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ABSTRACT

Ternary systems comprising of poly(3-hexylthiophene)(P3HT):(6,6)-phenyl-Cs1 butyric acid
methyl ester (PCBM) and varying amounts of squarylium dye 111 (SQ3) were prepared and
deposited by spin coating to obtain nano-size thin films. The films produced were subsequently
annealed at 140 °C for 10 min. Absorption spectra and electrical measurements were used to
evaluate the effects of thermal annealing and dye loading on the different blends. The films
were characterized for their surface morphology and film thickness using atomic force
microscopy. Photo-conversion efficiencies were determined following current density —
voltage (J-V) measurements under dark and illumination conditions enabling determination of
various solar cell parameters. A significant increase in the maximum peak absorbance, from
0.30 to 0.35 a.u. was observed by incorporating SQ3 molecules at 13 % w/w loading. The
absorption range was also observed to broaden (400 — 700 nm) extending to the near infra-red.
The inclusion of SQ3 molecules resulted in enhanced light harvesting capacity due to widening
of the absorption range. This consequentially resulted in an increase in photogenerated excitons
and short circuit current (lsc). The HOMO of SQ3 is reported to be located between the HOMO
and LUMO of levels of P3HT and PCBM. It has been further suggested that incorporation of
SQ3 molecules introduce a second exciton generation system and charge transfer mechanism.
Photoinduced charge transfer is not only favourable between P3HT and PCBM but also
between SQ3 and PCBM. Thus, the synergistic effect of improved light harvesting
characteristics with additional exciton generation and charge transfer mechanism resulted in an
increase in photoconversion efficiency (). The open circuit voltage (Voc), lsc, fill factor (FF)
and # in the control P3HT:PCBM were 0.53 V, 5.78 mA, 0.35 and 1.3 % which change to 0.64
V, 9.68 mA, 0.40 and 3.9 % in P3HT:SQ3:PCBM blends. Thus the inclusion of SQ3 into the

P3HT:PCBM polymer blends resulted in a threefold increase in photoconversion efficiency.
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CHAPTER 1
INTRODUCTION
This chapter gives an introduction to the dissertation by giving the motivation and describing

purpose of the study.

11 MOTIVATION

Energy is essential to modern society and the global demand for it continues to grow every
year. The worldwide consumption of energy has increased every year over the last 30 years [1,
2]. Global energy consumption grew by 2.4 % in 2007 and analysts predict a further 50 %
increase from 2005 to 2030 [3-5]. The increase in energy consumption is attributed to the
overall growth of world population and development in areas such as Africa and Asia [6]. The
worldwide demand for energy is mostly supplied by fossil fuels and nuclear energy. However,
these resources are limited and their use has negative environmental impacts [7]. Fossil fuels
are burnt to release the chemical energy that is stored within this resource. This combustion of
fossil fuel meets over 85 % of the energy demand of the world but is considered to be the
largest contributing factor to the release of greenhouse gases into the atmosphere [8]. The other
disadvantage of fossil fuel is that it is non-renewable and hence is a depleting resource. On the
other hand, the use of nuclear power as an energy source is not accepted by a wide section of
the population because of security and health risks. Furthermore, the disposal of nuclear waste

is still an unsolved problem [9].

Hydro-electric power (H.E.P) is the main source of energy in urban areas of Zambia whilst
most rural areas depend on diesel generators. H.E.P does not contribute significantly to
greenhouse emission but its ability to penetrate rural areas of the country remains prohibitively

expensive. This can be attributed to the high cost of rural electrification [10].



Solar energy has the potential to be an alternative source of electricity in rural communities

while mitigating the factors leading to global warming.

Most conventional solar energy conversion devices are based on silicon technology. However,
fabrication of silicon based solar cells is expensive because it requires a very clean
environment. The silicon solar cells tend to be heavy and not flexible. Thus, silicon based solar
cells tend to be beyond the financial reach of most people [11]. Solution-processed organic
solar cells are therefore being developed to replace silicon solar cells [12]. Nanostructured
polymer solar cells (PSC) have also evolved as another potential alternative [13]. The
fabrication of PSCs by processing polymers from solution and printing them onto different
types of substrates by roll-to-roll production processes like newspapers offers important
advantages over their inorganic counterparts due to low cost of fabrication and easy processing
of the photoactive layer [14-16]. PSCs are lightweight, mechanically flexible, and the
properties of the photoactive layer can be tuned by adjusting the chemical architecture of its

components.

The need to look for renewable energy sources to replace the fossil fuels has driven substantial
research effort into the energy sector [17]. The Sun’s energy is the primary source of most
forms of energy found on earth. Solar energy is clean, abundant and renewable. It has the
potential to benefit the world by diversifying the energy supply and reducing dependence on
fossil fuels [18]. Solar electricity has steadily grown in importance as an energy technology,
with solar cells finding use in a variety of applications ranging from spacecraft to small portable

devises [19].

1.2 STATEMENT OF THE PROBLEM
Most commercial solar cells are currently made from refined, highly purified silicon crystals.

However, the high cost of silicon solar cells and their complex production process have caused


http://en.wikipedia.org/wiki/Refined_silicon
http://en.wikipedia.org/wiki/Crystal

interest in alternative photovoltaic technologies. As an example, polymer solar cells offer the
possibility of large area, ultra-thin, flexible and low-cost devices, which can be fabricated with
organic polymers at low temperature and employing well established processing techniques,
such as spin-coating, screen-printing, spray-coating and ink-jet printing. However, the low
quantum efficiency and low power conversion efficiency (7) of polymer solar cells has
inhibited their development. Whereas the open circuit voltage (Voc) and the fill-factor (FF) of
polymer solar cells are in the range of inorganic solar cells, the short circuit current (lsc) is
nearly a factor ten lower. The low I results in low charge collection and subsequently low
power conversion efficiency. This low Is is mainly caused by the mismatch between the optical
absorption of the organic polymers and the solar spectrum. This problem is addressed by
incorporating an organic dye, namely squarylium dye 111 (SQ3) molecules, into the poly (3-
hexylthiophene) (P3HT) and a fullerene derivative (6, 6) phenyl-Ce1-butyric acid methyl ester
(PCBM) solar cell photoactive layer to increase light absorption of the systems. It is anticipated
that more efficient polymer solar cells will lead to lower cost PSC, resulting in rapid penetration

of the technology and the provision of electricity to remote areas.

1.3 AIM
To study optimization factors for power conversion efficiency of polymer:fullerene solar cells

based on P3HT:PCBM blend by incorporating SQ3 molecules.

14 SPECIFIC OBJECTIVES
(i) To compare the spectral absorbance of the P3HT:SQ3:PCBM thin films produced at
different annealing temperatures and having different film thicknesses.
(i) To determine the optimum dye content for optimum photo-absorption in the

P3HT:SQ3:PCBM blend thin films.



(i) To evaluate the surface morphology and film thickness of the prepared
P3HT:SQ3:PCBM thin films.

(iv) To optimize the morphology of the prepared P3HT:SQ3:PCBM thin films.

(v) To investigate the effect of annealing temperature and film thickness on the spectral
characteristics of P3HT:SQ3:PCBM blends.

(vi) To determine the power conversion efficiency of the fabricated PSC.

1.5 HYPOTHESIS

The efficiency of PSCs can be enhanced by enlarging the absorption spectrum to include the
near infrared region of the absorption spectrum. It is anticipated that the incorporation of SQ3
molecules into the P3HT:PCBM active layer will increase absorption by including the near
infra-red region of the absorption spectrum. This will increase the number of photons absorbed
by the solar cell active layer. It is further anticipated that annealing will optimize the material’s
morphology by narrowing the band-gap and widening the absorption spectrum. The optimized
morphology helps increase the efficiency of solar cells by facilitating both the photo induced

creation of mobile charge carriers as well as the transport of the carriers to the electrodes.

1.6 SIGNIFICANCE OF THE STUDY

The technology of photovoltaic systems based on inorganic semiconductor materials has
matured over the years. These systems have high manufacturing costs and are characterized by
a lack of flexibility. The former makes them unaffordable for large scale applications to many
people while the latter limits their acceptance. PSCs on the other hand offer the possibility of
low-cost mass production as well as flexibility in applications. The key to commercial
realization of the polymer based photovoltaic technologies is increasing their efficiency to
match those of traditional silicon based systems. This study anticipates the enhancement of the
power conversion efficiency of P3HT:PCBM films by fine tuning of the morphology and the

increase of photo absorption through dye sensitization. This is the first time SQ3 molecules are

4



incorporated into the P3HT:PCBM photoactive layer. The body of knowledge generated will

contribute towards accelerating the commercialization of organic solar cells.

1.7  THESIS/RESEARCH QUESTIONS
The research answers the following questions:

(1) How can we increase the absorption efficiency, which is low for large band-gap organic
materials?

(2) How can we enlarge the absorption spectrum of PSCs to include even the near-infrared
region of the solar spectrum?

(3) How can we facilitate successful dissociation of excitons upon light absorption in
organic semiconductors and overcome recombination during the transportation of the
charges to electrodes?

(4) How can we optimize exciton separation and the light harvesting capacity of the thin
film cells?

(5) How can we increase the low power-conversion efficiency of PSCs?

1.8 AIR MASS AND SOLAR SPECTRUM

The air mass (AM) is the path length which light takes through the atmosphere normalized to
the shortest possible path length (when the Sun is directly overhead). The AM quantifies the
reduction in the power of light as it passes through the atmosphere and is absorbed by air and

dust.



The AM is used to characterize the performance of the solar cell under standardized conditions.

The AM is given by equation (1).

actual optical path

AM =

~ diameter of the atmosper

= cosec (y) Q)

Where v is the zenith angle.

A solar reference cell is simply a small area (2 cm x 2 ¢cm) solar cell packaged in a metal
housing under a glass window intended for use indoors to set simulated sunlight levels. The
extra-terrestrial spectrum of the sun resembles that of a black body with temperature given by
the temperature on the surface of the Sun. The Standard Testing Conditions (STCs) of solar

cells are as follows:

I.  temperature of the device under test must be 25 + 1 °C,
ii.  spectral distribution of the light must be AM 1.5 + 25 % and

iii.  irradiance measured at the plane of the solar cell must be 1 Sun (100 mW/cm?) + 2 %.

The spectral distribution of the solar radiation (the number of photons of a particular energy as

a function of frequency) is given by equation (2).

2mh 3
n() = (&) —*— 0
X (kTT)"l
Where n(w) is the number of photons, w is the frequency, kg is the Boltzmann constant, c is

the speed of light, h is the Planck constant, T is the surface temperature of the Sun and E is the

radiative photon energy given by Planck’s equation (3)

E=—w 3

2T

Here, h is Planck’s constant = 6.63x10°% J.s and w is the frequency.



The efficiency of a solar cell is sensitive to variations in both the power density and the
spectrum of the incident light. The solar spectrum changes throughout the day and with
location. Standard reference spectra are defined to allow the performance comparison of
photovoltaic devices from different manufacturers and research laboratories. The two solar cell

standard spectra are shown in Figure 1.

20- 120
E
cC
; 154 115
5 1 — AM1.5 Global (ASTMG173)
8 — AM1.5 Direct (ASTMG173)
g —— AMO (ASTM E490)
® 1.0 5 1.0
£
g ] _
& 054 105
o.oqj..,..............,....,....-0.0
500 1000 1500 2000 2500 3000

Wavelength (nm)

Figure 1: Standard solar spectra [20]

The standard spectrum outside the earth's atmosphere is called AM 0, because at no stage does
the light pass through the atmosphere. This spectrum is typically used to predict the expected
performance of cells in space. The AM 1.5 Global (AM 1.5 G) is the standard spectrum at the
earth's surface and includes both direct and diffuse radiation. The intensity of AM 1.5 Direct
(AM 1.5 D) radiation can be approximated by reducing the AM 0 spectrum by 28 %. The global
spectrum is 10 % higher than the direct spectrum. These calculations give approximately 970

W/m? for AM 1.5 G. However, the standard AM 1.5 G spectrum has been normalized to give

7



1000 W/m? (100 mW/cm?) due to the convenience of the round number and the fact that there

are inherently variations in incident solar radiation.



CHAPTER 2
THEORETICAL BACKGROUND AND LITERATURE REVIEW
This chapter presents the theoretical background of polymer solar cells and the literature

review.

21 THEORETICAL BACKGROUND OF PSC

The operational physics of PSCs provides the foundation for device improvement through
molecular design. In a typical PSC, light absorption creates strongly bound excitons (electron-
hole pairs) [21]. The strongly bound excitons exist because of the low dielectric constants in
the organic components, which are insufficient to affect direct electron-hole dissociation as is
found in the high dielectric inorganic counterparts [22, 23]. In PSCs, exciton dissociation
occurs almost exclusively at the interface between two materials of differing electrons affinities
and ionization potentials (the electron donor and the electron acceptor). The selection of an
appropriate donor-acceptor (D-A) pair and good device architecture is important if an effective
photocurrent is to be generated. PSCs have a planar-layered structure in which the organic light

absorbing layer is sandwiched between two different electrodes.

In PSCs the conversion of the incident solar radiation to an electric current is essentially

through the following step:

(i) the absorption of the incident photons,

(if) the generation of the excitons,

(iii) the dissociation of excitons into free charge carriers,
(iv) the transport of free charges and

(v) charge collection at the electrodes.



All the five mentioned steps are potential targets for researchers seeking to improve the
performances of the PSCs. When light is absorbed in a PSC, an electron is promoted from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), forming an exciton. Absorption efficiency mainly depends upon the absorption
spectra of the organic materials used. However, the design of the devices, such as the
photoactive layer film thickness also has a role to play in the capture process. The dissociation
of excitons into free charges depends on the properties of the donor and the acceptor. The
asymmetrical ionization energy and difference in work function of the electrodes creates an
electric field. This asymmetry is the reason why electron flow is more favoured in the direction
from the lower work-function electrode to the higher work-function electrode (forward bias).
The fourth step is the transport of the free charges through the sample and their collection at
the electrodes. The electrons must reach one electrode while the holes must reach the other
electrode. The final step is crucial because organic film structures are generally amorphous and

disordered and consequently charge recombination is strongly favoured.

PSCs convert light directly into electricity without the costs associated with the generation of
electric power. Furthermore, PSCs require little maintenance and are reliable because they have
no moving parts. PSCs are environmentally friendly, renewable and they contribute to the
reduction of the carbon dioxide emission associated with fossil fuels and biomass. PSCs have
a high potential of dominating the energy market due to their low production cost, flexibility
and light weight [25]. The photoactive layer of PSCs can be processed from solution in a single

step by using simple techniques such as spin-coating and screen-printing [26].

The state of art in PSCs is currently represented by BHJ solar cells which are based on poly (3-

hexylthiophene) (P3HT) and the fullerene derivative (6,6)-phenyl-Ce1-butyric acid methyl
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ester (PCBM) with reproducible efficiencies approaching 5% [27]. An understanding of the
electronic interactions between the polymeric donors and the fullerene acceptors as well as the
complex interplay of device architecture and morphology is necessary to attain high efficient
PSCs. Two main approaches have been explored in an effort to develop viable PSC devices.
These are the bulk hetero-junction (BHJ) and the planar hetero-junction (PHJ) as shown in

Figure 2.
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Figure 2: Schematic diagrams of PHJ (left) and BHJ (right) PSCs [28]

In PHJ, two organic materials are deposited one on top of the other. The disadvantage of PHJ
devices is that the active layer is limited by the exciton diffusion length which is less than 20
nm. Consequently, only the excitons formed within a narrow region adjacent to the

donor/acceptor interface can be separated into free charge carriers.

The BHJ is where the donor and acceptor materials are intimately blended throughout the bulk
[29-32]. In this way, excitons do not need to travel long distances to reach the donor acceptor
interface and charge separation can take place throughout the whole depth of the active layer.
Thus every absorbed photon in the photoactive layer can potentially contribute to the
photocurrent. The basic operating principle of a BHJ device relies on the characteristics of
phase-separated structures in the photoactive layer consisting of electron donors and acceptor

components. The light incident upon the BHJ photoactive layer where the donor and the
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acceptor components are segregated into phase-separated domains gives rise to the formation
of excitons that must diffuse to the DA interface, where the electron—hole charge dissociation
occurs [33]. The dissociated electrons and holes move through the percolated domains toward
their corresponding electrodes, ultimately accomplishing the power conversion from solar
energy into electric energy [34]. The morphology of the photoactive layer is a critical factor to
be optimized for BHJ device performance [35, 36]. The thickness of the photoactive layer is
also an important factor in the absorption of light and thus exciton generation inside the layer
[37-39]. The fundamental physical processes in a BHJ device are schematically represented in

an energetic diagram as depicted in Figure 3.
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Figure 3: The working principle of BHJ PSC

Light enters the cell through the transparent anode and is absorbed in the BHJ layer. This is
followed by excitons generation (1). The excitons diffuse in the BHJ until they either
recombine or reach a donor-acceptor interface (2), where they separate into electrons (black)
and holes (white). The electrons and holes will then move to the respective anode and cathode,

through the donor and acceptor material phase (3).
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2.2 GENERAL PARAMETERS OF A SOLAR CELL

The electrical performance of a polymer solar cell is characterized by short-circuit current
density (Jsc) often simply noted as short circuit current (lsc), open-circuit voltage (Voc) and fill-
factor (FF). The open circuit voltage, the short circuit current and the maximum power point

are derived from the plotted current density—voltage (J-V) curve as shown in Figure 4.

Vmax .
//

\] max

Js

Pmax

Liaht

Figure 4: The typical current density—voltage (J-V) characteristics of a PSC

2.2.1 Open circuit voltage (Voc)

Open circuit voltage is the maximum possible voltage across a photovoltaic cell. This is the
voltage across the cell in sunlight when no current is flowing. Open circuit voltage is mostly
determined by the electronic structure of the photovoltaic device. The difference between the
lowest unoccupied molecular orbital (LUMO) of acceptors and the highest occupied molecular
orbital (HOMO) of donor is the main reason for the open circuit voltage. The value of the open

circuit voltage for a PSC is expressed by the empirical equation (4).
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Here q is the elementary charge =1.60217662x10*° C and 0.3 eV is the result from the
temperature dependence of the quasi-Fermi-levels in the polymer and fullerene domains a

conclusion based upon the fundamental statistics of fermions.

2.2.2 Short circuit current density (Jsc)
An illuminated solar cell can take the place of a battery or a current generator in a simple
electric circuit. The short circuit current (lsc) is the current through the cell when the voltage

across the solar cell is zero. The I is given by equation (5).

Iy = fQE(E)n(w)dE )

Here QE is the quantum efficiency and n(w) is the solar flux of photons with energy E given
by Planck’s equation. QE is a material constant and is defined as the probability for an incident
photon to generate an electron at the external circuit. Generally, QE depends on the absorption
coefficient, the efficiency of charge separation and the efficiency of charge collection. Since
the Isc is roughly proportional to the area of the solar cell, the short circuit current density (Jsc

= Isc/A) is often used for solar cell characterization.

2.2.3  Maximum power point (Pmax)
Power (P) is the product of current and voltage. The maximum power point is the point on the
J-V curve where the area of the resulting rectangle is largest. The maximum power point is the

product of maximum current density (Jmax) and maximum voltage (Vmax):

Prax = JmaxVmax (6)

2.2.4 Fill factor (FF)
Fill factor (FF) is another important parameter that needs to be optimized to obtain a highly

efficient solar cell. FF is a measure of the square-ness of the current-voltage curve of a solar
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cell under light. FF is the ratio of a photovoltaic cell’s actual maximum power output to its
theoretical power output if both current and voltage are at their maxima as given by equation
(7).

_ JmaxVmax
FF = JscVoc (7)

2.2.5 Power conversion efficiency ()

PCE measures the amount of power produced by a solar cell relative to the power available in
the incident solar radiation (Pinc). Incident solar radiation in this case is the sum over all
wavelengths and is taken to be 100 mW/cm? when solar simulators are used. The power
conversion efficiency (i) of a PSC is defined as the ratio of maximum power (Pmax) to the
incident power which is converted to electricity. The power conversion efficiency (7) is given

by equation (8).

n = ®)

Pinc

Substituting equations (6) and (7) into equation (8) gives

T] — Pmax — ]mameax — FF]SCVOC (9)

Pinc Pinc Pinc

Thus, the device power conversion efficiency () can be enhanced by implementing fabrication

procedures that increase Jsc, Voc and FF.

2.3 THE MATERIALS OF THE PSCs

2.3.1 Regio-regular poly(3-hexylthiophene) (rr-P3HT)

Rr-P3HT is the most extensively studied conducting polymer. This is not only due to its ease
of processing from solution and the fact that it is widely available but also due to its highly

crystalline microstructure that gives rise to its promising electrical properties. It has been
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shown that a systematic improvement in charge carrier mobility can be obtained by maximizing
the regioregularity and the molecular weight of the polymer. The effect of increased
regioregularity is to avoid out-of-plane twists along the backbone of the polymer, as monomers
in a head to head orientation experience steric repulsions between adjacent alkyl groups. This
disrupts the planarity of the molecule, decreasing the effective conjugation length of the
polymer, as can be seen in the hypsochromatic shifts in optical absorbance as the region-
regularity decreases [40]. This in turn reduces the efficiency of charge hopping. P3HT with a
head to tail region-regularity in excess of 96 % has been shown to exhibit charge carrier

mobility of up to 0.1 cm?/Vs under inert atmospheric conditions [41].

The HOMO energy level of P3HT is 4.6 eV from the vacuum energy level as a consequence
of the electron-rich, n-conjugated, highly planar aromatic backbone that has electron-donating
alkyl side chains. P3HT self-organizes into a microcrystalline structure and because of efficient
inter-chain transport of charge carriers, the hole mobility in P3HT goes up to approximately
0.1 cm?/Vs. Moreover, in thin films, inter-chain interactions cause a red shift of the optical

absorption of P3HT, which provides an improved overlap with the solar emission [42].

2.3.2 (6,6)-phenyl Ceso butyric acid methyl ester (PCBM)

PCBM is extensively used as the electron accepting component in polymer solar cells. PCBM
is a Cgo fullerene derivative with an electron mobility of 2x10 cm?/Vs. The LUMO of PCBM,
which is a critical parameter for electron transfer, varies in range from 3.7 eV to 4.3 eV. The

Ceo molecule HOMO-LUMO optical gap is reported to be 1.9 eV [43].
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The chemical structure of P3HT and PCBM is shown in Figure 5.

P3HT

Figure 5: Chemical structure of P3HT and PCBM [43].

2.3.3 3, 4-polyethylenedioxythiophene-polystyrenesulfonate (PEDOT:PSS)

PEDOT:PSS is a polymer mixture of two ionomers; a poly-edot called poly-ethylene-
dioxythiophene (PEDOT) and sulfonated polystyrene known as poly(styrenesulfonate) (PSS).
PEDOT carries positive charges while PSS carries negative charge. Together, the charged
molecules form a macromolecular salt that is dissolved in polar solvents (usually water). The
molecular structure of PEDOTPSS is shown in Figure 6. This conductive polymer has many
properties that are useful if applied in organic solar cells. Firstly, a PEDOT:PSS thin film is a
good hole transporting layer. PEDOT:PSS has work function between 4.9 eV and 5.2 eV that
matches the HOMO level of P3HT. PEDOT has excellent transmission in the visible light
region, good electrical conductivity of about 300 S/cm and is environmentally stable. A water
dispersion of PEDOT doped with PSS is commercially available from many suppliers under
the trade name of Baytron P. It has been observed that the deposition of a thin layer of
PEDOT:PSS on an ITO surface increases the power conversion efficiency of many organic
devices and also increases the lifetime of these devices. Furthermore, the PEDOT:PSS layer
acts as a physical barrier against the many defect sites known to be present in the ITO thin

films [44].
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PEDOT:PSS improves the quality of the ITO electrode and aid hole (positive charge carrier)

extraction from the active film. Figure 6 shows the chemical structure of PEDOT:PSS.

O=§=O 0=5=0

o) OH

Figure 6: Molecular structure of PEDOT:PSS [45].

2.3.4 Squarylium dye 111 (SQ3)

SQ3 is an organic dye with molecular formula C20H20N202. The chemical structure of SQ3 is
shown in Figure 7. SQ3 belongs to guaiazulenyl-derived squaraine dyes. The band gap of SQ3
is approximately 1.7 eV, with HOMO approximately 5.3 eV [46]. The chemistry of squaraines
is well investigated and has been documented by Sreejith, Carol, Chithra and Ajayaghosh [47].
Squaraines are the main product of the condensation of electron-rich aromatics with squaric
acid, a reaction that obeys the rules of aromatic electrophilic substitution. The efficient
synthesis of squaraines relies on an optimal electron richness of the aromatic substrate and on
the capability of the latter to stabilize partial positive charge. squaraines belong to the class of
polymethyne dyes with resonance-stabilized zwitterionic (an ion with both a positive and
negative charge) structures. They are structurally flat, highly conjugated organic molecules,
which are expected to stack very closely in crystals and allow for fast charge transport through
overlapping p-orbitals. Squaraine molecules typically consist of an electron deficient central

four-membered ring and two electron-donating groups in a donor—acceptor—donor (DAD)
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formation. This configuration enables the transport of holes via the acceptor, and electrons via
the donor groups. The squaraines are known to absorb over the whole visible and near infrared
spectrum due to the small band-gap energy which is approximately 1.2 eV. This makes them
particularly interesting for photovoltaic and light-sensing applications. The narrow band-gap
of squaraines is also expected to facilitate ambipolar injection from a single electrode material

with suitable work function [48, 49]. Figure 7 shows the molecular structure of SQS3.
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Figure 7: Molecular structure of SQ3 [50].

2.3.5 Indium Tin Oxide (ITO)

ITO is a transparent conductive material. It is a mixture of indium oxide (In.Oz) and tin oxide
(SnOy) typically in the ratio of 9:1 respectively. ITO is used as the anode in the PSCs because
of its electrical conductivity and optical transparency. ITO thin films have low resistivity due
to the large free carrier density, which is in the range of 10%° /cm?® to 102! /cm®. Thin films of
ITO can be deposited on flexible substrates such as metal foils and polymers by electron beam
evaporation, sputtering or spin processes at both low and high substrate temperatures. The work

function of ITO is between 4.4 eV and 5.14 eV [51].
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2.3.6  Aluminium (Al)
Aluminium is used in PSCs because it is lightweight, corrosion resistant, and easy to install.
Aluminium is a good conductor of heat and electricity, has high reflectivity and is fully

recyclable [52].

2.4  LITERATURE REVIEW

The first publication on the photovoltaic effect is attributed to the French scientist Becquerel
[53-55]. In 1839, Becquerel measured a small electric current through a liquid when
illuminating one of the two platinum rods immersed in it. Bell Laboratories scientists Chapin,
Fuller and Pearson in 1954 developed a silicon photovoltaic cell and this led to the first
commercial application of photovoltaic solar cells [56]. However, due to the high production
cost, the main market for solar cells was for space applications and for power satellites. Much
progress was made in the following 25 years. At present laboratory efficiency of over 24 % for
mono-crystalline and over 19 % for multi-crystalline bulk silicone cells has been reported [57].
However, this conversion efficiency is reduced when industrial processing is involved. Putting
several cells in a series connection to fabricate modules also lowers the overall efficiency.
The interplay of production cost and achieved energy conversion efficiency determines the
overall cost of electricity produced by photovoltaic systems. This has led to a new type of
photovoltaic solar cells based on organic materials incorporated in the active layer of the PV
cell. Organic PVs focus on low cost solar cell devices. The high absorption coefficient of
organic materials yields low thin films below one micrometre (1 um) in thickness which can
strongly reduce material cost. This has led to mechanical flexibility and very light devices.
Organic materials have high potential for chemical modification and are thus suitable for low
cost processing using solution based techniques such as spine coating and screen printing. By
1950, small conjugated molecules like anthracene were already being used for light emitting

diode (LED) fabrication [58]. However, the requirement of high operating voltage of over
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400V was prohibiting large commercial interest. This problem was addressed by Tang, Slyke
and Chen who introduced a bi-layer hetero-junction of conjugated small molecules sandwiched
between appropriate charge injecting contacts and this reduced the operating voltage to 10 V
[59]. The first organic solar cells were based on an active layer made of a single material
sandwiched between two electrodes of different work functions. The single layer organic solar
cells had power conversion efficiencies of far below 1 % for the solar spectrum [60]. In 1977
Shirakawa, MacDiarmid and Heeger reported that polymer polyacetelene could be made highly
conductive upon oxidation with chlorine, bromide or iodine vapour [61, 62]. Thereafter, new
organic conjugated polymers such as polyaniline and PEDOT that can be made highly
conductive were developed [63-65]. Another realization was the synthesis in the mid 1980’s of
macromolecule buckministerfullerene (Ceo) as a new allotrope of carbon besides diamond and
graphite [66, 67]. Small conjugated polymers like polythiophene have since the late 1980s been

extensively studied [68, 69].

The field of organic PV was triggered in 1992 when it was discovered that ultrafast photo-
induced electron transfer occurs from conjugated polymer to buckminsterfullerene (Ceo) [70].
A major breakthrough in solar cell performance came in 1986 when Tang discovered that
efficiencies of about 1 % can be attained when an electron donor (D) and electron acceptor (A)
are brought together in one cell [71]. This donor-acceptor (DA) hetero-junction concept is at
the heart of all three types of organic photovoltaic (OPV) cells that currently exist: dye-
sensitized solar cells, planar organic semiconductor cells and bulk hetero-junction (BHJ) cells
[72-76]. BHJ solar cells based on P3HT (which forms the hole-transport network) and PCBM
(which forms the electron-transport network) are the most important investigations and studies
are under way for improving their power conversion efficiency [77]. These devices offer
considerable promise for use in new solar energy technologies due to their flexible material

properties and the potential for low-cost manufacture [78]. The reported efficiencies for organic
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solar cells have risen sharply, from the rather modest 1 % in the first BHJ device in 1995 to

about 5 % in 2010 [79].

The dye sensitized solar cell (DSC) was originally co-invented in 1988 by O’Regan and Grétzel
at the Ecole Polytechnique Federale de Lausanne [80]. Incorporation of dye molecules in some
wide band-gap semiconductor electrodes was a key factor in developing the DSC. In the DSC,
charge separation is accomplished by kinetic competition like in photosynthesis leading to
photovoltaic action. It has been shown that DSC is promising class of low cost and moderate
efficiency solar cell based on organic materials [81]. In fact, in semiconductor p-n junction
solar cells, charge separation is taken care by the junction built in electric field, while in DSCs
charge separation is by kinetic competition as in photosynthesis [82]. The organic dye
monolayer in the photo-electrochemical or DSC replaces light absorbing pigments
(chlorophylls), the wide band-gap nanostructured semiconductor layer replaces oxidized
dihydro-nicotinamide-adenine-dinucleotide phosphate (NADPH), and carbon dioxide acts as
the electron acceptor. Moreover, the electrolyte replaces the water while oxygen acts as the
electron donor and oxidation product [83]. The overall cell efficiency of the DSC is found to
be proportional to the electron injection efficiency in the wide band-gap nanostructured
semiconductors. This finding has encouraged researchers over the past decade. Therefore,
ZnO2 nanowires have been developed to replace both porous and TiO2 nanoparticle based solar
cells [84]. Also, metal complex and novel man made sensitizers have been proposed [85].
However, processing and synthesization of these sensitizers are complicated and costly
processes [86]. Development or extraction of photosensitizers with absorption range extended
to the near infrared is greatly desired. Natural dye extracts provide non-toxic and low cost dye
sources with high absorbance level of ultraviolet (UV), visible (Vis) and near infrared (NIR).
Examples of such dye sources are Bahraini Henna and Bahraini raspberries [87]. SQ3 is an

organic dye characterized by an aromatic four-membered ring system derived from squaric
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acid. The squarylium dyes have been used as near-infrared absorbers and photoconductive

materials in DSC.

In 2003, P3HT:PCBM cells with 3.5 % efficiency were reported, and in 2007 multiple groups
reported efficiencies of 4.5 % with this material combination [88]. One of the reasons for
decreasing organic solar cells efficiency in comparison with their inorganic counterparts is that
the spectral range of the optical absorption of the conducting polymers is relatively narrow
compared to the solar spectrum, where the limitation in light absorption across the solar
spectrum limits the photocurrent of the solar cells [89]. In 2010, Ismail, Soga and Jimbo studied
the effect of addition of a dye molecule in light harvesting and photocurrent of P3HT:PCBM
solar cells [90]. They studied the effect of Coumarin 6 (C6) dye on light harvesting and
photocurrent of the P3HT:PCBM solar cell. They found that the contribution of the C6 dye in
light harvesting of the P3HT:PCBM solar cell occurs by increasing the dye concentration in
the blends under the effect of thermal annealing at 140 °C. The absorption of the C6 increased

with increasing its concentration in the blend.

Morphology optimization and improving the electrical interfaces have been shown to be crucial
for PSC device efficiencies. Intensive engineering and improvement of the contacts has pushed
up the power efficiency over 3 % [91]. Morphology manipulation of the photoactive layer is
thus a key point for improving the device performance of polymer solar cells [92-94]. The
nanoscale morphology of P3HT:PCBM is influenced by the spin casting solvent, the ratio of
P3HT to PCBM and the solution concentration. The choice of solvent is important for obtaining
good morphology of thin films as well as for efficiency and stability of the photovoltaic device
[95]. Several solvents such as xylene, toluene, chloroform, chlorobenzene and 1, 2
dichlorobenzene have already been investigated in this respect. The thin films should be free

from pinholes, kinks and overlapping chains. Thermal annealing is a possible approach to
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enhancing the photon absorbance, improving the short circuit current and the fill factor.
Optimizing the annealing temperature of the P3HT:PCBM film will also enhance the power
conversion efficiency. During annealing, crystal growth and crystal perfection of both
components occur, which increases charge transport capability. However, annealing at
temperatures higher than 160 °C forces aggregation of both P3HT and PCBM. This results in
large scale phase separation in the composite film [96]. Thus, accurate control of the annealing

temperature is essential in order to gain high performance devices.
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CHAPTER 3
EXPERIMENTAL METHOD
This chapter explains the different experiments that were carried out in the research. It also
outlines the procedures carried out for morphological and electrical characterization of thin

films.

3.1 POLYMER SOLAR CELL FABRICATION

In the present work, PEDOT:PSS was spin-coated as a buffer layer on the pre-cleaned ITO
glass substrates and then annealed at 150 °C for 10 minutes. Then the active layer
(P3HT:SQ3:PCBM) was spin-coated on top of the PEDOT:PSS layer. Finally, an Al layer with
a thickness of about 80 nm was deposited by using evaporation beam. The PSC device
structure is shown in Figure 8. It consisted of glass coated ITO as the top electrode, photoactive

layer consisting of P3HT:SQ3:PCBM and an Al bottom electrode.
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RER.

Glass
ITO
PEDOT:PSS
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Figure 8: The device structure of polymer solar cell.

The specific method used to deposit each of the materials is described in the following sections:
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3.1.1 Conditioning and cleaning of ITO coated glass

ITO coated on a 25 mm x 35 mm x 1.1 mm glass substrate with a sheet resistance between 10
Ohms/square (/o) and 15 Q/o was purchased from Hallo Chemicals Pharmaceutical Import
and Export Limited. The ITO coated glass substrates were cut into pieces of 1 cm? size and
cleaned by an Ultrasonic Cleaner. The ITO substrate was cleaned sequentially in methanol,
acetone, trichloroethylene, acetone, ethanol and de-ionized water. The cleaned ITO coated

glass was dried using a stream of gaseous nitrogen.

3.1.2 PEDOT:PSS deposition

The PEDOT:PSS thin film was deposited using the spin coating technique. Spin coating is a
procedure used to apply uniform thin films to flat substrates. An excess amount of solvent is
placed on the substrate, which is rotated at high speed in order to spread the fluid by centrifugal
force. Rotation is continued while the fluid spins off the edges of the substrate, until a desired
thickness of the film is achieved. The higher the angular speed of spinning, the thinner the film
will be. The thickness of the film also depends on the concentration of the solution and the
solvent used. Five drops of the PEDOT:PSS dispersion (Baytron® P VP Al 4083; H.C. Starck,
from Hella Chemicals Pharmaceutical Import and Export Limited) solution were dropped onto
the clean ITO glass substrates using a pipette. Vacuum hold down is engaged from the side
mounted control of the spin coater. The PEDOT:PSS was deposited on the ITO coated glass
substrate with two stages of spin, 500 rpm for 10 seconds and 1000 rpm for 30 seconds
respectively. The thin films prepared were put on a 130 °C hot plate for 10 minutes to remove

water from the blends.

3.1.3 P3HT:SQ3: PCBM deposition
These materials were used as received without further purification. The required amount of
powder was weighed using a micro-scale in small vials. The powders were mixed and dissolved

in chloroform solvents using disposable pipettes. The desired concentrations of the polymer,
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fullerene and dye solutions were between 10 mg/ml and 20 mg/ml. P3HT:SQ3:PCBM was
deposited on top of PEDOT:PSS film using the spin coating technique. The thin film was spin

coated at 500 rpm for 10 seconds and 1000 rpm for 30 seconds.

3.1.4 Aluminium electrode deposition

The Varian High-Vacuum Electron Beam Evaporator-3117 (Materials Research Department,
iThemba LABS, South Africa) was used to deposit the aluminium electrode. The Varian High-
Vacuum Electron Beam Evaporator was pre-set to deposit 80 nm thicknesses using a high
purity (99.99%) Al target placed into an intermetallic crucible liner. The instrument

automatically sets the deposition rate, current and pressure as shown in Table 1.

Table 1: Evaporation beam deposition of 80 nm thick Aluminium.
Deposition rate Current Pressure Al thickness
(nml/s) (mA) (mBar) (nm)
0.30 120 2x10° 80
0.48 100 1x10° 80
0.60 130 2x10° 80
0.48 130 2x10° 80

3.2 CHARACTERIZATION OF THIN FILMS

3.2.1 Absorbance characteristics

Absorbance measurements of the prepared thin films were carried out using the Perkin Elmer
Lambda 19 UV-Vis-NIR spectrometer (UNZA, Department of Physics). This spectrometer is
used for optical absorbance and reflectance measurements in the wavelength range from 175
nm to 3300 nm. The project focused on the absorbance measurements because the first phase

of photovoltaic conversion is the absorbance of light.
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Regioregular P3HT, PCBM and Squarylium dye 111 (SQ3) were used as purchased from Hallo
Chemicals Pharmaceutical Import and Export Limited without further purification. To study
the effect of different amounts of SQ3 dye on the absorbance of P3HT:PCBM, 2 mg P3HT was
blended with 2 mg PCBM and the mixture dissolved in 4 ml of chloroform. Then different
amounts of SQ3 were added to the blend as shown in Table 2. The mixture was left overnight

under magnetic stirring to maximize the mixing of the solution.

Table 2: P3HT:SQ3:PCBM blend ratios dissolved in 4.0 mL of chloroform.
SAMPLE P3HT (mg) PCBM (mg) | SQ3 (mg)
A 2.0 2.0 0.0
B 2.0 2.0 1.0
C 2.0 2.0 1.5
D 2.0 2.0 2.0

3.2.2 Surface morphological studies

Different thin films of P3HT:PCBM and P3HT:SQ3:PCBM were prepared. Veeco Nanoman
AFM (Materials Research Department, iThemba LABS) was used to study the surface
morphology of annealed and non-annealed prepared thin films. The major hardware
components of the equipment are the scanner, with a closed (x-y) feedback loop which provides
optimum positioning accuracy and the nano-scope controller which optionally incorporates a
scanning tunnelling microscope. The Veeco Nanoman AFM also has an acoustic vibration
isolation hood which not only shields the samples from atmospheric contaminants during
imaging but is also an essential requirement for control of the ambient humidity during the
local anodic oxidation process. The most important portion of the software components of the
equipment is the lithography Nanoman software which guides the tip movement during the

lithographic steps.
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3.2.3 Thin film thickness measurements

The thin film thickness was measured using a Tencor Alpha-step Profilometer and Veeco
Nanoman Atomic Force Microscope (AFM). 20 mg/mL P3HT: PCBM thin films in chloroform
were prepared at different spin speeds as shown in Table 3. The film is scratched with a needle
head to remove the active layer and to form a step. Then a surface profilometer or an AFM was

used to measure the step height.

Table 3: 20 mg/mL P3HT: PCBM thin films in chloroform as a solvent.
P3HT:PCBM Spin Speed
Sample (rpm)
A 1200
B 1400
C 1600
D 2000

3.2.4 Thermal annealing studies
To study the effect of thermal annealing, thin films of P3HT:PCBM and P3HT:SQ3:PCBM
were prepared on cleaned glass substrates. A hotplate was used to anneal thin films at 100 °C,

120 °C and 140 °C. Annealing time was 10 minutes for each selected temperature.

3.2.5 Electrical characteristics

The current density-voltage (J-V) characteristics were measured with the Keithley 2420
measurement unit and solar simulator shown in figure 9. The unit comprised of Keithley model
2420 source meter, a Keithley KPCI-488 IEEE-488 interface, a source illumination (AM 1.5
G), atemperature-controlled hold down chuck/test fixture, Keithley 7007-x IEEE-488 interface
cable and test leads (4-wire) as well as 2-point adjustable contact probes. The simulator

provides AM 1.5 solar irradiance with an intensity of 1 sun (100 mW/cm?). The solar simulator
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is to provide a controllable indoor test facility under laboratory conditions, used for the testing

of solar cells.

Solar Simulator/

/ PV Cell
Model 2420
PC || 5ourceMeter "'_"_
GPIB bus Test Leads Cooled isothermal

hold-down block

Figure 9: Keithley 2420 measurement unit.

The solar simulator provided 1 sun illumination (100 mW/cm?) for the cell while a cooled,
vacuum hold-down chuck, secures the cell and provides isothermal test conditions. The devices
were illuminated through the ITO side. The working cell area was 0.8 cm? defined by the
aluminium back electrode. The data collected at the end of the measurement was stored into

text files for further analysis.
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CHAPTER 4
RESULTS AND DISCUSSION
This chapter presents the results and discussion of the experiments which have been carried

out in the laboratory during this project.

4.1 ABSORPTION CHARACTERIZATION OF ACTIVE MATERIALS

The spectral range of the optical absorption compared to the solar spectrum and absorption
wavelength are the factors that affect the total number of absorbed photons by a solar cell active
layer. The number of absorbed photons and the generated photocurrent in a solar cell increase
when the absorption range and absorption peak value increase for the solar cell active layer.
The absorption spectra of the active layer materials (P3HT, PCBM and SQ3 dye) compared to

the standard solar illumination (AM 1.5 radiation) are shown in Figurel0.
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Figure 10:  Absorption spectra for spin coated P3HT, PCBM and SQ3 dye thin films

compared with the standard AM 1.5 solar spectrum.

Pure P3HT film showed peak absorbance at 511 nm with shoulders at 547 nm and 607 nm.
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These three bands can be attributed to the pi to pi* (n-n*) transition of region-regular P3HT
[97]. The pi to pi* transition is the promotion of electrons from a pi bonding molecular orbital
(m) to a pi anti-bonding molecular orbital (7*). SQ3 showed peak absorbance at 627 nm. The
number of photons absorbed in a solar cell active layer increases when the active layer absorbs
in the red or near infra-red region of the solar spectrum, where there is the largest number of
visible light photons. This is important because PSC converts visible light photons to

electricity.

42 EFFECT OF SQ3 ON ABSORPTION
The contribution of SQ3 dye in light harvesting of P3HT:PCBM solar cell active layer was also

evaluated by varying the concentration of SQ3 dye as reported in Table 4.

Table 4: Effect of SQ3 concentration on absorbance of P3HT:PCBM.
Increasing the SQ3 content in the P3HT:PCBM blend increases light harvesting through the
. SQ3 mass | PCBM mass P3HT mass SQ3 weight .
increase n

(mg) (mg) (mg) (%)
2 20 20 4.76
4 20 20 9.09
6 20 20 13.04
8 20 20 16.67

absorbance and broadening of the absorption range as shown in Figure 11. Thus, the total
number of photons absorbed by the solar cell active layer increases when SQ3 dye is added to
the P3HT:PCBM blend. SQ3 raised the light harvesting of the P3HT:PCBM blend by
appearing as a donor material and increased the site for exciton dissociation in the blend. This
is because the HOMO of SQ3 is located in-between the HOMOs of P3HT and PCBM, with a

similar situation for the LUMO) levels.
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Figure 11:  Absorbance spectra of pristine P3HT:PCBM (black) and P3HT:SQ3:PCBM

blend films.

Consequently the initial excitation leads to two possible routes for current generation: (i) photo
induced charge transfer between P3HT and PCBM, (ii) Forster resonance energy transfer
( FRET) excitation of P3HT to SQ3 followed by charge dissociation. FRET is a non-radiative
energy transfer process that acts through long range dipole-dipole interaction between donor
and acceptor molecules. The strength of this interaction is dependent on the overlap of the
donor emission (P3HT) and the acceptor absorption (SQ3). However, there is a decrease in
absorbance when the concentration of SQ3 was 16.67 %. The decrease may be attributed to
the disturbed interpenetrating network between P3HT and PCBM with the relative decrease in
the P3HT:PCBM content with the high concentration of SQ3, which hinders charge

transportation.

43 EFFECT OF THERMAL ANNEALING
The UV-Vis absorption spectrometer was used to study the effect of thermal annealing on

spin coated P3HT:PCBM thin films and the results are shown in Figure 13. The untreated thin
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film showed a peak absorbance of 0.30 and peak absorption wavelength is at 501 nm with

shoulders at 545 nm and at 597 nm.
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Figure 12:  Effect of thermal annealing on spin coated P3HT:PCBM thin films.

Table 5: Effect of increasing thermal annealing temperature on peak absorbance.
Thermal annealing Peak absorbance
temperature (°C) (a.u)
100 0.31
120 0.32
140 0.36

Table 5 is derived from Figure 12 and shows how the peak absorbance increased with an
increase in thermal annealing. It is deduced that the annealing at 100 °C increased peak
absorbance from 0.30 to 0.31 arbitrary units (a.u) while annealing at 140°C increased peak
absorbance to 0.36 a.u. Thin films treated at 140°C show a red shift of peak absorption

wavelength from 501 nm to 510 nm and the shoulders shift to 604 nm. Annealing at a
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temperature greater than the glass transition temperature (Tg) of P3HT allowed the polymer
chains to reorganize and the fullerene molecules to freely diffuse into the composite and reorder
in a more thermodynamically favourable way. The glass transition temperature of P3HT has
been reported to be between 110 °C to 125 °C [98]. The annealing time for all the above
temperatures was 10 minutes. The red shift is ascribed to increased inter-chain interaction
among the P3HT chains arising from annealing. Therefore, annealing lowered the band-gap
and increased the optical n-* transition, which is an indication of the formation of crystallites

[99].

4.4 MORPHOLOGY STUDIES

In order to investigate the surface morphologies of the fabricated films, the variation in the
surface roughness of the film was monitored by means of the atomic force microscope (AFM).
ITO coated glass was used as received while PEDOT:PSS was spin-coated on cleaned glass at
1000 rpm and a concentration of 20 mg/ml P3HT:PCBM was spin coated from a chloroform
solution at 1400 rpm. Root mean square roughness (Rrms) was obtained from the Nanoscope
AFM imaging software. Rrms is a representation of surface roughness. Rims is the root mean
square average of the profile height deviations from the mean line, recorded within the

evaluation length. The Rrms is given by equation (10).

Rrms = /%fOLZ(x)Z dx (10)

Here, L is the evaluation length and Z(x) is the profile height function.

AFM was used to study the surface morphology of ITO, PEDOT:PSS and P3HT:PCBM on

glass substrates. The results are as shown in Figure 13.
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Figure 13:  AFM images (3 um x 3 um) of ITO coated glass (a, b), PEDOT: PSS (c, d) and
P3HT:PCBM (g,f).

The corresponding values of Rrms 0f the AFM images of figure 13 are derived from the AFM
imaging software and are tabulated in table 6. From Table 6, P3HT:PCBM had a rougher

surface compared to PEDOT:PSS and ITO respectively.

Table 6: Root mean square roughness of AFM images of Figure 13.
(@) and (b) (c) and (d) (e) and (f)
Rrms (nm) 1.94 8.03 22.7
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To study the effect of SQ3 on the morphology of P3HT:PCBM active layer, AFM images were
taken on P3HT:PCBM blend films with and without SQ3 as shown in Figure 14. The AFM

height images of Figure 14 show the P3HT:PCBM blend films with and without SQ3.

BBl 300.00m RIS 3000n

r i
00 1: Height 50um

Figure 14: 2 Dimension AFM images (5um x 5um) of P3HT:PCBM (a) and
PCBM:SQ3:PCBM (b), 3 Dimension AFM images (5um X 5um) of
P3HT:PCBM (c) and PCBM:SQ3:PCBM (d).

Pristine P3HT:PCBM blend film show a smooth surface while P3HT:SQ3:PCBM blend film

shows a much rougher one. The root-mean-square roughness (Rrms) values of the
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P3HT:PCBM and P3HT:SQ3:PCBM films are 1.54 nm and 2.41 nm at the 5 um % 5 um scan

size, respectively as shown on the Nanoscope AMF scan images.

Figure 15 shows the AFM images used to study the combined effect of thermal annealing and
the SQ3 to the morphology of the P3HT: PCBM active layer.

10,0 m

o 10,0 m
- :

0.0 nm

Figure 15  AFM (5 nm x 5 nm) images of P3HT: PCBM blend films of (a) without SQ3
additive, (b) without SQ3 additive and with thermal annealing (c) with the
additive of SQ3 (d) with the additive of SQ3 and with thermal annealing.

The effect of SQ3 and annealing on the Rrms values of P3HT:PCBM is reported in table 7.

Table 7: Effect of SQ3 and annealing on Rims values of P3HT:PCBM.
AFM image COMPOSITION ANNEALED Rrms
(140 °C) (nm)
(@) P3HT: PCBM NO 0.38
(b) P3HT:PCBM YES 0.75
(c) P3HT:SQ3: PCBM NO 0.91
(d) P3HT:SQ3: PCBM YES 0.80
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Table 7 is a summary of Rims values of the AFM images of Figure 15. In Figure 15, image (a)
is the control and has Rrms = 0.38 nm. Annealing image (a) at 140 °C for 10 minutes increased
Rrms t0 0.75 nm as shown by image (b). This increase in roughness is associated with the
increased order in the P3HT phase after annealing at 140 °C. The addition of SQ3 to
P3HT:PCBM increased Rrms from 0.38 nm to 0.91 nm as image (c) shows. Image (c) also shows
a much coarser texture with broad hill-like features compared to the other films. However, the
addition of SQ3 to P3HT:PCBM and annealing at 140 °C for 10 minutes reduced Rmsto 0.80
nm as shown in (d). This slight reduction suggests reduced crystallinity and suggests that SQ3

molecules prefer to reside at the interface between P3HT and PCBM.

45  FILM THICKNESS CHARACTERIZATION
Thin film thickness measurements are important because the absorption coefficient of a layer
is related to its thickness. Figure 16 shows the dependence of spectral absorbance on

wavelength as deposition speed is varied during spin-coating.
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Figure 16:  Absorbance spectra of P3BHT:PCBM blend films spin coated at different speeds.
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Table 8 is extracted from Figure 16 and shows the effect of spin-speed on thin film thickness.

Table 8: Spin-speed versus peak absorbance
Spin-speed Peak absorbance
(rpm) (a.u)
1200 0.85
1400 0.80
1600 0.73
1800 0.67
2000 0.63

Clearly, increasing the spin-coating speed resulted in a reduction in the absorbance. The same
films of Figure 16 were scratched with a needle head to form a step. Then a Tencor Alpha-step

profilometer was used to determine the thickness and the results are shown in Table 9.

Table 9: The effect of spin-speed on thin film thickness.

Spin coating speed| 1200 | 1400 | 1600 | 1800 | 2000

(rpm)
Thickness 280 220 |190 |150 | 120
(nm)

The data of Table 9 was used to plot Figure 17.
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Figure 17:  Spin coating speed verses thin film thickness for spin coated 20mg/mL
P3HT:PCBM blend film.
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Figure 17 shows that film thickness is inversely proportional to the spin-coating speed. The
need to mix two or more materials in a BHJ further limits charge transport and therefore layer
thickness. Thicker active layers absorb more light and generate more excitons but have low
collection efficiency compared to thinner layers. However, the excitons must be separated and
free charge carrier pairs must be collected at the electrodes in order to generate a photocurrent.
Thick active layers allow charges to recombine before reaching the electrodes, leading to lower
photocurrent. They can also increase domain size, which lowers exciton dissociation rates.
Thicker layers have less favourable morphological organization, especially next to the hole-

collecting electrode, and as a result produce poorly functioning devices.

46  ALUMINIUM ELECTRODE CHARACTERIZATION

The aluminium (Al) layer (cathode) was deposited by evaporation beam and defines the active
area of the polymer solar cell. Different thicknesses of aluminium were deposited and
characterised for absorbance and resistance per square centimetre. A digital multi-meter was

used to measure the resistance and the results are summarised in Table 10.

Table 10: Thickness versus resistance for evaporation beam deposited Aluminium.
Thickness Resistance
(nm) (ohm*cm™)
20 20.0
50 10.3
80 6.0
100 4.7
120 3.5
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The data of Table 10 is plotted in Figure 18.
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Figure 18:  Thickness verses resistance per cm for the e-beam deposited Al.

The aim of this characterization was to determine the minimum thickness required for Al to be
used as a cathode. The good Al cathode must be smooth, dimple free and with a low resistance.
It is observed from Figure 18 that resistance per centimetre of Al reduced as the thickness

increased. Therefore, a thickness between 80 nm and 120 nm is ideal for Al cathode for PSC

application.

47 ELECTRICAL CHARACTERISATION

Solar cell electrical characteristics are determined by measuring the current density-voltage (J-
V) characteristics, both in the dark and under illumination. The J-V characteristics in the dark
correspond to the measurement of the current produced due to the application of a varying
voltage in both the forward and reverse directions. The J-V characteristics under illumination
are carried out for the purpose of studying the electrical properties of the PSC device. The
method used to measure current density-voltage characteristics for the solar cells applied a
fixed illumination (100 mW/cm?) and a resistive load which was varied between the short

circuit and open circuit conditions. Then the voltage across the solar cells terminals and
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the current out of these terminals was measured using the Keithley source measurement unit.
This method of measurement applies to solar cells in its normal photovoltaic mode of operation.
Origin software was used to plot the J-V curves shown in Figure 19. The fabricated polymer
solar cell device structure is shown Table 11 and their corresponding J-V curve is shown in

Figure 19. Thermal annealing was done at a temperature of 140°C.

Table 11: Polymer solar cell device configurations.

Solar Cell Device Configuration Illumination | Annealing
A ITO/PEDOT:PSS/P3HT:SQ3:PCBM/AI NO NO
B ITO/PEDOT:PSS/P3HT:PCBM/AI YES NO
C ITO/PEDOT:PSS/P3HT:SQ3:PCBM/AI YES NO
D ITO/PEDOT:PSS/P3HT:PCBM/AI YES YES
E ITO/PEDOT:PSS/P3HT:SQ3:PCBM/AI YES YES
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Figure 19:  Current density-voltage (J-V) curves obtained for solar cells under AM 1.5 solar

spectrum simulation (light) at irradiation intensity of 100 m\W/cm?.
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The open circuit voltage (Voc), short circuit current (Jsc), maximum current (Jmax) and maximum
voltage (Vmax) were derived from Figure 19. The maximum power point (Pmax), fill factor and
power conversion efficiency (77) were calculated using equations (6), (7) and (9) respectively.

The electrical parameters of PSCs determined from Figure 19 are summarised in Table 12.

Table 12: The electrical parameters of the fabricated PSCs.
SO|aI’ Ce” Voc Jsc Vmax Jmax Pmax FF 7]
V) (mA) V) (mA) (%)
B 0.53 5.78 0.32 3.39 1.08 0.35 1.3
C 0.61 6.88 0.37 4.29 1.59 0.38 2.5
D 0.62 7.88 0.36 5.04 1.81 0.37 2.8
E 0.64 9.68 0.36 6.86 241 0.40 3.9

From Tables 11 and 12, the addition of SQ3 to P3HT:PCBM increased the Voc from 0.61 V to
0.62 V while the Jsc increased from 5.78 mA to 6.88 mA. The addition of SQ3 and annealing
increased open circuit voltage from 0.61 V to 0.64 V while the Jsc increased from 5.78 mA to
9.68 mA. The increase in Jsc and Voc can be attributed to the high absorbance of SQ3 in the
near-infrared region which broadens the spectral absorption of the solar cells. Annealing
promotes phase mixing between P3HT, PCBM and SQ3 and this also contributed to the
increase in Jsc and Voc. The control device fabricated from the P3HT:PCBM blend active layer
has Voc = 0.53 V, Jsc = 5.78 mA and FF = 35% and n = 1.3 %, as shown in figure 13. The
addition of SQ3 improved 7 to 2.5 % while annealing improved it to 2.8 %. The combined

effect of thermal annealing and addition of SQ3 improves 7, to 3.9 %.

This is the first time SQ3 is incorporated in a P3HT:PCBM active layer material for PSC
application. The main challenge in the construction of the PSC was the lack of the glove box.
Spin coating of the active layer should have been done in a glove box with a controlled nitrogen
atmosphere to prevent degradation due to moisture, humidity and oxygen. Furthermore, the
metallic electrode of the PV device consisted only of aluminium instead of the optimum bilayer

of either gold or silver (due to their intrinsic stability in air) and aluminium.
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The study illustrates that spin coating is a powerful technique for the fast, inexpensive
fabrication of polymer solar cell devices while retaining nano-scale control of the film
thickness. The application of this technique to the fabrication of organic solar cells further

increases the strong potential that these devices have for practical use.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS
This chapter presents the conclusions of the research described in the dissertation and

recommendations for future work.

51 CONCLUSION

Organic solar cells based on P3HT:PCBM as the active layer were prepared. The effect of
thermal annealing and dye loading using Squarylium Il1 dye was evaluated. Thermal annealing
led to thermodynamically driven reorganization of the morphology of the P3HT:SQ3:PCBM
active layer. Annealing increases inter-chain interactions resulting in greater delocalization of
electrons leading to lowering in the band gap. Lowering of the band gap enables more n—n*
transitions hence the red shift observed. The light harvesting capacity of the active layer is
enhanced due to better overlap with the solar spectrum so that more photons are harvested and
more excitons are created. Therefore, by thermal annealing, the P3HT and SQ3 absorb a larger
number of photons and consequently increase the generation of charge carriers in the solar
cells. Furthermore, thermal annealing optimizes the interfacial contact between the metal
electrode and the active layer thereby reducing recombination losses. Additionally, thermal
annealing increases the number of charges collected at the electrode. The contribution of the
SQ3 dye in the photocurrent is attributed to its pronounced contribution in the light harvesting
of the solar cell active layer, which increases on raising the dye loading in the active layer
blends. The optimum dye loading was found to be at 13.04 % with a significant increase in the
maximum peak absorbance, from 0.31 to 0.36 a.u. The absorption range was also observed to
broaden (400 — 700 nm) extending to the near infra-red. The red shift observed on incorporating
SQ3 dye is ascribed to increased P3HT stacking resulting in lowering of the band gap and
hence increasing =-n* transitions. The SQ3 dye molecules also provide a second exciton

generation system and charge transfer me n-7* mechanism. The combined effects of thermal
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annealing and inclusion of dye resulted in an increase in the Vo, Jsc, FF and 7 values compared
to the control device. Vo, Jsc, FF and 7 in the control P3HT:PCBM were 0.53 V, 5.78 mA
0.35 and 1.3 % which changed to 0.64 V, 9.68 mA, 0.40 and 3.9 % respectively in
P3HT:SQ3:PCBM blends. This represents a threefold increase in the photo-conversion

efficiencyn.

5.2 RECOMMENDATIONS FOR FUTURE WORK

The potential to increase the photo-conversion efficiency has clearly been demonstrated in this
work through thermal annealing and inclusion of small dye molecules which improved the light
harvesting capacity of the active layer. One of the challenges of PSCs is that the thickness of
the active layer is limited to about 200 nm to avoid recombination of charges. This therefore
also limits the amount of light that is absorbed. There is a threshold for the amount of dye that
can be added without compromising the optimum morphology of the active layer. It is therefore
desirable to investigate alternative means of increasing the light harvesting capacity. Future
work could therefore consider the use of metal nanoparticles to achieve enhanced absorption
through plasmonic effects and also improving transparency of the PEDOT:PSS layers which

takes in about 20 % of the incident light.
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