical cations are formed by oxidation of 3-hexylthiopehen monomer and reduction of
Iron (IIT) chloride. Then two radical cations are combined to form a dimer following by
re-oxidation of 3-hexylthiophene dimers and coupling with other radical cations. The

oxidation and coupling process continue to produce the poly (3-hexylthiophene)[182].

Monomer Z ; R: CeHi1s

R
>Fe3< >/Fe2+ CS>
| H
cr —» HCI

Dimer

Fig 3.9 Schematic view of chemical oxidative polymerization mechanism for poly (3-
hexylthiophene)[182]
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3.2.2 Electrochemical polymerization

3.2.2.1 Electrochemical polymerization on ITO substrate

Poly (3-hexylthiophene) was synthesized electrochemically in one component 3-
electrode cell using Potentiostat. The reference electrode and counter electrode were
Ag/AgCl and Pt wire respectively. The indium tin oxide (ITO) was used as working
electrode. The substrate was cleaned by boiling in isopropyl alcohol and acetone for 30
minuets in each solvent following by sonication in 50:50 isopropyl alcohol: acetone for
15 minutes and finally rinsed several times in de-ionized water. The 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAPFs) in acetonitrile was placed in the
cell as electrolyte. Then the monomer 3HT (5mM) was added to the solution. The Cyclic
voltammetry was applied for 5 cycles by sweeping the voltage between -0.1 V to +1.8 V
with the scan rate of 50 mV/s. The electropolymerization carried out at room
temperature.

The black polymeric film on ITO was washed several times with acetonitrile and
then dried at ambient temperature before characterization [135]. Figure 3.10 shows this
procedure and the final product. The mechanism of polymer formation in
electropolymerization is shown in figure 3.11. By applying the voltage, the monomer
(3HT) oxidized to its radical cation. Since the electron transfer reaction is much faster
than the diffusion of the monomer from the bulk solution, thus the high concentration of
radicals maintain near the working electrode surface. The second step is the coupling of
two radical cations to form a dihydro dimer which transform to a dimer after loss of two
protons and rearomatization. This rearomatization makes the driving force of chemical
step. The dimer is oxidized more easily than the monomer and under applied voltage
dimeric radicals are generated. Then the dimeric radical couples with monomeric radical.
Then electropolymerization continue through successive electrochemical and chemical
steps until oligomer becomes insoluble in the electrolyte and precipitates on the electrode

surface [135, 183].
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Fig 3.10 Left side: electrochemical polymerization procedure,
Right side. obtained poly (3-hexylthiophene) by this method
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Fig 3.11 Schematic view of electropolymerization mechanism for
poly (3-hexylthiophene). C: chemical step and E: electrochemical step[183]

3.2.2.2 Electrochemical polymerization on AAO template

After finding the oxidation/reduction information for P3HT from cyclic
voltammetry method, the polymer was deposited with potentiostatic method into the

channels of AAO.
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To do this first the AAO converted to the conductive template with the procedure
which was explained in part 3.1.7. Then the conductive AAO was connected to the
working electrode of the potentiostat. The counter electrode and reference electrode were
Pt wire and Ag/AgCl (saturated KCl) respectively. The polymer synthesis was done at
room temperature with adjusting the applied voltage at 2 V. The electrolyte was 0.1 M
solution of TBAPF; in acetonitrile (AN). In this case the effect of three parameters were
investigated; thickness of the AAO template, monomer concentration and deposition time
to find the optimum condition for free- standing polymers. The polymer with different

length were obtained.

Ag/AgCl
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electrode)
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< > |WE||RE||CE|
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I |
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ARO | e,
(Working & monomer
electrode) W Pt wire
(Counter
electrode)

Fig 3.12 Schematic view of set up for electropolymerization of P3HT
onto the channels of AAO template

3.3 Third step: Electrodeposition of Zin oxide

Zinc oxide was electrodeposited on two substrates from the zinc-contained solution. The

flowchart below shows the steps of this procedure.
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Step 3
Zinc oxide
synthesis

A

Electrochemical Deposition

Deposition of ZnO from Zn-
contained solution on substrate
under applying voltage

A 4

[ Experimental conditions J

A 4 \ 4

/Method: CcV \ /Method: Potentiostatic \

Substrate: ITO Substrate: AAO

Electrolyte: 0.05M Substrate Thickness: variable
Voltage range: -1.5to -0.2 Zinc nitrate concentration: variable
Scan rate: 50 mV/s Voltage: -0.95 V

No.Cycles: 5 Time: variable

Q: 70 °C Y, \T: Variable Y,

Flowchart 3. Synthesis steps for electrochemically deposition of ZnO

3.3.1 Electrochemical deposition of ZnO on ITO

First the cyclic voltammetry was applied to find out the deposition conditions like
voltage and time. In this method the working electrode, reference electrode and counter
electrode were ITO, Ag/AgCl (saturated KCI) and Pt wire respectively. The substrate was
cleaned by boiling in isopropyl alcohol and acetone for 30 minuets in each solvent
following by sonication in 50:50 isopropyl alcohol: acetone for 15 minutes and finally
rinsed several times in de-ionized water.

The electrolyte was zinc nitrate 0.05M and the bath temperature adjusted at 70 °C

according to literature. The voltage swept between -1.5 V to -0.2 V with the scan rate of
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50 mV/s for 5 cycles. After formation of the zinc oxide on ITO, the film was washed
several times with distilled water. Figure 3.13 shows this procedure and final zinc oxide

film formed on ITO substrate.

Ag/AgCI
(Reference
electrode)
ZnO ITO
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17 Potentiostat | Final Product
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_ | ]
ITO
(Working — | Computer
electrode) -
Electrolyte

Zn(NO3),.6H,0 Pt wire
v (Counter electrode)

Fig 3.13 Schematic view of set up for electrodeposition of ZnO on ITO substrate

3.3.2 Electrochemical deposition of ZnO on AAO template

Cyclic voltammetry gave us the information on oxidation/reduction of zinc oxide
which helped us to deposit it onto the channels of AAO template.

To do this first the AAO converted to the conductive template with the procedure
which was explained in part 3.6.1. Then the conductive AAO was connected to the
working electrode of the potentiostat. The counter electrode and reference electrode were
Pt wire and Ag/AgCl (saturated KCI) respectively. The electrolyte was the aqueous
solution of Zn(NO3),.6H,O and the voltage was adjusted at -0.95 V. The concentrations
of electrolyte, temperature of the bath and deposition time were varied to find the
optimum experimental parameters in our case. The zinc oxide electrodeposition was
carried at concentration of 0.05M and 0.005M, temperature of 70 and 80 °C and
deposition time of 1800, 900 and 300 seconds. Figure 3.14 shows the set up for this

procedure.

65



Ag/AgCl
(Reference
electrode)
<’_ D [l TlE]
—— —| Potentiostat
I |
AAO | Computer
(Working m
electrode) Zn(NO3),.6H,0
v Pt wire
(Counter
electrode)

Fig 3.14 Schematic view of set up for electrodeposition of ZnO on AAO substrate

3.4 Devices and the characterization methods (used in this project)
3.4.1 Power source:

A power supply is a device that supplies electric power to an electrical load. The
term is most commonly applied to electric power converters that convert one form of
electrical energy to another, though it may also refer to devices that convert another form
of energy such as mechanical, chemical and solar to electrical energy. In this project
Leader regulated DC power supply (LPS-164A) was used to fabricate the template by

anodization process.

3.4.2 Sputtering:

Sputtering is a technique used to deposit thin films of a material onto a surface by
creating a gaseous plasma and then accelerating the ions from this plasma into some
source material. In this project the Rotary-Pumped Sputter Coater/Carbon Coater (Q150R

ES) was used to deposit the Au layer on the template surface. This device belongs to
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belongs to Centro de Investigacion e Innovacion en Ingenieria Aeronautica (CIIIA)-

FIME-UANL.

3.4.3 Microstructural analysis
To see the morphology of the sample two techniques were used:

- Atomic Force Microscopy (AFM) is ideal for the quantitatively measuring the

nanometer scale surface roughness and visualizing the surface nano-texture on many
types of material. This method was used to observe the surface roughness of original
aluminum and its surface after mechanical and electrical polishing. This device -
Scanning probe microscope (Angstrom Advanced Inc. AA3000)- belongs to Materials
Laboratory I, FCQ-UANL

- Scanning Electron Microscopy (SEM): shows very detailed three-dimensional image at
very high magnification (up to x300000) of the materials. With SEM it is possible to
obtain secondary electron images of many organic and inorganic materials with
nanoscale resolution, allowing topographical and morphological studies. Also it is
possible to know about the chemical composition of material by EDS (electron dispersed
spectroscopy). In this project the structure and template thickness, morphology of P3HT
and ZnO were observed by SEM JEOL JSM6701F located in LACMIMAYV, FCQ-
UANL.

3.4.4 Optical characterization
To analyze the optical properties of the samples the following methods were applied:

- Ultraviolet-Visible (Uv-vis) spectroscopy: 1is widely utilized to quantitatively

characterize organic and inorganic nanomaterials. A sample is irradiated with
electromagnetic waves in the ultraviolet and visible ranges and the absorbed light is
analyzed through the resulting spectrum. It can be employed to identify the constituents
of a substance, determine their concentrations and to identify functional groups in
molecules. Wide range of materials can be analyzed with this technique. The samples can
be either organic or inorganic and may exist in gaseous, liquid or solid form. As the

device operates on the principle of absorption of photons that promotes the molecule to
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an excited state, it is an ideal technique for determining the electronic properties of
nanomaterials. UV-vis spectroscopy not only is used for characterization, but also for
sensing applications. In this project this technique was used to determine the adsorption
band and bang gap of materials. The device- UV spectrophotometer (UV-1800
SHIMADZU)- belongs to laboratory Materials I, FCQ-UANL.

- Fourier Transform Infrared Spectroscopy (FTIR): identifies the unknown materials and

determines the quality or consistency of a sample and amount of component in the
mixture. In this project FTIR used to determine the functional groups in synthesized

polymer structure. The device can be found in the Materials Laboratory I, FCQ-UANL.

- Photoluminescence (PL):

Photoluminescence is the emission of optical radiation (ultraviolet, visible or infrared)
characteristic of a material as a result of optical excitation. These measurements carried
out with PL spectrometer Exemplar BWTEK placed in Thermoscience laboratory in

Instituto de energia renovable- UNAM, Temixco, Morleos.

3.4.5 Electrical characterization

- Cyclic voltammetry: is the most widely used technique for obtaining qualitative

information about electrochemical reactions by the study of redox systems. In this project
the information on peak potential and current and HOMO/LUMO energy level
electrodeposited poly (3-hexylthiophene) as well as peak potential and current of
electrodeposited zinc oxide was obtained by this method using the Potentiostat Solartron

SI 1278 belongs to Laboratory of Corrosion, FIME-UANL.

- Conductivity measurements: Ohm's law defines the relation between potential (V) and

current (I). The resistance (R) is the ratio between V and I and depends on the thickness
of the film. In this project the conductivity of polymer was calculated by applying the
voltage on the polymeric film. From he slope of V-I curve, resistance is obtained and by

knowing the thickness of the film, the conductivity is calculated. The Picoammeter/
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voltage source Keithley 6487 located in FIME-UANL was used to measure the

conductivity of the polymeric films.

3.4.6 Surface and structural characterization

- Profilometer: 1is a measuring instrument used to measure a surface's profile, in order
to quantify its roughness. This technique allows us to measure the thickness of the thin
film deposited on substrate. To determine the thickness of the polymer and zinc oxide
films on ITO, this technique was used with Tencor Alpa-Step 100 Profilometer/Surface
Profiler located in Photovoltaics lab I in Instituto de energia renovable, UNAM,

Temixco.

- XRD (X-ray diffraction): The atomic planes of a crystal cause an incident beam of X-

rays to interfere with one another as they leave the crystal. This phenomenon is called X-
ray diffraction. This technique determines the orientation of a single crystal or grain, the
crystal structure of an unknown material and measures the size, shape and average
spacing between layers or rows of atoms. In current thesis the X-Ray diffractometer
model Rigaku Miniflex Desktop Diffractometer was used to analyze the crystallinity of

the polymer.
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Chapter 4

Results & Discussions
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In this chapter the results of our experiments will be introduced in three parts;
template fabrication, polymer synthesis and zinc oxide synthesis and the characterization

of the samples by different characterization methods and analysis will be discussed.

4.1 Pre-treatment on pure aluminum surface
The AFM image of pure aluminum in its original state, after mechanical polishing

and after electropolishing is shown in figure 4.1(a), (b) and (c) respectively.
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Fig 4.1 AFM images of pure aluminum surface: (a) original surface,
(b) after mechanical polishing and (c) after electrochemical polishing
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According to the images, original surface of pure aluminum had many scratches and
dirt and it was not uniform. After mechanical polishing, the surface was more clean and
gained more uniformity but still with some scratches. To remove completely the scratch,
electrochemical polishing was done which presents in figure 4.1(c). After
electropolishing, the Al surface was shiny, uniform and free of scratches and ready to be
anodized.

Figure 4.2 is a current-voltage curve obtained by potentiostat during electropolishing of
pure aluminum. As it can be seen from the curve, by increasing the voltage, the current
density also increases and in this stage the thin layer of aluminum oxide was formed on
aluminum surface which could be seen by necked eyes. The voltage continues to increase
but because of non-conductive and highly resistive nature of this layer, the current cannot
pass through this layer and decreases. By more increase in voltage, the breakdown of this
layer happened. With no resistive layer against the current, the voltage reached the
plateau and in this stage electropolishing took place. By passing the time, the aluminum
surface was etched more and the process was continued until the mirror-like surface was

observed.
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Fig 4.2 I-V curve during electropolishing on pure aluminum obtained by potentiostat
4.2 Anodization of aluminum and fabrication of AAO template

As it was explained in previous chapter, before doing experiments on pure

aluminum, anodization steps were done on aluminum alloy (Al1100) to modify the
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experimental conditions which had effect on the quality of the final template such as pore
diameter, inter-pore distance and template thickness. Although there is extensive
information in literature on optimum conditions for fabrication of AAO template with
desire pore diameter, inter-pore distance and thickness [ 184, 185, 186, 187,
188,189,190,191,192,193] the experimental conditions were optimized in our case to obtain
the optimum template. After determination of experimental parameters with Al1100, the
anodization steps applied on pure aluminum.

Figure shows the template which taken out from the cell after second anodization
step. The shiny surface is pure aluminum and the dark circle is the aluminum oxide
template formed on the aluminum metal. Two pieces of the templates fabricated on
AI1100 and pure aluminum were cut and taken to the SEM to observe the morphology as
shown in figure 4.4 (a) and 4.4 (b) respectively.

Aluminum > Template
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(b)

Fig 4.4 SEM image of AAO template on (a) AI1100 and (b) pure aluminum both after
second anodization in oxalic acid 0.3 M at 40 V for 120 min, the image scale is I um
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As it can be seen in image (a) the pores that were formed on the surface of impure
aluminum were not ordered. They had different diameter as well as not uniform
distribution.

In some parts of the sample merging of various pores and formation of one big pore
was observed. This non-uniformity of pore distribution is due to the defect and
microstructure of impure aluminum. The regularity and distribution of pores which are
forming in anodic film, are strongly influenced by the surface structure of aluminum. The
microstructure of pure aluminum and Al1100 are different in average grain size and
boundaries because of presence of different elements in the case of A11100. The Al1100
has more surface defects, smaller grain size and more grain boundaries which resulted in
less quality of final template. Table 4.1 shows the elemental composition for Al1100 and
pure aluminum which obtained by optical emission spectroscopy and from the handbook

of aluminum respectively [194].

Table 4.1 Elemental comparison between Al1100 and pure aluminum
obtained by optical emission spectroscopy and handbook of aluminum

Elements (%) Pure aluminum Al1100
Al 99.999 97.20
Mn - 1.26
Fe 0.002 0.607
Si 0.001 0.27
Cu 0.001 0.204
Mg - 0.202
Zn 0.001 0.172
Ti 0.001 0.0189
Cr - 0.0109

4.2.1 Control the first anodization and etching time

The first anodization is important step in template fabrication because it is
considered as pre-patterning on aluminum surface. Hence the time of this step should be
controlled. The etching time usually is 2/3 of the first anodization time.

There are different reports in literature on time of first anodization [184, 185,190,
197]. These reports suggested that the time of second anodization is more important in

ordering of pores. In our experiments this time adjusted in 30 minutes and 2 hours.
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However in our case the SEM images showed that the template with longer first
anodization time and etching were more uniform and ordered. Two templates (figure 4.5)
were anodized both of them in oxalic acid (0.3 M), at room temperature and 40 V. The
etching carried out in the mixture solution of chromic acid (1.8wt%) phosphoric acid
(6wt%) in both cases.

For template (a) the first anodization time and etching were 30 minutes and 20 minutes
respectively. Template (b) was fabricated during 2 hours of first anodization and 80
minutes of etching. The second anodization for both templates was 2 hours. According to
the SEM image, the template (b) with longer first anodization time had better quality.
Hence longer first anodization provides the better quality of final template since in first
anodization step by increasing the time, the pores get more ordered and they can grow

uniformly.

LACMIMAY_FCi

b

Fig 4.5 SEM image of AAO template (a) First anodization of 30 minutes, etching of 10 min and
second anodization of 2 hours (b) First anodization of 2hours, etching of 40 min and second
anodization of 2 hours, the image scale is 1 um

4.2.2 Control the second anodization time

After finding the optimum conditions which were 2 hours of first anodization and 40
minutes of etching, the time of second anodization was varied to find the relationship
between the time and thickness of the template. Figure 4.6 shows the obtained templates
with different thickness. For all experiments the second anodization was carried out in
oxalic acid (0.3 M), at room temperature and 40 V. The thickness of the template

increased linearly with the second anodization time as it is shown in figure 4.7.
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i A

LACMIMAY_FC 3.0kvY X110,000 WD 7.8mm 100nm LACMIMAY_FC: o SEI M‘ 3.0kV XSO.IiOO WD 5.0mm 106;
(a) First anodization:2 hr, Etching 40 min, (b) First anodization:2 hr, Etching 40 min,
second anodization: 5 min second anodization: 8 min

LACMIMAY_FC: SEI 15KV X30,000 WD 29mm 10011;

LACMIMAY_FC 3.0kV X50,000 WD 10.2mm 100;
(c) First anodization:2 hr, Etching 40 min, (d) First anodization:2 hr, Etching 40 min,
second anodization: 10 min second anodization: 20 min

LACMIMAY_FC kv i nm Tum

(e) First anodization:2 hr, Etching 40 min, second anodization: 2hrs

Fig 4.6 SEM images of different templates obtained by changing
the etching and second anodization time
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In figure 4.7 the triangles are the experimental data which showed an excellent fit
with the trend line. The second anodization carried out during different time period of 5,
8, 10, 20 and 120 minutes resulting in the templates thickness of 450, 850, 1000, 2000
and 7000 nanometers respectively. The direct line passing from the experimental data has
a slope of 1.08. This indicates that the thickness of the template increased around 1.1 nm
per second. With this information it is possible to fabricate the template with the desired

thickness for any application by adjusting the time for second anodization.
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Fig 4.7 Relationship between the template thickness and the second anodization time
(The slope indicates that every second the thickness of the oxide layer increased around 1 nm)

4.2.3 Control the pore widening time

After the second anodization, the diameter of pores was in the range of 40-50 nm.
Depending on the application that one is searching, the size of pores can increase by
etching or dissolution of the oxide layer in H;PO4 5%wt at 35 °C. In our experiments the
etching was carried out for 5 and 10 minutes and in some cases this step was not applied.
With pore widening the diameters of the pores can reach to 70-90 nm. If the
nanomaterials with large diameter are targeted, the time is increased and if the materials
with small diameters are targeted the pore widening is applied for short period of time or
this step is not applied. If the template is left in the etching solution for large period of

time, it will be destroyed since the over dissolution of the oxide layer results in distortion
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of the channels. Figure 4.8 shows SEM images of the template fabricated in 0.3 M oxalic
acid, at room temperature and 40 V voltage. The first anodization, etching and second
anodization was done for 120 min, 80 min and 120 min respectively. The pore widening
was done for 10 minutes. As it can be observed from the images the average pore size
before the pore widening was 45 nm and after the pore widening was 67 nm. By

increasing the time of this step, the pores with larger diameters can be obtained.

LACMIMAV_FC SEI 1 60mm  100nm

LACMIMAY_FC SEI 3.0kv  X100,000 WD 83mm 100nm

(a)

Fig 4.8 The template (a) before pore widening with average pore diameter of 45 nm and (b) after
10 min of pore widening with average pore diameter of 67 nm, the image scale is I um

4.2.4 Al substrate removal to obtain conductive template

As mentioned in chapter 3 for electrodeposition of the materials inside the pores of
template, the barrier layer must be removed with the procedure which explained in part
3.1.7.

In the insert of figure 4.9 the transparent template after aluminum removing is
shown. A layer of Au sputtered on the face of the template with open pores. Then the
aluminum metal was dissolved completely in 0.1 M CuCl; in HCI and H,O (1:2 volume

ratio). The SEM images 4.9 (a) and (b) shows the results of this procedure.
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Aluminum Closed

/

AAO template after
dissolution of pure

Channels

aluminum with 5 um of
thickness

' Open
1y pores Template
o up face

LACMIMAY_FC 30kY  X30,000 WD 10.2mm 100nm

(@

LACMIMAY_FCi SEI 15kY  X20,000 WD6.1mm 1um

()

Fig 4.9 (a) SEM image of template structure after partial removing of aluminum metal, (b) the
bottom of pores after complete removing of aluminum metal; the image scale is 1 um

The barrier layer was dissolved and the pores were opened from the bottom side in
solution of 5wt% phosphoric acid at room temperature. The time of pore opening was

controlled for a template with 2 hours of second anodization. For this template the pores
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were opened completely after 40 minutes of etching in acidic solution which is shown in
figure 4.10 (a) to (d). After this procedure, from one side the barrier layer was dissolved
and the pores were opened and from the other side the channels were in direct contact
with Au layer and hence the template was conductive and ready to electrodeposit the

materials.

LACMIMAY_FC: 15KV X50,000 WD 6.1mm mgm LACMIMAY_FC 1.5kV X50,000 WD55mm 100nm

LACMIMAY_FC: LEI 3.0kY  X50,000 WD78mm 100nm

LACMIMAY_FCi SEI 15k X50,000 WD55mm  100nm

Fig 4.10 The SEM image showing the bottom of pores; (a) with out pore opening, (b) after 20 min
of pore opening, (c) after 35 min of pore opening and (d) after 40 min of pore opening, all in
Swt% phosphoric acid and room temperature. the image scale is 1 um
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4.2.5 Comparison between the experimental data and the theoretical formula for
template parameters

Many research groups have proposed the relationship between the template
parameters such as pore diameter, inter-pore distance, wall thickness, barrier layer
thickness, porosity and template thickness with voltage, current density and anodization

time. These formulas are listed below [195,196,197,198,199,200, 201].

Pore diameter: D, = 1.29V in which  V: Applied voltage 4.1)
Inter — pore distance: D;,; = 2.5V  in which V: Applied voltage 4.2)
Wall thickness:  (Dine — D) (4.3)
Cell diameter: 2 x Wall thickness+D,, 4.4)
Barrier layer thickness: % 4.5)
Porosity: % (D[::t)z (4.6)
Pore density: p, = % X D:uz %10 in cm—2 4.7)

Table 4.2 shows the comparison between theoretical and experimental parameters
obtained from our measurements.

Table 4.2 Comparison between experimental and theoretical parameters

Template parameters Experimental Theoretical
Experimental conditions: parameters parameters

V=40V (Observed from SEM) | (Obtained from formula)

Sample surface area= 0.785 cm®
Density of =3.95 gr/cm’
Molar weight of metal = 26.98 gr/mol

D,: pore diameter (nm) 45.0 51.6
Diy¢: inter-pore distance (nm) 105.3 100.0
tw: wall thickness (nm) 30.15 24.20
D.: cell diameter (nm) 138.0 148.4
tp: barrier layer thickness (nm) 34 50
Porosity (%) 16 24
p,: Pore density (um™) 96 115
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The experimental results are in good agreements with the theoretical calculations.
According to the formulas, the pore diameter and inter-pore distance depend on applying
voltage. These parameters are shown in figure 4.11 in which the average pore diameter of
45 nm and the average inter-pore distance of 105.3 nm was obtained from our
experiment. These values were 51.6 and 100 nm calculated from formulas respectively.
These results indicate that the diameter of pores and the distances between the

neighboring pores seem to be highly uniform and near the values calculated from

formulas.

LACMIMAV_FC SEI 15kv  X50,000 WD ®6.1mm 100;

LACMIMAY_FC SEI 3.0kV  X100,000 WD 8.3mm m
Fig 4.11 AAO template fabricated during 2 Fig 4.12 AAO template fabricated during 2
hours of anodization at 40 V with average pore hours of anodization at 40 V with average
diameter of 45 nm and the average inter-pore cell diameter of 138 nm

distance of 105 nm

Figure 4.12 shows the backside or bottom of the pores after removal of aluminum.
In this image the closed-packed hexagonal structure of the cells can be seen clearly with
138 nm average diameter of cell, this value was equal to 148.4 nm in theoretical case.
Also the pore distribution was obtained from figure 4.12. In 2.6 um x 2 pum area of the
sample there are almost 500 pores. Thus the pore distribution is 96 pores in 1 pm* which
equals to 115 pores in 1 pm” in theoretical case. Figure 4.13 shows the thickness of the
barrier layer which was almost 34 nm in our case and was 50 nm obtained theoretically.

The good agreements between our results and calculated values from the reported
formulas, show that we could control well the experimental conditions like voltage and
temperature. However one can change the parameters by changing the experimental

conditions. For example at the same applied voltage but at higher bath temperature, the
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dissolution of the oxide layer is faster compared to the anodization at 10 °C. This leads to
increase in pore diameter and decrease in pore wall when the experimental data do not

follow the theoretical formulas.

LACMIMAY_FC SEI 3.0kY  X100,000 WD7.1mm 100nm

Fig 4.13 AAO template fabricated during 2 hours of anodization
at 40 V with average barrier layer thickness of 34 nm

4.3 Polymer synthesis

4.3.1 Optical and structural comparison between Chemical and electrochemical
polymerization

After polymerization of P3HT by two methods of chemical oxidative polymerization
and electrochemical polymerization which was explained in chapter 3 in part 3.2.1 and
3.2.2 respectively, the samples were characterized by different methods to compare their
structure and optoelectrical properties. FTIR was applied to see the functional groups of
polymeric chain and confirming that the obtained products were poly (3-hexylthiophene).
X-ray analysis was done to obtain the information on crystallinity of the products and
Uv-vis was applied to determine the optical properties of polymers. At the end the
conductivity of polymers was measured and compared. From now on for facility, the
polymer synthesized chemically is named as polymer C and the polymer synthesized

electrochemically is named as polymer E.
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4.3.1.1 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra for polymer C and E is shown in figure 4.14.

95 - A2

~
Sa
J ~

hoA
J{’ \r \\\

AN

g
[V B

—- Polymer E
— Polymer C

N\

4000 3500 3000

2500 2000
CM-1

1500

1000

Fig 4.14 FTIR Spectra for the P3HT synthesized by two methods of chemical
polymerization (black curve) and electropolymerization (blue dashed curve)

The polymeric films synthesized from two methods, were clearly different as seen by
eye and they are demonstrated in figure 4.14. The polymeric film C was a bit brittle and
had a rough surface while the polymeric film E had a smooth surface and could be easily
peeled off the ITO in one piece. In table 4.3 the bonds and their corresponding peaks for

both polymers are listed. The results are in a good agreement with other references [182,

202, 203] indicating that the synthesized polymer from both methods is P3HT.

Table 4.3 Comparison of FTIR spectra of the polymers synthesized from different method

Band assignment Polymer C Polymer E
Wave number (cm™) Wave number (cm™)

CHj, stretched vibration bond 2931 and 2852 2885

C=C stretching 1736 1645

C-C stretching 1458 1445

C-H out of plane 966 991
(Deformation vibration mode)

C-S bending 821 875
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4.3.1.2 X-ray diffraction analysis

Figure 4.15 (a) and (b) shows the x-ray diffraction patterns for polymer C and
polymer E respectively. X-ray studies on polymers showed more ordered structure for
polymer E rather than polymer C and this can be seen from the sharp peaks at 16°, 19°
and 31°. For polymer C (fig 4.15 a) the single wide-angle peak located at 26=23.96" with
less intensity represented the side chains disorder. According to the McGehee et al the
chain packing of the polymers is important factor for charge mobility since a charge must
hope to a neighbor molecule to travel through the polymer chain [112].

By using the electrochemical method, regioregular and semi-crystalline P3HT was
synthesized while chemical polymerization method resulted in regiorandom and
amorphous P3HT. In the case of polymer C, there were more overlaps between the side
chains in neighboring stack and these overlaps cause the twisting or distortion of the
chains and hence the defect in the polymer structure. The amorphous regions in polymer
C act as barrier for the charge transfer and leads to the less conductivity of the polymer.
In inset of the figure 4.15 (a), the undesirable coupling of the polymer chain with Fe"
was presented. This coupling caused the overlaps between side chains because of the
steric repulsion between two adjacent thiophene rings caused by undesirable dopant
molecule. The structural difference and hence the polymer properties are dependent on
the type of the dopant as well as the polymerization method [204, 205, 206]. Hence
according to the figure 4.15 polymer E has shown more crystalline phase and polymer C

more amorphous phase.
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Fig4.15 (a)
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Fig 4.15 X-ray diffraction pattern for (a) polymer C and (b) polymer E. (Insets from [207])

4.3.1.3 Ultraviolet-Visible spectroscopy (UV-Vis)

Figure 4.16 shows the Uv-vis spectra for the polymers. The Uv-vis was performed
from 300 to 1000 nm at room temperature. The polymers were dispersed in chloroform.
The blue dashed curve corresponds to the polymer E and the black curve shows the Uv-
vis spectra of the polymer C. In the blue dashed curve two peaks were observed; one at
589 nm and the other one at 350 nm. The absorption band at 589 nm corresponds to the
vibronic structure originated from m-electron orbital overlap between the adjacent
thiophene rings. This peak blue shifted to the value of 498 nm for the polymer C which
also corresponds to the n— n* transition of the conjugated segments between the adjacent
rings causing by moving an electron from a bonding m orbital to an antibonding n* orbital
[208]. In conjugated polymers, the peak at maximum absorption represents the extent of
the conjugated length. Therefore the polymer E with longer wavelength adsorption at 589
nm, has higher conjugated length which means less structural defects and disordering for
this polymer which also observed in the X-ray diffraction pattern [204]. The peaks at 350
and 365 nm correspond to the n— m* transition for the polymer E and polymer C
respectively which comes from moving an electron from a nonbonding electron pair to an

antibonding * orbital [208].
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Fig 4.16 Uv-vis spectra for the P3HT synthesized, electrochemical
method (blue dashed curve) and chemical polymerization (black curve)

4.3.1.4 Conductivity measurements

Figures 4.17 and 4.18 show the I-V curves for polymer C and polymer E
respectively. The curves obtained in voltage range of 0 to 5 V and at room temperature.
The conductivity was calculated from the slope of I-V curve which indicates the

resistivity according to the Ohm’s law (V=IR) and by using the following formula:

L 1 (4.8)

“Ptw G
Where R is resistance, p is resistivity, L is the length of contact, t is the thickness of the

deposited materials, w is the contact width and G is the conductance. Hence:

t.w 1 4.9)
G = p_L and p = g
Therefore:

1 L (4.10)
TRtw
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Where o is the conductivity. In table 4.4 these parameters are listed. To calculate the
conductivity of polymer C, first the powder of polymer which obtained from the
synthesis, was compacted by hydraulic press machine resulting in polymeric film with
the thickness of 600 um. Two contacts were painted by carbon paint and the electrodes
were placed on contacts then the voltage from zero to 5 was applied by 0.5 V intervals to
the polymeric film. At voltage 5V the current reached a value of 2.8 x 10™* A. The curve
perfectly obeyed the ohm’s law since all the measurement data (triangles) were matched

completely with the trend line.

5

Slope: 17930.2 Q
R?:0.9999

P3HT film

Voltage (V)

™ T T T T I

[T I NN TNE ST SAT N MAUTNE TN RNN TN N SNTSNTINE SN SN TNT NN NN AN AN Carbon Contacts
0 5105  1x10* 1.5x10% 2x10* 2.5x10%
Current (A)

Fig 4. 17 Left side: I-V curve for chemically synthesized P3HT and
right side: schematic view of contacts to measure conductivity

To calculate the conductivity of polymer E, there was no need of compressed the
polymer since the polymer was deposited on ITO as thin film. A 1.8 mmx2.70 mm
square with carbon paint was painted on polymeric film and one electrode was placed on
the carbon contact and the other one on ITO surface. The voltage from 0 to 5 was applied
by 1 V intervals. At voltage 5V the current reached a value of 2.8 x 10°A which was 10
times higher than the current reached by polymer C which means less resistivity and
higher conductivity of polymer E. The curve obeyed the ohm’s law with a good match of

experimental data (triangles) with the trend line.
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Fig 4.18 Left side: I-V curve for electrochemically synthesized P3HT and
right side: the schematic view of the contacts to measure conductivity

Table below shows the parameters for conductivity measurements and the final

conductivity obtained for each polymer.

Table 4.4 Parameters for conductivity measurements

Polymer ) (R) (G) () (0)
Thickness Resistance | Conductance | Resistivity | Conductivity
(m) Q) Q") (Q.cm) (S.em™)
Polymer C 560 um 17930.2 0.00005577 1000 0.001
(0.056 cm)
Polymer E 1099 nm 1778.87 0.00056 0.293 3.44
(1099x1077 cm)

The higher conductivity for the polymer E is because of its higher crystallinity and
chain ordering that was discussed in the previous sections.
The comparison between two methods of polymerization showed that the electrochemical
method resulted in the better optical behavior and conductivity of the product. Hence this

method was selected for depositions of the polymer into the pores of AAO. In the next

89



part the optoelectrical properties of the electrochemical synthesized P3HT will be

introduced.

4.3.2 Optoelectrical properties of the polymer E

The HOMO-LUMO energy levels and the band gap or organic materials can be

calculated from two methods of cyclic voltammetry and optical spectroscopy.

4.3.2.1 Cyclic voltammetry for polymer E

Figure 4.19 shows the voltagramm of P3HT. The voltage increased from -0.1 to

reach the anodic peak at +1.12 V in which the polymer was in its doped state.

- . _ — 1er Cycle
0.004 |- Doped state . Doped with PF — 2nd Cycle
; (Black) T — 3th Cycle
A \l. — 4th Cycle
L — b5th Cycle
0.002 ‘
< |
= i
£
>3 0
o I
L Un-doped state
-0.002 - (Red brown)
-0.004 PO I SN SN SN SN N SN TN SO SN NS TR SO SN SN SN S S SN S SN N S
0 0.5 1 1.5 2

Voltage (V)

Fig 4.19 Cyclic voltammetry of poly (3-hexylthiophene) in 0.1M TBAPFs by
applying voltage between -0.1 and +1.8 V, scan rate of 50 mV/s and for 5 cycles

Then the voltage arrived to the final value of +1.8 V and the process followed by
sweeping back the voltage from this point to the initial point passing from the cathodic
peak at +0.47 V in which polymer was in its un-doped state. The increase of the current

peak after each cycle shows the formation and deposition of the polymeric layer on ITO.
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The oxidation / reduction process was observed by changing the polymer color from
black in oxidation state and red brown in reduction state. The oxidation/reduction process
was accompanied with the expansion / contraction of the polymeric film as well as

changing the color.

4.3.2.2 HOMO energy level calculation

The HOMO and LUMO energy levels for organic materials can be calculated from
the value of oxidation and reduction peaks of voltagramm. According to Bredas et a/
HOMO, LUMO energy levels and the E, (band gap) are calculated from the formulas
below [209]:

E nomo = -€ [E (onset) + 4.44] 4.11)
E Lumo = -¢ [E_4 (onset) + 4.44] (4.12)
E¢= E nomo - ELumo (4.13)

Figure 4.20 shows how to obtain the onset of oxidation peak. This value was equal
to 0.6 V. By replacing this value in the formula (4.11) the HOMO energy level was

obtained.

E nomo = -¢ [E,, (onset) + 4.66= -[0.6+4.44]= -5.04 ¢V

- — 5th Cycle
0.004 [~

o
o
=1
]

I

Current (A)

-0.002 [~ Eox(onset) = 0.6 V

R R N B | ! [T T NN T N N T T B
0 0.5° 1 1.5 2
Voltage (V)

Fig 4.20 Onset of oxidation peak from the 5th cycle of electropolymerization of P3HT
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4.3.2.3 Band gap and LUMO energy level calculations from Optical spectroscopy-

Transmittance spectra

The most direct and perhaps the simplest method for probing the band structure of
semiconductors is to measure the absorption spectrum. This spectrum is the result of
interaction of an electromagnetic wave with an electron in the valence band which jumps
to the conduction band [210]. In order to determine the optical band gap of the polymeric
film, the transmittance spectra of the film was recorded at room temperature. The
absorption coefficient (o) was calculated from the spectrums using the Tauc formula as

following:

ahv = (hv — E))" (4.14)

where o is the adsorption coefficient, hv is the photon energy, E, is the optical band
gap and n is a constant of 1/2 for allowed direct, 3/2 for forbidden direct, 2 for allowed
indirect and 3 for forbidden indirect transitions in the materials. The direct optical band
gap of polymer obtained from extrapolation of the straight line in (ahv)? vs. hv plot with

the x axis [209] which shows in figure 4.21.
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Fig 4.21 (a) Tauc plot: (ahv)? vs. hv extrapolated to zero absorbance for P3HT,
the data was collected from the transmittance vs. wavelength (b)
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Since the adsorption coefficient depends on the thickness of the thin film, the
polymer E thickness was obtained from Profilometer and it was 1099 nm. By knowing
this data and the transmittance spectrum, the E, of electrosynthesized P3HT was
calculated 1.9 eV from the figure 4.21. Now by knowing the value of band gap and
HOMO energy level, the LUMO can be obtained and is equal to:

ELUMO =E HOMO - Eg= 5.04-1.9=3.14 eV

4.4 Polymer deposition into the pores of AAO template

The poly (3-hexylthiophene) electrochemically deposited into the channels of anodic
aluminum oxide template. This procedure was done in 3-electrode cell in which AAO with
sputtered Au layer on one side and different thickness served as working electrode with
Ag/AgCl and platinum wire as reference and counter electrode respectively. To study the
growth mechanism and rate of polymer the electropolymerization was carried at 2 V, room
temperature and in different monomer concentrations and deposition time. The electrolyte
was 0.1 M tetrabutylamunium hexafluorophosphate (TBAPFs) in acetonitrile (AN)
containing the dopant agent which is PF .

* Note: The applied voltage was selected 2 volts by studding the cyclic voltammetry of
P3HT. According to the figure 4.19, monomer oxidation happens at +1.12 V. By
increasing the number of cycles, this values increase due to the formation of polymeric
layer on substrate surface and reaches at +1.3 V at the end of 5™ cycle. It means that at
voltages higher than +1.12 the oxidation of 3HT monomer is possible. However when the
potentiostatic electropolymerization was applied on ITO substrate, at constant voltage of
+1.12 V, no polymeric film was formed on ITO surface. The voltage was increased
gradually and it was observed that at 2 V the, the P3HT was formed on ITO. There
another CV measurement for electropolymerization of P3HT carried out in range of -0.1
V to 3 V. In this CV curve an oxidation peak was observed at 2.5 V and the inset of
oxidation was at 2 V. It was concluded that at constant potential, the polymer is deposited
between 2 and 2.5 V. Polymer deposited higher than 2.5 V had not good adhesion to ITO
surface.

4.4.1 Control of polymeric nanorods length

To see the growth rate of polymer inside the nanochannels of AAO template, the

monomer concentration was fixed and the electropolymerization time was changed.

93



Electrochemical polymerization was conducted at 2V vs. Ag/AgCl, monomer
concentration of 50 mM (most reported concentration for other conductive polymers and
thiophene derivatives) and time of 300 s, 100 s, 30 s and 15 s. In all cases the counter
electrode and the working electrode were Pt wire and AAO template with the thickness of
7 um respectively. Figure 4.22 (a) shows the electropolymerization of 50 mM 3HT
during 300 seconds without dissolving the template. As it can be seen from the image, the
growth rate of polymer was so fast and the polymer rods came out from the AAO

channels and joining together.

As mentioned before, the thickness of the template was 7 pm, however the obtained
polymeric rods had a length higher than 7 um due to the long electropolymerization time.
When the polymers go out from the pores, they tend to join together because of their high
surface tension. Figure 4.22 (b) shows how the polymers grew out of the channels and
laying down on the template surface. Figure 4.22 (c) shows the longitude of the rods after
template removing which was about 14 um. According to the figure 4.22 not only the
polymer was formed inside the pores but also out of the pores which leading to cover the

surface of the template and formation of the compact and dense layer of polymer.

LACMIMAV_FC! SEl 3.0kV  X30,000 WD 8.1mm 10011;

Fig4.22(a)

LACMIMAY_FC! SEI 3.0kV X10,000 WD 8.2mm 1pm

Fig 4.22(b)
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LACMIMAY_FCi SEI 3.0kV X5,000 WD 55mm 1m

(c)

Fig 4.22 Electropolymerization of P3HT from 50 mM 3HT monomer in 0.1 M TBAPF, at 2 V for
300 seconds. Pt wire, Ag/AgCl and 7 um AAO template were CE, RE and WE respectively. (a) the
polymers inside and out of the channels without template removing, (b) how large the polymers
are by going out from the channels and laying down on AAO surface, (c) side view of the
polymeric rods after template removing in 1 M NaOH solution

For the next experiment, the time was shorten to 100 seconds. The same
experimental conditions i.e. 50 mM of 3HT monomer in 0.1 M TBAPFs, Ag/AgCl, Pt
wire and 7 um AAO template were electrolyte, reference electrode, counter electrode and
working electrode respectively. Like the previous case the applied voltage was fixed at 2
V. As it can be seen from the image 4.23 the polymeric rods were formed inside the AAO
pores. Compared to the previous case, the rods are shorter and they reached the longitude

of approximately 6 um.

LACMIMAV_FC 3.0kV  X10,000 WD 9.3mm

Fig 4.23 Electropolymerization of P3HT from 50 mM 3HT monomer in 0.1 M TBAPF, at 2 V for
100 seconds. Pt wire, Ag/AgCl and 7 um AAO template were CE, RE and WE respectively. The
image is after removal of the template in IM NaOH solution
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However as it can be concluded from the image 4.23 the real longitude is more than
6 um because the rods are not well aligned and perpendicular to the substrate and there is
a polymeric layer on the surface. Due to their inclination, the longitude is more than the
template thickness and it indicates that still the rate of polymer growth is fast even if the
time was decreased 3 times.

Again the electropolymerization time reduced to 30 seconds under the same
experimental conditions. Figure 4.24 (a) shows the SEM image of the polymeric rods after
removing the template. In this case also the template thickness was 7 micrometers. As it
can be seen from the SEM image, the polymeric rods were formed just inside the channels
of AAO template without the polymeric layer formation on the surface and out of the
template channels. It means that the electropolymerization time could be controlled. In this
case it was not possible to measure the longitude of the rods since the image 4.24 (a) is the
up view of the polymer. From the figure 4.24 (b), the thickness measured to be 2 um , but
it is not the real value due to the view of the image. The longitude of rods may be
estimated between 4 -5 micrometers.

As mentioned before, the manipulating of the template with the thickness less than 5
um is so hard due to the brittle and fragile ceramic nature of the template. That’s why in

previous cases the template with 7 micrometers was fabricated.

€

LACMIMAV_FC: SEI 3.0kvV X10,000 WD 9.3mm Tum

(@) ®)

LACMIMAY_FC SEI 3.0k X15,000 WD 9.3mm 1um

Fig 4.24 Electropolymerization of P3HT from 50 mM 3HT monomer in 0.1 M TBAPF, at 2 V for

30 seconds. Pt wire, Ag/AgCl and 7 um AAO template were CE, RE and WE respectively. (a) and

(b) both up views, (b) showing the longitude of the polymer rods. The image is after removal of the
template in IM NaOH solution
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To see how successful was the study of the polymerization time and template
thickness, the template with thickness of approximately 3 micrometers was fabricated and
after making it conductive (part 3.1.7), it was connected to the working electrode in three-
electrode cell with Pt wire and Ag/AgCl as counter and reference electrodes. The 0.1 M
TBAPFs in acetonitrile containing 50 mM of monomer (3HT) was placed inside the cell.
The voltage of 2 V was applied and the electropolymerization time was adjusted for 15
seconds.

Figure 4.25 corresponds to SEM image of P3HT nanorods inside the AAO channles
after partially dissolution of the template in I M NaOH solution. Figure 4.25 (a) shows the
large-scale production of P3HT rods. After partial removing of the template, the polymer
can be seen inside the pores of the template. Figure 4.25 (b) is the higher magnification of
image 4.25 (a) and showing the polymer inside the channels and forming from the pore

bottom not pore wall.

i \ § WPt -
LACMIMAY_FC SEI 3.0kv  X20,000 WD7.9mm 1um LACMIMAV_FC 30kv  X30000 WD79mm 100nm

(a) (b)

Fig 4.25 Electropolymerization of P3HT from 50 mM 3HT monomer in 0.1 M TBAPF, at 2 V for
15 seconds. Pt wire, Ag/AgCl and 3 um AAO template were CE, RE and WE respectively.(a)
large-scale image and (b) higher magnification. The image is after partially removal of the

template in IM NaOH solution

4.4.2 Morphology of P3HT nanostructures
To observe the morphology of polymer nanostructures, the monomer concentration
was changed at fixed electropolymerization time. In previous part the polymer rods were

formed in 50 mM of monomer concentration.
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To see the effect of monomer concentration the electrochemical polymerization was
conducted at 2V vs. Ag/AgCl and Pt wire as counter electrode. The working electrode
was AAO template with approximately 3 micrometer of thickness. The monomer (3HT)
concentrations were changed in 5 mM, 15 mM and 30 mM during 15 seconds. Figure
4.26 shows the current-time curve for each experiment. At the beginning of the reaction,
the current density was in its higher value for all cases. As time pases, the current density
decreased due to the formation of the thicker polymeric layer. When the current density
reached the plateau, it means that the AAO channels were filled by polymer.

For more concentration of monomer, the current density was lower due to the more
resistivity of the monomer-contained solution. The morphology of the polymer with

different monomer concentration is shown in figure 4.27 (a) to (c).
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Fig 4.26 Current vs. time for electropolymerization of P3HT in different monomer
concentrations of 5 mM, 15 mM and 30 mM during 100 seconds of deposition

After the electropolymerization the AAO template was dissolved partially in 1M
NaOH solution. The monomer concentration is an important parameter in the synthesis of
the polymer. When the monomer concentration was low (figure 4.27 (a)), the completely
hollow nanotubes were obtained. Low monomer concentration implies the filling of AAO
channels from the wall. As mentioned before in figure 3.11, during the
electropolymerization process, the cationic radicals are obtained through the oxidation of
monomer. According to the report of Martin et al on electropolymerization of

polypyrrole, the pore walls of AAO template are anionic in nature [211]. Thus when the
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monomer concentration is low, the electrostatic interaction between the template pore
wall and polymeric chains results in the formation of the polymer nanotubes from the
walls of the template. The pores of the template can be filled partially by increasing the
monomer concentration (figure 4.27 (b)), and formation of polymer nanotubes with
thicker walls. As it can be seen from images 4.27 (a) and (b), the nanotubes of polymer
tend to be pushed towards together and collapse.
Unlike the metal, the polymer is not rigid and due to the high surface tension between the
P3HT thin walls, they tend to join together. The walls of nanotubes are too thin to
maintain the upright structure.

When a higher monomer concentration is used (figure 4.27 (c)), the nanorods of
P3HT were obtained. In this case because of sufficient monomer concentration, the
polymer nucleation and growth take place at the pore bottom and filling the channels

from the bottom to the top of the pores resulting in rods formation.

'\ £/ « VY
LACMIMAV_FCr LEI 3.0kv X50,000 WD 7.8mm 100nm LACMIMAY_FC: 30kY  X40,000 WD80Omm 100nm

Fig 4.27 (a) SEM image of P3HT nanotubes, electropolymerization: at 2V,
15 seconds and SmM of monomer in 0.1 M solution of TBAPF s in acetonitrile

KV X23,000 WD 7.7mm 1um LACMIMAY_FC SEI 3.0kV  X87,000 WD 7.7mm 100|E

Fig 4.27 (b) SEM image of P3HT partially filled nanotubes, electropolymerization: at 2V,
15 seconds and 15mM of monomer in 0.1 M solution of TBAPF in acetonitrile
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Fig 4.27 (c¢) SEM image of P3HT nanotubes, electropolymerization: at 2V, 15 seconds and
30mM of monomer in 0.1 M solution of TBAPFj in acetonitrile

Figure 4.28 shows the growth mechanism of polymer inside the pores of AAO
template which explained above that how by changing the concentration the growth

mechanism for polymer and its morphology was changed.

i
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pores walls) bottom)

Fig 4.28 Schematic view of polymer growth mechanism inside of AAO channels

4.5 Zinc oxide synthesis
In part 3.3 the electrodeposition of zinc oxide was explained in details. Here the

results for ZnO film on ITO and AAO template will be discussed.

4.5.1 Electrochemical study of ZnO deposition

100



To determine the oxidation/ reduction potential for ZnO in zinc nitrate solution, the
CV was carried out from -1.5 V to -0.2 V with 50 mV/s scar rate and for 5 cycles. Figure
4.29 shows the cyclic voltagramm for zinc oxide deposition on ITO. According to the
current-voltage curve, the cathodic sweep exhibited two cathodic peaks, one around -1.25
and the other in -0.95 V versus Ag/AgCl. These peaks were corresponded to following

reaction during the formation of zinc oxide:

Zn*t + 20H™ 4+ 2e” - Zn(OH), E=-0.95V vs. Ag/AgCl
Zn(OH)2™ + 2e~ > Zn+ 20H™ E=-1.25V vs. Ag/AgCl

The formation of zinc hydroxide at -0.95 V was due to the reaction of Zn*" cations
from nitrate solution with OH". Conversion of Zn(OH), to ZnO took place under heat
treatment at 70 °C. If the reaction takes place at-0.95V, the product is zinc hydroxide
which converts to zinc oxide under temperature. IF the -1.25 V applies, the product will
be metallic zinc. For this reason in deposition of zinc oxide under constant voltage, the

voltage of -0.95 was selected.
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Figure 4.29 Cyclic voltammetry for ZnO deposition on ITO from 0.05M zinc nitrate solution at
70 °C; voltage range -1.5 to -0.2 V vs Ag/AgCl, counter electrode: Pt wire, scan rate: 50
mV/s, 5 cycles
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4.5.2 Bangap calculation for electrodeposited Zinc oxide on ITO

The zinc oxide was synthesized in three-electrode cell consisting of Ag/AgCl, Pt
wire and ITO substrate as RE, CE and WE respectively. The solution of zinc nitrate with
0.05M of concentration was placed inside the cell. The temperature was kept at 70 °C and
the voltage at -0.95 V vs. Ag/AgCl. The experiment was done during 300 s.

The ZnO film on ITO was replaced in Uv-vis spectrometer and the transmittance vs.
wavelength spectra was obtained. By profilometer the thickness of the zinc oxide layer
was measured which was 770 nm approximately. With this information the direct optical
band gap of zinc oxide obtained from extrapolation of the straight line in (ahv)? vs. hv
plot with the x axis which was 3.1 eV and in a good agreement with other references.
Figure 4.30 (a) shows the Tauc plot for electrodeposited ZnO and figure 4.30 (b)

represents the transmittance vs. wavelength in which the data was collected.
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Fig 4.30 (a) Tauc plot: (ahv)? vs. hv extrapolated to zero absorbance for
electrodeposited ZnO, the data was collected from (b) transmittance vs. wavelength
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4.5.3 Zinc oxide deposition into the pores of AAO template

For deposition of zinc oxide the concentration of zinc nitrate solution and the bath
temperature are important factors. There are many reports on zinc oxide electrodeposition
at different temperature in the range of 65 to 90 °C and the bath concentration between 5x
10* to 5x 107", In our case by changing the temperature and concentration different
morphology of ZnO nanostructures were obtained till finding the conditions for growth of
zinc oxide nanorods. The solution temperature of 70 and 80 °C and the concentration of
0.05 M and 0.005 M were examined.

First the Zn(NO3),.6H,0O solution with the concentration of 0.05 was replaced in
three-electrode cell with AAO template, Pt wire and Ag/AgCl as working, counter and
reference electrodes. The temperature was kept at 70 °C. The voltage of -0.95 V vs. RE
was applied and the electrodeposition carried out for 1800 seconds. The SEM image 4.31
shows the formation of zinc oxide in form of plates. The zinc oxide was not formed
inside the template pores and these plates of zinc oxide were formed on the surface of the

AAO template.

3.0kV X30,000 WD 7.9mm

Fig 4.31 SEM image of electrodeposited ZnO from 0.05 M Zn(NO3),.6H,0 solution,
at -0.95 V and 70 "C and for 1800 seconds.

Perhaps the formation of hexagonal plates is due to high concentration of zinc-
contained solution. Thus in next experiment the concentration was decrease to 0.005 M.
The same experimental conditions were applied. The zinc oxide obtained in these

experimental conditions was shown in figure 4.32 In this case also the ZnO was not
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formed inside the AAO channels and the flower-like zinc oxide was observed. Image (b)
is the higher magnification of image (a). As it can be seen from image (a) the zinc oxide
was formed on the surface of the template. It seems that by decreasing the solution
concentration and without changing other parameters the morphology of ZnO was
changed. For less concentration the electrodeposited zinc oxide was thinner (figure 4.32

(b)) than when using more concentrated solution (figure 4.31 (b)).
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Fig 4.32 SEM image of electrodeposited ZnO from 0.005 M Zn(NO3),.6H,0 solution,
at -0.95 V and 70 "C and for 1800 seconds.

Thus for the next experiment the concentration was fixed at 0.005 M and the
solution temperature raised to 80 °C. Other experimental parameters were as following;
the applied voltage of -0.95 V, the counter, reference and working electrodes were Pt
wire, Ag/AgCl and AAO template respectively. In this case the depositions carried out
for 900 seconds. The result is shown in figure 4.33. From the figure 4.31, it can be
understood that by increasing the temperature from 70 to 80 °C at fixed monomer
concentration, the vertical ZnO nanostructures were obtained and contrary to the previous
experiments the plates or the film of zinc oxide on the template surface were not formed.
Figure 4.33 (b) is the higher magnification of figure 4.33 (a) where the morphology of the
obtained zinc oxide can be seen clearly. The diameter of rod-shape zinc oxide was not
uniform and was higher than diameter of the template pores which was between 50-60

nm.
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X15,000 WD 90mm

Fig 4.33 SEM image of electrodeposted ZnO from 0.005M Zn(NOj3),.6H,0
solution at -0.95V, 80 °C and for 900 seconds

We did another experiments by decreasing the deposition time to 300 seconds. The
solution concentration and temperature were 0.005 M and 80 °C and other experimental
parameters were not changed. Figure 4.34 shows the ZnO nanostructures obtaining under

these experimental conditions.

3.0kV  X50,000 WD81mm 100nm

(b)

3.0kV X10,000 WD 8.1mm Tum

Fig 4. 34 SEM image of electrodeposited ZnO from 0.005 M Zn(NO3),.6H,0 solution,
at -0.95 V and 80 "C and for 300 seconds after template removal in NaOH 1 M
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4.6 Combination of P3HT and ZnO to fabricate hybrid active material

After optimization the experimental conditions for template, polymer and ZnO
synthesis, the active layer for hybrid solar cell was fabricated in a template with 2 um of
thickness and average pore size of 50 nm. The polymer was electrodeposited inside the
channels of template from the solution containing 30 mM of monomer and 0.1M
tetrabutylammonium hexafluorophosphate in acetonitrile at 2 V vs. Ag/AgCl for 15
seconds. The sample was washed several times with acetonitrile and dried at ambient
temperature. Then this composite contacting template and polymeric rods was immersed
in solution of NaOH (0.5M) to dissolve the template and releasing the polymeric rods
which were vertically aligned on the aluminum substrate. The next step was
electrodeposition of zinc oxide from the solution containing 0.005M zinc nitrate, at -1 V
vs. Ag/AgCl and 80 °C for 10 minutes. The sample after this step was rinsed several

times in distilled water and dried at ambient temperature for future characterization.

4.6.1 Hybrid materials - Reflectance

Since the hybrid active layer (P3HT+ZnO) were synthesized on aluminum substrate,
to see the absorption of the material, reflectance spectra was reported for this mixture in
the range of 1100 to 200 nm of wavelength.

Radiant flux incident upon a surface or medium undergoes transmission, reflection
and absorption. Application of conservation of energy leads to the statement that the sum
of the transmission, reflection and absorption of the incident flux is equal to unity or
[212]:
a)+t() +pQ) =1 (4.15)

in which a is absorption, t is transmission, p is reflection and A in wavelength.
In our case because the aluminum metal support cannot transmit the light therefore the
absorption mas reflection equals to unity as below:

a(l) =1—-pd) (4.16)

Figure 4.35 shows the reflectance spectra for template, ZnO, P3HT and mixture of
P3HT and ZnO. As it can be observed from the figure, the hybrid material reached to the
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less reflectance compared to ZnO and template separately, which indicated the higher
absorption of light by hybrid materials according to formula 4.16.

In addition for hybrid materials, the materials showed a decrease in reflection at almost
800 nm of wavelength which indicated that the hybrid material could absorb the light at

higher wavelength compared to each material separately.
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Fig 4.35 Reflectance spectra for template, ZnO, P3HT and mixture of P3HT and ZnO

The reflectance spectra showed approximately 40% of reflection at high wavelength.
The reflection decreased by decreasing the wavelength following by reaching to almost

zero reflection in the wavelength range of visible light.

4.6.2 Hybrid materials - Photoluminescence

Figure 4.36 shows the PL spectra for polymer, zinc oxide, template and mixture of
P3HT and zinc oxide, all performed with excitation wavelength centered at 375 nm.

As it can be observed from the figure, hybrid materials showed light emission at 536
nm of wavelength at the same wavelength value for P3HT itself and higher wavelength
value for zinc oxide itself.

It is clear the influence of the combination of both materials in the luminescent

properties of each material separately, where the signal for hybrid materials appears at the
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same wavelength than the polymer itself by remarkable increase in the PL intensity. This
suggested that the interaction between the polymer matrix and zinc oxide nanorods

allows the charge transport along the hybrid film that is important for solar cell

application.
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Fig 4.36 PL spectra for template, ZnO, P3HT and mixture of P3HT and ZnO

4.7 Summary

Anodization, a self-ordering technique for creating nano-channels in alumina, is a
simple and cheap method for creating highly ordered nanoporous film. The dimensions of
the nanochannels, including pore diameter and pore depth can be controlled accurately

through appropriate anodization conditions.

In this thesis we discussed the fabrication of anodic aluminum oxide with
controlling the experimental conditions to reach the optimum parameters and suitable
template in our case. By carrying out many experiments with different experimental
conditions, we could reach the fixed procedure to fabricate this kind of template. We

examined the suitability of porous alumina as a supporting substrate for creating a
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textured polymer and metal oxide semiconducting nanofilm to be used as a hybrid

material in solar cell application.

We discussed different experimental conditions such as monomer concentration and
time of deposition for polymer growth inside the nano-channels of AAO. Also we
investigated on morphology and growth of zinc oxide inside the pores of anodic
aluminum oxide template by varying the parameters such as bath concentration, bath

temperature and time of deposition.

We fabricated the hybrid materials by using the optimum experimental conditions in
each step and we showed the potential application of this hybrid film in solar cell

application.
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Chapter 5

Conclusions
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In this chapter the conclusion of our experiments, and the future work will be introduced.

5.1 Conclusions

1-

Suitable anodic oxide template was obtained under changing different
experimental conditions. In our case the template with pore diameter of 40-50 nm,
inter-pore distance of 100 nm, pore density of 96 pore/um” and thickness of 2um
was fabricated by first anodization for 2 hours, etching for 40 min and second
anodization of 10 min. Under our experiments the growth rate of alumina layer
was 1.1 nm per second. Knowing this value allowed us to control the thickness of

the template by changing the second anodization time.

Poly (3-hexylthiophene) film was synthesized by two methods of chemical
oxidative polymerization and electropolymerization on ITO substrate. FT-IR
spectra confirmed the existence of polymer functional group such as C=C, C-C
and C-S in polymeric chain for both cases. The product of chemically synthesis
polymer was a mixture of a black powder and dense layer of the polymer which
was brittle. The product of electrochemical synthesis was a uniform film on ITO

which could be separated easily and without damage from the substrate.

By comparing the structural and optoelectrical properties of the P3HT obtained
from two mentioned methods, we concluded that P3HT obtained from
electrochemical polymerization has showed better crystallinity in its structure,
adsorption in higher wavelength and higher electrical conductivity almost 3000

times more.

These better properties were due to the more crystallinity of the electrochemical
synthesized polymer. In general the polymer is amorphous but the type of dopant
can effect on steric repulsion between two thiophene adjacent rings and makes it

more ordered or disordered. In the case of electrochemically synthesized polymer,
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the dopant was PF and for the chemically synthesized polymer was Fe™ which

caused the repulsion between the thiophene rings and the distortion in its structure.

Besides of better structural and optoelectrical properties for electrochemically
synthesized polymer, it must say that the electropolymerization method is more
fast and time consuming method. Generally chemically synthesis of the polymer
carries out for one day however by this method large-scale production of polymer
is possible. In addition, electropolymerization presents several distinc advantages
such as catalyst free synthesis, direct grafting of the doped conductive polymer
onto the electrode surface, control of the film thickness by the deposition charge
and the possibility of in-situ electrochemical characterization during the growth

process.

The HOMO-LUMO and band gap levels of energy were calculated for the
electrochemically synthesized polymer which was -5.04, 3.14 and 1.95 eV
respectively from the cyclic voltammetry and Tauc plot. These values could help

us to sketch the energy levels for our materials.

By studying the cyclic voltammetry curve for P3HT, the potential of 2V vs.
Ag/AgCl was selected for potentiostatic deposition of polymer. CV measurement
for electropolymerization of P3HT carried out in wider range of potential from -
0.1 V to 3 V. In this CV curve an oxidation peak was observed at 2.5 V and the
inset of oxidation was at 2V. It was concluded that at constant potential, the
polymer is deposited between 2 and 2.5 V. Polymer deposited higher than 2.5V
had not good adhesion to ITO surface.

P3HT was synthesized electrochemically from its monomer (3HT) inside the pores
of fabricated AAO template. By changing the monomer concentration, the
morphology of vertically-aligned polymers was changed. At lower monomer
concentration the growth mechanism was from the pore walls, by increasing the

monomer concentration, the pores were filled from the bottom. Depending on
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desired morphology, i.e nanotubes or nanorods of the polymer, the monomer
concentration can be changed. This information helped us to choose the proper

monomer concentration to have the P3HT nanorods.

9- By changing the deposition time, the length of the polymeric tubes or rods was
changed. The growth rate of electropolymerization was high enough that with 300
seconds of electropolymerization, the rods with longitude of 14 um were obtained.
Decreasing the deposition time to 15 second resulted in obtaining the P3HT rods

with approximately 2 pm of longitude.

10- Zinc oxide was electrodeposited on ITO by cyclic voltammetry method to study its
deposition potential. From the oxidation peak in CV curve, it was concluded that

ZnO could be electrodeposited at -0.95V vs. Ag/AgCl reference electrode.

11- By measuring the adsorption spectra for the zinc oxide film and from the Tauc
plot, the band gap of 3.1 eV was calculated for the ZnO films which was in good
agreement with the reported values [213, 214].

12-Zinc oxide was electrodeposited into the channels of AAO template. The
experiments carried out at different concentration of zinc nitrate solution,
temperature and deposition time. When the solution concentration was high,
obtained zinc oxide had the morphology of plates laying on the surface of the
template. These hexagonal plates were thick and dense. By decreasing the solution
concentration, the flower-like ZnO was obtained still on the surface of the
template not inside the channels. This flower-like zinc oxide was less dense and
thick compared to the zinc plates. Thus we did not change the concentration and
we increased the temperature to 80 °C. This time the hexagonal pillar of zinc oxide
were obtained. However they reached the diameter of approximately 200 nm. Thus
we decreased the deposition time to obtain the ZnO rods with the proper diameter

and longitude.
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13- From the previous experiments the concluded optimum conditions were applied to
synthesis the hybrid materials P3HT and ZnO inside the channels of AAO 2 pm-
template with average pore diameter of 50 nm. P3HT from 30 mM monomer
solution, at 2V vs. Ag/AgCl and for 15 seconds and ZnO from 0.005 M zinc
nitrate solution, at 80 °C and -0.95V vs. Ag/AgCl.

14- The reflectance spectra showed more than 40 % of reflectance for mixture of two
materials compared with each materials separately. This indicates the higher
adsorption of light for the mixture of polymer and zinc oxide. Also in the case of
both materials together, the reflectance reduced at higher wavelength comparing
with the spectra of AAO or ZnO, showing more absorption by the hybrid materials
at higher wavelength.

15- The photoluminescence spectra showed a peak for hybrid materials at higher
wavelength showing the higher luminescence by hybrid materials compared to
each materials showing its potential application as hybrid materials for hybrid

solar cells.
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