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Abstract

Modern society has created big challenges in the area of sustainable supply of energy to
satisfy the needs of growing population and to account for depleting fossil fuel
resources. The Irish Government has set targets for the energy sector by 2020, with 33%
of electricity to be generated from renewable sources. Organic photovoltaic devices
offer several advantages over expensive silicon solar cells, including deposition of ultra-
thin films by spin-coating, printing and spray-coating. This in turn provides for the
exciting possibility to make lightweight, flexible solar cells for a broad range of existing

and emerging applications for security, military and medicine.

This research project was inspired by the current drive into finding alternative
technologies and materials for the design and manufacture of advanced solar cells. The
primary objective was to tailor the properties of Poly3Hexylthiophene: PhenylCe
Buturic Acid Methyl Esther composite (P3HT:PCBM) thin films for flexible organic
solar cells performance. The extensive experimental work was conducted to reveal the
effect of the solar irradiation and thermal annealing on the dielectric, optical and
electrical properties of P3HT:PCBM thin films. A common degradation pattern was
demonstrated in the films after UV exposure whereby the optical absorbance and the
resistivity were shown to be inversely proportionate. These two correlating techniques
showed similar patterns after exposure. It was also shown that annealing the structure
after deposition increased the absorbance in the thin film and the quantum efficiency of

the final prototype device was related to film morphology.
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The dielectric properties of these films were studied using a novel microwave
spectroscopy technique and it is believed to be the first report on the application of this

novel technique to photovoltaic materials characterisation.

To examine the dielectric properties of the P3HT:PCBM films using microwave
spectroscopy, two types of Electro Magnetic (EM) wave sensors were fabricated, one on
a Rogers substrate with Cu patterns and a second on a flexible substrate with Ag
patterns. Both types of EM sensors exhibited shifts in resonant peak frequencies and
amplitude during exposure to solar irradiation. All other experimental parameters and
environmental conditions were kept constant. Therefore it is reasonable to conclude that
the proposed method of microwave spectroscopy is a reliable tool to trace the changes
in the properties of the materials caused by solar irradiation. The optical properties of
the P3HT:PCBM films displayed a decrease in absorbance after 40mins solar simulator
irradiation and then an increase in absorbance from 40 min to 20hrs. The electrical
properties of P3HT:PCBM films showed a resistance decrease as the films were
illuminated by a solar simulator from 0 to 40 min, and a subsequent increase in
resistance up to 20hrs. In addition, a bespoke solar cell on flexible Polyethylene
terephthalate (PET) was constructed and tested. It exhibited a fill factor and an
efficiency of 0.3238 and 0.49% respectively. Although the performance is poor
compared to reported state of the art for organic solar cells, the work demonstrates that

operational devices can be manufactured under non-optimised laboratory conditions.
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AFM

Ag
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P3HT Poly3Hexylthiophene

PCBM PhenylCgo Buturic Acid Methyl Esther
PEDOT Poly(3,4-ethylenedioxythiophene)
PET Polyethylene terephthalate

PSS Polystyrene sulfonate

PV Photovoltaic

R; Series Resistance

Rqn Shunt Resistance

SMA Sub Miniature version A

TE Transverse Electric

TEM Transverse Electromagnetic

™ Transverse Magnetic

Uuv Ultraviolet

VIS Visible

Vmp Voltage at Max Power
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Chapter 1: Introduction

Solar cells are designed to directly convert solar energy to electrical power. Inorganic
solar cells, especially silicon-based, have been industrialised for a long time because of
their high power conversion efficiencies [1]. However, they suffer from high costs and
serious pollution problems. Organic solar cells (OSCs) are regarded as promising
alternatives to traditional first and second generation solar cells [2-4]. Therefore, the
research investigations in finding innovative materials, technologies and structures for
solar cells to satisfy this demand are ongoing. Organic solar cells are of considerable
importance for use as the next-generation renewable energy sources. Their low cost and
high flexibility make OSCs attractive candidates as cost-effective and flexible power

sources, with vast potential for a range of novel applications.

Polymer solar cells are a new type of photovoltaic conversion device with high potential
applications in the future energy market since their unique advantages in potential low-
cost production, their flexibility, and light weight. In contrast to many inorganic
semiconductors, in which photon absorption directly produces free electrons and holes,
optical absorption in organic molecular and polymer semiconductors mainly creates

electron—hole pairs (excitons) that are bound at room temperature [5].

A special focus in this thesis is made on the materials deposition techniques, as through
tailoring the properties of active layers, the efficiency of the overall solar cell can be
increased. In particular, the thin film technology was used due to its cost-effectiveness
and flexibility in using various substrates and materials, in line with the recent
developments that suggest that this technology is becoming a prime candidate for future

organic photovoltaic (OPV) devices.
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Notably, OPVs structures utilizing semiconducting conjugated polymer photoactive
layers offer several advantages over expensive silicon solar cells, including deposition
of ultra-thin films by simple solution processing technologies such as spin coating,
printing and spray coating. For bulk heterojunction structures, which use an active layer
made of an intimate mixture of donor and acceptor materials, energy conversion
efficiency as high as ~7% could be obtained with a poly-(3-hexylthiophene) (P3HT) and
[6,6]-phenyl-C61 butyric methyl ester (PCBM) blend. Theoretical investigations
predict for these materials an efficiency reaching 11%, which is significantly higher

than the best performance of present devices [6-8].

The production of polymers is less financially demanding as compared to traditional Si
wafers, which are the basis for the first-generation solar cells. Additionally, polymers
normally have high optical absorption coefficient and therefore very little material is
needed. Polymers can be dissolved in solvents and deposited on substrates using wet-
processing techniques such as spin coating or roll-to-roll printing [9]. Organic solar
cells are also attractive because they lack a rigid crystalline lattice and can be deposited
in flexible substrates. Currently available in the market are up to 180W flexible solar
panels with 20% efficiency manufactured by companies such as Longsheng Electric
Co., Ltd.. These are being used to power street lights and other outdoor LED lighting

systems for example.

However, technological improvements in new material synthesis and device fabrication
approaches are necessary for enhancing the solar cell performance to meet the modern
industry demands. In this context, the field of Organic solar cells can learn much from
the area of organic light emitting devices, which has already realised commercial

exploitation.
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This thesis, entitled “Manufacture and Investigation of Organic Composite Polymer
Based Films for Advanced Flexible Solar Cells”, reports on the research work
undertaken towards the development of next-generation organic polymer composite
materials for flexible solar cell applications. In particular, it investigates the use of non-
optimised laboratory conditions to produce prototype devices and establish the effects
of thermal annealing, commonly employed in production of commercial devices [10-
14], and exposure to simulated solar radiation, to mimic operational conditions. The
work therefore explores the possibility of producing operational devices under non-
capitally expensive conditions, without the need of clean rooms etc., as may be
encountered in third world countries To achieve this aim, thin film technology was used
because recent developments suggest that it is becoming a prime candidate for future
photovoltaics due to its versatility in terms of both deposition of functional materials

and the range of substrates compatible with the process requirements.

The thesis structure is as follows. Chapter 1 has briefly outlined the area of research and
justified the need for developing new materials and manufacturing techniques for
sustainable solar cells. Chapter 2 reviews traditional pn-junction based solar cells and
the factors that limit their performance, along with discussing the state-of-the-art

organic solar cells.

Chapter 3 details the Experimental Procedure employed in this research work, including
the materials and equipment used, electrodes design methods and parameters,
preparation procedure for organic films, and testing arrangements for the electrical and

optical properties characterisation.

Chapter 4 focuses on the Results of these optical and electrical tests, with specific

emphasis on novel approach to characterise the dielectric properties of the materials
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using the microwave spectroscopy. The fundamental principles of operation and design
of sensors for this task are thoroughly discussed. As a culmination of the research
experiments, the bespoke prototype organic solar cell was designed and tested and the

performance of this device is also discussed at the end of this Chapter.

Finally, Chapter 5 concludes the description of the research outcomes so far and

suggests directions and options for future work in this area.
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Chapter 2: Operating Principles

Semiconductor and Organic Solar Cell

2.1. Foreword

of

Modern society is confronting big challenges in the area of sustainable supply of energy

to satisfy the needs of growing population and to account for depleting fossil fuel

resources. Naturally, solar cell devices are considered as a sustainable and secure

approach to solve this issue.

Solar radiation emitted from the sun is electromagnetic radiation with the spectral solar

radiation distribution in the wavelength range of 200 - 2500 nm, which includes the

total irradiance of 96.3% and most of the remaining 3.7% at longer wavelengths as

shown in Fig. 1 [15].

2.5
uv
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Figure 1. Solar radiation spectrum [15].
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2.2. Fundamentals of Traditional Semiconductor Photovoltaic Cells

2.2.1. PN Junction Structure

In traditional inorganic photovoltaic devices the pn-junction structure is responsible for
conversion of sunlight into electrical energy. A pn-junction is formed by combining a
positively doped (P-type) and a negatively doped (N-type) semiconductor together. A P-
type semiconductor is achieved by diffusing elements that have three valence electrons,
such as Boron, onto a silicon wafer. This creates positively charged holes on the
crystalline silicon matrix. The N-type semiconductor has elements with five valence
electrons, such as Phosphorus, that are scattered throughout the silicone lattice. When P
and N type semiconductors are combined, the electrons close to the junction or
boundary diffuse into the P-type region. Charge builds up upon the interface of the two
materials, creating an electric field which opposes the flow of electrons. This region is

known as the depletion zone [16, 17].

Valence electrons in the silicon semiconductor absorb photons (in the visible range),
that have enough energy to excite electrons across the semiconductors bandgap. The
region where this occurs is determined by the materials constructing the device. The
intrinsic electric field separates the electron and its positively charged hole. Electrons
flowing in the direction of the electrode to the N-type side flow through an external load

to produce power [18].

2.2.2. Operation and Characteristics of PN Junctions under Solar Illumination

When solar radiation is absorbed by a pn-junction, electron-hole pairs are generated. If
the radiation of the solar radiation is weakly absorbed by the material (long wavelength

radiation) then the generation rate of electron-hole pairs will be uniform in the volume
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of the solar cell. Under illumination, generation of carriers will occur in the space
charge region [19]. If an electric field is applied across the junction, these carriers will
be swept away by the electric field (electrons to the N-side and holes to the P-side). The
electric field reduce the recombination effect. This causes a build-up of positive and
negative charge causing a potential difference. The generation of this voltage is called

the photovoltaic effect [20].

In a pn-junction, four types of the electrical currents are present under equilibrium;
these are due to the movements of electrons, holes, caused by a drift and diffusion.
When light shines on a pn-junction, large drift current results from minority electrons
and holes. This is called light generated current I.. The generated voltage forward biases
the pn-junction and diffusion current flows in the opposite direction. But Iy is larger
than this diffusion current, so the resultant current flows from N to P. This causes the I-

V curve to shift downwards, as shown in Fig. 2 [19].

(a) 4

Iy

(b) _L_—/

Figure 2. (a) Dark I-V curve and (b) its downward shifting when light shines on pn-

Jjunction [21].

When solar cells are characterised, four parameters are calculated from the I-V curve,

namely: short circuit current (Isc or Jsc), open circuit voltage (Voc), Fill Factor and
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Efficiency, as illustrated in Figure 3. The short circuit current (Jsc), is the maximum
currents that flows in the solar cell when both terminals are shorted and it increases as
the light intensity increases. The open circuit voltage (Voc) is the voltage between the
terminals when no current is drawn. Two additional terms are shown in Figure 3 [22],
Imp and Vpp where Iy, is the current at a maximum power and Vmp is the voltage at a

maximum power.

l)ll]‘i\
L /P o

mp

Figure 3. Short circuit current (Isc), open circuit voltage (Voc), Fill Factor (FF) and

Efficiency (n) of a solar cell [22].

In order for a photon to be absorbed, the photon must have energy higher than the
bandgap of the material in the solar cell. Therefore, the value of Isc current depends on
the bandgap of the cell, and the larger the bandgap, the smaller number of photons will

be absorbed.

The power from a power source is P = IV. If one uses the current density J, the power

density is expressed by Eq. 1:

P,=JV Eq. 1
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The maximum power density, Pmax, occurs somewhere between V = 0 (short circuit) and
V = V, (open circuit) at a voltage Vy,, as illustrated in Fig. 3. The corresponding

current density is called J,,,, and thus the maximum power density is Pgm = JnVm.

When a photon of light is absorbed, the electron moves from the valence band to the
conduction band, raising its potential energy by an amount equal to the bandgap of the
material (Eg.) Ideally, if there are no potential drops across the metal contacts, then the
maximum V. is equal to the bandgap voltage. If one takes into account the difference
in potential level of the contacts, a more accurate estimation of the maximum Voc can

be obtained. Fig. 4 shows how the Fermi levels influence the Voc:

Figure 4. Energy band diagram of pn junction solar cell showing V. [23].

In Figure 4, Eg, and Eg, are the Fermi levels in the N-side and the P-side respectively
[23]. In a band structure the Fermi level is a hypothetical energy level of an electron,
with a corresponding probability of 50 %. The influence of the current due to
illumination (/;) and the recombination current (/,) on the open circuit voltage is
described by Eq. 2:

Voo = "q—Tln (E+1) Eq. 2

o
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where k is Boltzman’s constant, 7 is the temperature is degrees Kelvin and ¢ is the
charge in the electron. Fill factor is a measure of how ‘ideal’ the IV curve is — it is a
measure of how much of area described by Isc and Vo is filled by the area described by
Imp and V. FF is defined as the ratio between the maximum power and ideal power by
Eq. 3:

V
FF = Im/m Eq. 3
]SCVOC

Ideally, the maximum FF is 1, which is not practically feasible. The shunt resistance
(Rqn) or parallel resistance in a solar cell represents the losses or additional current paths
due to manufacturing defects. The series resistance (resistances in series with the solar
cell) can be broken into a number of series components, the contact resistance between
the metal electrodes and the active layer, the resistance of the metal electrodes
themselves and the resistance of the active layer itself. All these resistances are
measurable and controllable when choosing the functional materials for photovoltaic

devices.

The efficiency (7) of a solar cell is defined as the power output divided by the power
input. If the incoming light has a power density P;,, the efficiency will be described by
Eq. 4:

_ JmVm
Pin

Efficiency gives a measure of how much of the open circuit voltage and short circuit
current is used at maximum power. Using FF, the efficiency can be expressed as Eq. 5:

_ JscVoc FF

Eq. 5
Pin

n
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Efficiency is related to the bandgap of the active layer in the solar cells. Therefore,
depending on the type of solar cell materials used, a maximum efficiency can be
achieved. The bandgap for most organic solar cells is usually 2 eV or above. The
maximum efficiency of the overall device can be increased with the use of multi-layer
solar cells. For example, triple layer cells with concentrator optics are as high as 42.8%
efficient [24]. For organic solar cells manufactured by Konarka, an OPV company
based in Massachusetts, an efficiency of 8.3% wa quoted [25], with the current record

value for organic devices being achieved by Mitsubishi chemical at 11.1% [26].

The input power (P;,) can be represented in terms of solar cell area (4s.) and the input

light (E) in W/m® in accordance to Eq. 6:

Pin = EAsc Eq~ 6

Importantly, solar cell efficiencies are measured under standard test conditions (STC),
which imply a temperature of 25 °C, an irradiance of 1000 W/m? with an air mass 1.5
(AM 1.5) spectrum [27]. These conditions correspond to a clear day with sunlight
incident upon a sun-facing 37°-tilted surface with the sun at an angle of 41.81° above
the horizon [28]. This represents solar noon near the spring and autumn equinoxes in the
continental United States with surface of the cell aimed directly at the sun. Under these
test conditions, a solar cell of 20% efficiency with a 100 cm’ surface area would

produce 2.0 Watts of power.

However, the solar cell efficiency is affected by a range of factors, which can be
examined by looking at all the losses in the conversion of the light from the sun to
current and voltage generated in the solar cell. The operational limitations of traditional

semiconductor solar cells are briefly discussed in the next section.
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2.2.3. Limitations of Modern Semiconductor PV Devices and Need for New

Materials

Understanding the efficiency limitations of solar cells is the most important task in their
characterisation because it can lead directly to improvements in the cell process.
Reduced efficiency of solar cells can be due to limitations of material properties or
technological reasons, such as cell processing capabilities. Transmission losses occur
due to low energy photons not being absorbed by the cell (typical 20% for single
junction Si based cell) [29, 30]. Maximum efficiency of an ideal single-junction
photovoltaic cell is limited to 33% (for 1 sun illumination) by intrinsic losses such as
band edge thermalisation, radiative recombination, and inability to absorb below-
bandgap photons. This intrinsic thermodynamic limit, named after Shockley and
Queisser, can be exceeded by utilising low-energy photons either via their electronic up-
conversion or via the thermophotovoltaic conversion process [31]. However, electronic
up-conversion systems have extremely low efficiencies, and practical temperature
considerations limit the operation of these converters to the narrow-gap PV cells [29].
The thermal losses exist due to excess energy photons, because photon with energy
equal to the band gap of the material will be absorbed. For photons having energy
higher than the bandgap, their excess energy will be released as heat. This can be as
high as 30% [32].

Figure 5 [22] shows a simplified circuit model for a typical solar cell. It can be seen that
a Fill Factor loss is caused by the parasitic series (Rs) and shunt resistance (Rg,) of the

cell.
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Figure 5. Simplified circuit model for a typical solar cell [22].

The next categories of losses are optical and electrical losses such as losses due to
reflection, incomplete absorption, metal coverage and recombination losses [33, 34].
Reflection losses occur since some of the incident photons are reflected from the cell
surface. This loss can be minimised by the use of anti-reflective coating [35-37].
Notably, recombination losses refer to the fact that not all electron-hole pairs contribute
to the generated current and they can occur in the bulk or on the surface of the solar cell

device [38-40].

Incomplete absorption is a function of solar cell thickness. Since most solar cells are
becoming thinner and thinner, light trapping schemes can be used to enhance
absorption. For example, the imprinting of random square based pyramidal textures
with micrometric scale at the air/glass interface of thin film silicon solar cells was
suggested as an efficient alternative to anti-reflective coatings to minimise reflection

losses at the cell entrance [41].

To overcome the limitations in the performance of traditional solar cells due to
constrains set by their functional materials properties, there is a need to develop new

approaches and materials that would convert solar irradiation into electricity. For that,
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organic solar sensitive materials are considered as a prime candidate. The next section

briefly reviews the structure and operational principles of modern organic solar cells.

2.3. Basic Processes in Organic Solar Cells

2.3.1. Absorption of Photons and Generation of Charge Carriers in Organic

Materials

Organic photovoltaics can be categorised by the types of Donor-Acceptor materials
used to fabricate the device. The materials in OPV’s are generally conjugated polymers
or molecules (alternating single and double bonded carbon) and possess delocalised (not
associated with single atom) electrons that can absorb photons. The molecular structure
determines the electronic properties and depending on that structure, they can be classed

as either electron donors or acceptors as shown below in Figure 6.

S ACCEPTOR

o ¥ . e LUMO
| |

HOMO,

Generation of electron-hole pair at molecular level (Exciton Dissociation)

Figure 6. Charge carrier generation in organic photovoltaics [42].
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In organic semiconductors the absorption of photons results in the formation of bound
electron hole pairs, i.e. excitons, rather than free charges. The transfer of charges can be
made possible at the interface between two materials providing that one material has the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) levels lower than the other. The one with the higher LUMO can accept an
electron from the conduction band of the other and is therefore called electron acceptor
(A). So, the other material is the electron donor (D) [42]. An organic photovoltaic cell
works in a complementary fashion. Light is absorbed in either of two donor (D) or
acceptor (A) layers, creating excitonic states which must diffuse to the D/A interface
where differences in ionization potential and electron affinities of D and A cause these
excited states to dissociate into free charge carriers (electrons and holes residing on
molecular species). The combination of diffusion and migration of these charge carriers
to the collection electrodes, and the harvesting of these charges by these electrodes,
produces a current in the external circuit, and a specific voltage, the product of which is

the power produced by the OPV.

Consequently, an electron acceptor can act as an electron donor for another electron
acceptor which is weaker. An electron in HOMO absorbs a photon and is excited into
LUMO and creates an exciton, a bound electron-hole pair. These excitons carry energy
but no net charge and may diffuse to dissociation sites where their charges can be
separated [43]. The separated charges then travel to the device electrodes, the holes
travel to the anode and the electrons travel to the cathode. This produces a voltage and a
current. A crucial step in the photovoltaic process is the conversion of excitons into
charge carriers at a polymer—inorganic interface, i.e., at the interface between the active
layer and the inorganic electrode. High quantum yield of charge carriers can be

achieved if the excitons can travel far enough from their generation points to an
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appropriate interface where they can dissociate, injecting electrons into the electrode
[44]. The holes remaining in the polymer diffuse to the other electrode, completing the
photovoltaic cycle. Some of the excitons reach relevant interfaces while many of them
decay by emitting light, or exciting vibrations of the polymer molecules. Table 1
summarises the conversion steps of light photons into separated charges in an organic
solar cell. In addition, the loss mechanism and the related electrical quantity used in the

circuit model are shown.

Table 1. Light conversion steps and associated loss mechanisms.

Conversion step Loss Mechanisms

Light adsorption, exciton creation | Reflection, transmission

Exciton diffusion Recombination of excitons

Excitons transfer followed by their recombination;
Charge separation no charge separation followed by the

recombination of excitons

Recombination of charges, limited mobility of
Charge transport
charges

Charge collection Recombination near electrodes, barriers at the

electrodes

In most organic devices, only a small fraction of the incident light is absorbed. A
bandgap of about 1.1 eV is required to absorb about 77% of solar radiation, while most
polymers have a bandgap of more than 2 eV, and thus can only absorb about 30% of
light. The absorbing layer is also quite thin in most photovoltaic devices, less than

100 nm [45].

The free charges must be allowed to reach the electrodes where they constitute the
photocurrent from the device. The location of the dissociation site is important for the

extracted photocurrent. Electrons and holes have different mobilities in the material.
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Trapping into localised stated may occur and irrespective of whether the trapping is
permanent or temporary, the efficiency of charge transport is diminished. As the risk for
trapping increases with the distance travelled, a thin layer is better than a thick layer, but
optical absorption, which is proportional to thickness, is simultaneously reduced.
Recombination of free charge carriers into excitons, and between one trapped and one

free carrier, is also another loss mechanism [46].

Even if an electron or a hole is present close to an electrode, whether they will pass into
the outer circuit is not certain. The probability associated with all the barrier penetration
mechanisms involved at the interfaces towards the metallic surfaces is a function of

geometry, topology, and interface formation [47].

Initial organic solar cell structures used overlayed thin films of donor and acceptor
materials, and the efficiency of the structures depended on the interface area and
integrity. The interface area was then increased by including alternating layers, but a
significant advancement was realised through the use of so-called “bulk heterojunction”
structures, which exploited the fact that the structures could be deposited from binary
solvent based mixtures and that the donor could be homogeneously dispersed in the
acceptor matrix, or vice versa as shown in Figure 7, where red indicates the electron

donor material and blue the electron acceptor material.

Figure 7. Donor-acceptor active layer (Bulk Heterojunction) concept [48].
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2.3.2. Efficient Organic Solar Cell Structures

To obtain an efficient organic solar cell, all excitons created should form free charge
carriers. However, during exciton transport luminescence or radiative recombination
can occur [49, 50]. The exponential lifetime of an exciton (tgx) is determined by the
reciprocal value of radiative and non-radiative decay rates. For an efficient solar cell, all
excitons must reach the interface within rzy secs. The transport of the excitons occurs by

diffusion and the distance an exciton is able to travel, Lgx, is determined by Eq. 7:
Lgx =/ Dex * tex Eq. 7

where Dgy is the diffusion coefficient of the excitons. A typical time for zzy is in
nanoseconds so the distance Lgy is less than 10 nm [51]. This means that only excitons
formed very close to the interface will have a chance to separate. This limitation has

stimulated the development of different types of solar cell structures.

2.4. Recent Advances in Polymer Solar Cells

Organic solar cells are of considerable importance for use as the next-generation
renewable energy sources. In particular, low cost and high flexibility, key features that
organic-based electronics can offer, make OSCs attractive candidates as cost-effective
and flexible power sources based on roll-to-roll manufacturing and large-area

processability on flexible substrates [52].
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2.4.1. Alternatives to ITO

The ideal transparent conducting electrode should possess high transparency (>80%),
low resistance (<100 ©/m”), and an appropriate work function (4.5-5.2 ¢V) [1]. The
cost of the transparent conducting electrodes is also an important issue for considering
their practical applications. Among key materials for OSCs, transparent Indium Tin
Oxide (ITO) electrodes play an important role in the performance of OSCs, since the fill
factor and short-circuit current density are critically dependent on the series resistance
and optical transmittance of the transparent electrodes [53]. Although ITO dominates
modern industry in terms of production of OPV, the scarcity and high cost of indium,
which i1s the main element in the ITO electrode, coupled with the cost of the
manufacturing process, and ion diffusion into polymer layers, are critical drawbacks of
ITO-based OSCs. In particular, ITO cannot be used for flexible devices because it is
mechanically rigid and brittle. Also, the energy involved in processing the ITO
electrode accounts for 87% in roll-to-roll based OSC fabrication [54]. These issues

drive the researchers and industry to seek possible alternative materials [6-8, 55-61].

To overcome the drawbacks of ITO electrodes, the use of indium-free transparent
electrodes such as PEDOT:PSS, carbon nanotube (CNT) electrodes, graphene
electrodes, and several indium-free oxide electrodes (Ga-ZnO, Al-ZnO, ZnSnOs, Nb-

Ti0,) has been the focus of recent research [52].

Graphene has wide potential applications in energy-related systems. In particular,
transparent graphene electrodes fabricated by various methods have been investigated as
a promising alternative to ITO electrodes due to their low resistance, high transparency,
superior flexibility, and low cost [62-65]. The single atom thickness of Graphene, its

high conductivity, optical transparency (97.7%), flexibility and low sheet resistivity
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make this material an emerging adequate substitute for ITO, especially for ultra-thin or
flexible photovoltaic devices [66, 67]. Also this material is in high demand for the touch
screen display in today’s modern tablet computers and smart phones, and is potentially
suitable for flexible solar cells applications when portable solar cells will be integrated
into these devices. Transparent graphene thin films can be prepared using a variety of
techniques including micromechanical exfoliation, epitaxial growth and chemical

vapour deposition [1].

Graphene materials are frequently blended with polymers to form composites,
especially when fabricating flexible devices. Graphene/polymer composites have been
explored as electrodes of super-capacitors or lithium ion batteries, counter electrodes of
dye-sensitized solar cells, transparent conducting electrodes and active layers of organic
solar cells, catalytic electrodes, and polymer electrolyte membranes of fuel cells [1].
Graphene/polymer composites can be synthesised by mixing, in situ polymerisation,

and covalent modification [68-70].

Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) composite
materials have attracted significant interest as a promising electrode material to
substitute the ITO due to their inherent advantages such as high conductivity, high
transparency in the visible range and long-term stability [52]. Various modifications of
PEDOT:PSS to have more enhanced conductivity for their potential use as electrodes in
ITO-free organic-based devices were produced and investigated, including the use of
high-conductivity PEDOT:PSS, such as Clevios PH500, which resulted in fabrication of

ITO-free OSCs with efficiencies comparable to traditional ITO-based OSCs [71].
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To illustrate the typical structure of DSSC and a schematic diagram of the fabrication
process steps, one may refer to Fig. 8 [1], which also depicts J-V characteristics of

DSSC with various electrodes alternative to ITO.
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Figure 8. (A) Photograph of a graphene-coated PET substrate, and schematic diagram
of the fabrication steps involved in preparing a DSSC with a graphene/PEDOT counter
electrode on a PET substrate. (B) J-V characteristics of DSSCs using as counter
electrode: graphene/PEDOT/PET (black), PEDOT/PET (green), and Pt/ITO/PET (red).
(C) J-V characteristics of bended (*) and pristine (») DSSCs using

PEDOT/graphene/PET as counter electrode [1].

2.4.2. Dye-Sensitised Solar Cells

Dye-Sensitised Solar Cells (DSSCs) have received great attention because of their low
cost, convenient manufacturing processes, and comparable efficiencies to those of solid-
state silicon solar cells [72]. In DSSCs, the dye, usually ruthenium bipyridyl, is excited
by incident photons. Electrons of the dye are injected to the titania mesoporous
nanocrystalline wide band gap semiconductor and transported through the nanoparticles

network by trap mediated diffusion [73]. The dye is regenerated by popular
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iodine/iodide redox couples in electrolyte. Increasing the efficiency of these cells is
strongly related to the photon absorption, charge injection, charge transport, dye
regeneration efficiencies, open circuit voltage, and fill factor of the cell. Although the
efficiency of the DSSCs have reached so far 12% [74], it can be further improved by
overcoming obstacles through (1) increasing cell stability by replacing the volatile
electrolyte with nonvolatile or solid state electrolyte without affecting diffusion of ions,
(2) increasing the absorption efficiency by engineering the dye molecule or increasing
the thickness without increase in recombination or decrease in electron lifetime, and (3)
increase in electron transport by introducing high mobility routes in semiconductor

matrix or hindering the back reaction by utilizing suitable barrier layer [73].

Typical DSSC consist of a working electrode of mesoporous dye-sensitised titania
nanocrystals coated on transparent conducting electrode, an electrolyte containing a
redox pair (for example I,/I3"), and a platinum-based counter electrode [1]. Ruthenium
sensitiser-based DSSCs have a photon conversion efficiency reaching 11.9%, which
gives an open circuit voltage (Vo) of 965 mV, a short circuit current density (Js) of
17.3 mA cm™, and a fill factor (FF) of 0.71 under standard AM 1.5 sunlight at 995 W

m’” intensity [75].

However, the high cost of ruthenium-based sensitisers and platinum-based electrodes is
still an obstacle to wide-scale commercial exploitation of DSSCs. Accordingly, it is
important to develop new affordable dye molecules with high efficiency and long
stability as well as non-noble metal-based electrodes. Enlarging the interfacial area of
the dye with the electrolyte and accelerating electron transfer in the semiconductor layer
to reduce the possibility of charge recombination are also important factors for

improving the performance of DSSCs [1].
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2.5. Novel P3HT:PCBM Films for Flexible Solar Cells

Conjugated polymer-based organic solar cells have received significant attention due to
their potential for low-cost roll-to-roll manufacturing of large-area solar devices on
flexible substrates, which open up a vast range of novel applications [76, 77]. Organic
photovoltaics are expected to be a low cost, environmentally friendly energy solution
with advantageous properties such as flexibility and light weight that enable their use in
new applications, and considerable progress in power conversion efficiencies has

brought this technology closer to commercialisation [1, 78, 79].

Among the available polymer solar cell systems, poly(3-hexylthiophene) (P3HT) and 1-
(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61 (PCBM) blends show efficiencies of up

to 4-5% [71]. The Donor—Acceptor pair for P3HT and PCBM is shown in Fig. 9.
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Figure 9. Donor(left)—Acceptor(right) Pair for Polymer Solar Cells Containing Poly(3-

hexylthiophene) P3HT (left) and [6,6]-Phenyl C61-Butyric Acid Methyl Ester PCBM

(right) [5].
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The investigation of the effects of a cell area on the cell performances in ITO-free
organic solar cells based on poly(3-hexylthiophene) (P3HT) and 1-(3-
methoxycarbonyl)-propyl-1-phenyl-(6,6)C61 (PCBM) was recently reported [52].
Highly  conductive  poly(3,4-ethylenedioxythiophene):poly(styrene  sulfonate)
(PEDOT:PSS) films were used as polymeric transparent anodes for cost-effective ITO-
free OSCs. Importantly, it was found that with increasing cell area from 4.5 to 49.5 mm?®
[52], the device performance was continuously decreased mainly due to the decrease in
the fill factor and the series resistance, suggesting that the sheet resistance of transparent
electrodes is a dominant factor to limit cell efficiencies in practical large-area solar

cells.

The Poly(phenylene-vinylenes) (PPV’s) and P3HT organic polymers are electron rich
materials that can be oxidized fairly readily, having high-energy HOMO levels, and are
typically hole conducting materials. Organic materials with high electron affinity are
much harder to find. Some of the few electron conducting materials are the Cqp and
derivatives alike. Cgo is in itself a rather insoluble material, but a soluble PCBM
derivative is commercially available. The active organic layer in organic solar cells is
typically constructed from a mixture of polymer and PCBM that forms an
interpenetrating network. PCBM forms crystallites in the active layer and control over
size and morphology has significant influence on the efficiency of the device. It has
been shown that crystallite size increases on heat treatment of a PCBM/P3HT device

improves the efficiency dramatically [80, 81].

The continual developments in efficiency, cost, process, and stability makes polymer-
based organic solar cells more attractive as a cost-effective solution to today's energy-

shortage problems.
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Having justified the need for developing both novel organic materials for photovoltaic
applications and corresponding compatible processing technologies, the next Chapter 3

details the Experimental Procedure used in this work.

Although many third world countries struggle to produce enough energy with regard to
electricity, many have an abundance of natural energy from the sun. Therefore this
project is designed to explore whether operational devices can be made in a non
specialised laboratory environment. Thin films were deposited from composite
solutions and both were characterised by UV/vis absorption spectroscopy. This films
and device structures were characterised by microwave spectroscopy and conductivity
measurements. Thermal annealing was used in an attempt to improve the properties of

the active layer. The degradation of the cell under solar exposure was also examined.

It is important to note that in this research thesis a layer of Indium oxide deposited as a
thermally evaporated thin film was used as a possible replacement for Indium Tin Oxide
(ITO) in the construction of the first layer of a prototype solar cell system and as a
transparent electrode. The details of the deposition parameters are given in the

Experimental Procedure section.
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Chapter 3: Experimental Procedure

The following outlines the experimental methodology and techniques employed to build
and test the prototype solar cell and study the active layer (P3HT:PCBM). The Q-sun
solar simulator is introduced in this chapter. This is used for accelerated age testing via
simulated solar sunlight (which will be demonstrated in chapter 4 Results, using 3
different techniques Optical, Electrical and Microwave spectroscopy). The UV-Vis
spectrometer is also introduced and is used throughout this project to measure the
optical characteristics via absorbance. Also the spin coating technique is used for
depositing the thin film layers, active and buffer layers for studying the optical
properties and building the prototype device. The screen printing technique is also
described; this is used for developing the interdigitated electrode (IDE) sensor for

studying the electrical properties of the active layer.

The development of the IDE sensor for the electrical measurements is discussed.
Sample preparation of the glass substrates for the optical measurements is also
discussed. The techniques used to build the prototype solar cell are also laid out in this
chapter. Deposition of a transparent electrode using the Edwards Thermal Vacuum

Evaporator is carried out and documented in Chapter 3.

The solution of the active layer was first characterised using UV-Vis Spectrometry.
P3HT and PCBM (donor and acceptor material) were dissolved in dichlorobenzene and
the absorbance of this solution was measured individually and combined at a ratio of

1:1 in glass cuvettes. The typical patterns will be demonstrated in the following chapter.
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Thin films of approximately 100 nm ware deposited onto glass and flexible substrates
by spin coating. The layer was also characterised using UV-Vis Spectroscopy. The
absorbance was measured before and after annealing. UV-Vis spectrometry is also used

to study the effects on the layer after solar exposure.

Electrodes were developed for building prototypes and also characterising the layers by
measuring resistivity and impedance measurements in the microwave region. The first
electrode was manufactured by Thermal vacuum evaporation. This was an attempt to
replace the widely used ITO. Indium spheres (ballbearings) were evaporated onto a
glass substrate to create the transparent electrode in solar cells. The next electrodes were

developed to study the active layer were the interdigitated electrode (IDE).

3.1. Materials and Equipment Used

3.1.1. Q-Sun Xenon test chamber

The Q-Sun Neon arc chamber reproduces the damage caused by full-spectrum sunlight
and rain. In a few days or weeks the Q-SUN tester can reproduce the damage that
occurs over months or years outdoors. For exposing produced films to simulated solar
light of various intensity, spectrum and duration, Q-Sun Xenon test chamber shown in

Fig. 10 was used.
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@-8un Xenon Test Chamber

Figure 10. Q-Sun Xenon test chamber in FOCAS Research Institute, DIT.

3.1.2. UV-Vis

Optical absorption measurements were taken using Perkin Elmer Lambda 900
UV/VIS/NIR spectrophotometer before and after annealing and also before and after
exposure of the samples to excessive simulated sun light to determine the durability of
the layers. The measurements were taken using UV-Vis spectrophotometer in FOCAS
Research Institute, DIT, as illustrated in Fig. 11. The Perkin Elmer Lambda 900
UV/VIS/NIR spectrometer is a double-beam, double monochromator ratio recording
system with pre-aligned tungsten-halogen and deuterium lamps as sources. The
wavelength is from 175 to 3300 nm with an accuracy of 0.08 nm in the UV-Visible
region and 0.3nm in the NIR region guaranteed. It has a photometric range of +/-6 in

absorbance mode.
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Figure 11. Perkin Elmer Lambda 900 UV/VIS/NIR spectrophotometer for assessment of

the optical properties.

3.2. Organic Materials Films Preparation

3.2.1. Materials Mixture and Curing

P3HT and PCBM materials were purchased from Ossila Chemicals and were mixed at a
1:1 ratio in dichlorobenzene, which resulted in solution with concentration of

20 mg/mL. The solution was mixed at 60 °C overnight.

The buffer layer was manufactured by spin-coating 0.5 ml of PEDOT on a glass
substrate previously coated with Indium Oxide, at 5000 rpm for 45 secs to achieve

approximately 40 nm thick layer.

The active layer was made of Poly (3-hexylthiophene) (P3HT) and Phenyl-C60 butyric
acid methyl ester (PCBM) were mixed in at 1:1 ratio and dichlorobenzene and stirred at

60 °C overnight.
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The back electrode from aluminium film was produced by deposition in thermal
vacuum evaporation system or by sputtering at a vacuum of 10 torr with a current

across the tungsten boat of ~ 1 A to achieve ~ 100 nm thick film.

3.2.2. Substrates

The glass substrates were cut into 17x1” pieces, Ultrasonicated in deionised water,
acetone and methanol to ensure adequate cleaning, so that there is no possible
contaminant that can alter the performance of the resultant film. Substrates were then

also UV-ozone treated for 11 mins before deposition of active functional layers.

3.2.3. Spin-coating

Spin-coating was used to deposit the thin film buffer and active layers on the substate,
parameters such as spin speed, dwell time, acceleration time were optimised in order to
achieve a certain thickness. The spin-coating process consists of four stages: deposition,
spin up, spin off and evaporation and is schematically shown in Fig. 12 [82]. A typical
process involves depositing a small volume of a fluid material onto the centre of a
substrate and then spinning the substrate at high speed. Centripetal acceleration will
cause most of the fluid to spread to and off the edge of the substrate, leaving a thin film

of material on the surface.
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Figure 12. lllustration of the spin coating process [82].

The main advantage of the spin-coating process is that it can produce highly uniform
films over a wide range, provided planar substrates are used. Furthermore, the process
can be tightly controlled in order to obtain reproducible film thicknesses [83, 84]. Final
film thickness and other properties will depend on the nature of the fluid material
(viscosity, drying rate, percent solids, surface tension, etc.) and the parameters chosen
for the spin process. Factors such as final rotation speed, acceleration, and fume exhaust
affect the properties of the coated films. For example, by increasing the angular

velocity, the film thickness is reduced.

An increased film thickness can be achieved by repeated spin-coating over previous
layers, namely by adding the solution onto the centre of the substrate, while it is rotating
at a high speed. A separate drying step is sometimes added after the high speed spin step
to further dry the film without substantially thinning it. This can be advantageous for
thick films since long drying times may be necessary to increase the physical stability of

the film before handling [85, 86].
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Interestingly, a two-step method combining electrodepositing and spin-coating for solar
cell processing was recently reported [87]. It was used to prepare bilayer heterojunction
organic solar cells by electrodepositing polythiophene (PTh) and then spin-coating
chloroform solution of [6,6]-phenyl C61-butyric acid methyl ester (PCBM) onto the
PTh layer. The influence of film thickness on performance of bilayer solar cells was
investigated, and the optimised solar cell showed power conversion efficiency of 0.1%

under the illumination of AM 1.5 (100 mW cm™) simulated solar light [87].

In this work, the G3 P-8 series of spin coater (Specialty Coating System (SCS)) was

used for the thin film deposition, as presented in Fig. 13.

Figure 13. SCS G3p-8 spin-coater.
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3.3. Electrodes Design and Manufacture

3.3.1. Electrodes Pattern Design

Structures with interdigitated electrodes (IDE) are commonly used for chemical and
physical sensing applications [88-90], particularly for gas sensing [91] in a vast range of
industrial and biomedical applications [92-95]; in testing food quality [96], for
measurement of fluid mixtures [97], as lumped elements for integrated circuits and as
IDE sensors arrays for bacteria detection [98]. Thus, highly selective molecularly
imprinted polymers layer combined with IDE were used as sensors to study volatiles,
such as pinene, 7-terpinene and terpinolene, as these are the chemical markers that
indicate different stages of fruit maturity [96]. Interestingly, the Irish colleagues have
recently reported on the development of a sensor fabricated by the inkjet-printed
deposition of polyaniline nanoparticles onto a screen-printed silver interdigitated
electrode, which was designed for the detection of ammonia in simulated human breath

samples [95].

IDE layout is among the most commonly used periodic electrode structures due to the
ease of fabrication, flexibility in design, cost effectiveness, no moving parts, fewer
packaging constraints [99, 100] and one-sided access to the sensing layer [86], which is
particularly important for studying the properties of materials for solar cells. The IDE
electrodes structure employed in this work is shown in Fig. 14 (a), where W is finger
width, G is the electrode gap and L is the length of the finger, whereas Fig. 14 (b)

specifies the dimensions of a single electrodes pattern in mm.
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(b)

Figure 14. a) Layout of an interdigitated electrodes pair; b) Dimensions of a single

electrodes pair pattern in mm.

Specifically for this work, a pair of the interdigitated electrodes with the dimensions as
described above was used and a number of devices were printed and tested to ensure the
repeatability and reproducibility of the results. The photo of the actual typical bare thick
film silver electrodes pair printed on Alumina substrate used for the electrical

measurements of the films properties is illustrated in Fig. 15.
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Figure 15. Photo of the bare thick film silver electrodes pair printed on Alumina

substrate used for the electrical measurements of the films properties.

3.3.2. Screen-Printing Technique

The fabrication of thick film structures for sensors and semiconductor devices can be
achieved using a number of approaches with screen-printing being the most popular.
This is due to the fact that this technique is cost-effective, robust and versatile, giving
the opportunity to produce complex structures with a range of materials, from metals to
polymers, printed on virtually any substrate. In this work, the screen-printing technique
was used for the manufacture of silver electrodes for the electrical characterisation of
the polymer films, to reveal whether there are any measurable changes in the resistance

of the structures cause by the influence of artificial solar light.

Thick-film technology remains popular manufacturing method for many years and its
main application is in the production of hybrid microelectronic circuits for use in
telephones, automotive electronics, missile guidance systems, and recently for various

sensors, including gas sensors, pressure, humidity, radiation and for biomedical
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applications [21, 85, 86, 101-105]. The main attraction of thick-film technology is its
versatility, high productivity, reliability and reproducibility, and cost-effectiveness even
at small or medium scale production. For highly specialised application, thick film
technology offers the manufacture of devices that are robust, can be miniaturised, can
be integrated onto the same substrate as the electronics [86] and the printed pattern can
act as an active component. The films produced using this technology typically measure
10 — 200 wm, and can be deposited on virtually any suitably prepared substrate by a
number of approaches, including doctor blading [106], screen printing [86], spin coating

[106, 107], dip coating [108] and thermal spraying .

The major steps in the production of thick-film silver electrodes via screen-printing are
outlined below, as this is the approach that was taken in this thesis, where printed metal
patterns were used as electrodes for electrical characterisation of composite films

deposited over them.

The three key processes involved in film fabrication are printing, drying and firing.

Screen-printing machines consist of five basic components [86]:

a system that moves the substrate into the correct position;

- a vacuum, applied to the underside of the substrate to hold it in position during
the printing process;

- ascreen mounting;

- analignment system for adjusting the screen relative to the substrate;

- and a system for applying ink and moving a squeegee across a substrate.

Modern screen-printing technological process normally automatically forces an ink or
paste through a stainless steel mesh, using a squeegee onto the substrate below it, as

schematically shown in Fig. 16 [86].
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Figure 16. The screen printing process [86].

The substrate acts as a physical support for the thick film and the base for electrical
interconnect patterns, which in this work were integrated, i.e. the electrodes were
screen-printed over the properly cleaned 96 % alumina with 4 % glass substrates.
Importantly, the choice of the substrate, in addition to its basic function of structural
support, was dictated by the following considerations: mechanical strength, smoothness
of surface texture to promote good film adhesion, chemical and physical compatibility
with the fired thick film, high electrical insulation resistance to prevent electrical
leakage currents between closely spaced conductor lines, low thermal expansion
coefficient to prevent thermal mismatch, high thermal stability to prevent

decomposition during processing and not least the desire of cost-effectiveness.

The quality of the printed layer is largely affected by the choice of mask [109-111].
Elements such as the material used, the type of coating, the accuracy of the pattern, the

alignment of the pattern to the mesh, the frame type and method of mounting and
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supporting the frame for printing are important. Polyester mesh was used in this work
and the semi-automatic screen printer model was DEK 1022, as shown in the photo in

Fig. 17.

Figure 17. DEK 1022 semi-automatic screen printer.

Three different approaches are used in order to form the stencil of the image to be
printed onto the substrate; plastic sheets, metal masks and photo-emulsions. The latter is
most popular for thick-film applications and generally uses a water-soluble polymer,

which becomes insoluble when exposed to UV light [112].

There are three types of thick film pastes, which are used to form conductors, resistors
or dielectrics [86]. The paste can be cermet or polymer in nature, but the main
requirement is that it must be able to flow through the screen and retain its intended
shape on the substrate beneath. This depends largely on the pastes flow properties,
viscosity and particles size in particular. Cermet pastes have a functional ingredient,

solvent, temporary binder and permanent binder and require firing at high temperatures.

Raffie Arshak MPhil 47



For polymer pastes, there is no temporary binder and pastes are dried at temperatures in

the region of 120 °C — 250 °C.

The properties of the squeegee can have a large influence on the quality of the printed
layers. The main purpose of the squeegee is to bring the screen into contact with the
substrate, push the paste through the stencil to the substrate, to shear the paste level with
the top of the screen in order to obtain uniform thickness and to control the rate at which

the screen peels away from the substrate.

One of the most commonly used squeegees is the flat or ‘trailing edge’ type. Its flat
edge is preferable for classic screen printing as it is flexible and exerts uniform pressure
on the screen. This classic squeegee type was used throughout this work to print the

thick film electrodes.

After the screen-printing, the substrates were left to stand in air for 5 minutes to allow
the silver paste to settle. To remove the organic solvents from the printed layer, so that
it can take its final form and be immune to smudging, the substrates with printed silver
electrodes were then placed in a conventional oven at temperature of 100 °C for 1 hour.

Drying also improves adhesions of the printed layers to the substrate.

The term “firing” refers to a high temperature cycle, the purpose of which is to remove
the temporary or organic binder from the film, sinter the permanent or inorganic binder,
and to develop the electrical properties of the paste, while ensuring the film’s adequate
adherence to the substrate. To achieve these aims, temperatures of up to 1000 °C are
commonly used and the firing stage is performed in a moving belt furnace. Throughput
speed, peak firing temperature and the total firing time are variable parameters which

affect the final properties of the film. However, for this work low-temperature silver
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paste was used and the firing step was not necessary. This fact reduces the cost of

manufacturing without compromising the quality of the final device.

3.4. Testing the Optical Properties of the Films

3.4.1. Samples Preparation on Glass Slides

To reveal the effect of the simulated solar irradiation on the optical properties of organic
composite films and to trace the pattern of the changes, the films were deposited on
transparent glass slides and the optical spectra were measured before and after each
exposure to solar light. For that, 3 x 1 inch glass slides where first scribed with a manual
glass cutting tool and split into three equal 1 inch? substrates by means of placing
uniform pressure on either end at different levels. The slides were initially washed in
soapy water followed by ultrasonication in deionised water. The samples were then

scrubbed with lint free wipes with acetone, ethanol and methanol respectively.

3.5. Organic Solar Cell Prototype Structure Design and Manufacturing

Procedure

The properties of the materials which form the active layers of the organic solar cells
are of fundamental importance and in this work the focus is on studying the electrical,
optical and dielectric properties of PCBM:P3HT films. However, the performance of
the film when incorporated in the complete organic based solar cell structure could be
hindered by many parameters, including the design of the system, thickness of the
layers, choice of contacts materials and so forth. Therefore, an attempt was made to
construct a prototype solar cell device with new design. Notably, these prototype cells

were not built inside a nitrogen-containing glove box, but in an open air, which one may
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argue could compromise the reliability and the repeatability of the devices. However,
these were found acceptable for devices kept at constant environmental conditions and
not exposed to extreme temperature variations or other physical or chemical factors.
Therefore, this section reports on the manufacture procedure and layout considerations

for prototype solar cells, with corresponding results given in Chapter 4, Section 4.5.

3.5.1. Deposition of Transparent Indium Oxide using Thermal Vacuum Evaporation

The Edwards 306A coating system was used in this research work to evaporate Indium
spheres in order to achieve transparent conductive electrodes based on Indium Oxide
thin films, as a cost-effective alternative to traditional approach [113-115]. Notably, the
melting point of Indium is 157 °C and the glass substrate normally can withstand at
least 300 °C temperature. Therefore, thermal vacuum evaporation method was chosen

as the most suitable approach for the manufacture of novel solar cell prototype.

The vacuum evaporation technique is most suitable for deposition of the materials that
are difficult to evaporate in air [116]. The method is clean and allows a better contact
between the layer of deposited material and the surface upon which it has been
deposited. In addition, because evaporation beams travel in straight lines, very precise
patterns may be produced. In general, thermal vacuum deposition produces films with
structural defects, such as grain boundaries or lattice imperfections [117, 118]. Other
frequently observed defects include dislocation loops, stacking-fault tetrahedral, and
small triangular defects; all of these are generally attributed to vacancy collapse [119].
Controlling the deposition conditions such as pressure, deposition rate, substrate
temperature and surface nature can alter the intensity of film defects. Typical thermal
vacuum deposition system, and one that is available in FOCAS Research Institute of

Dublin Institute of Technology, is shown in Fig. 18.
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Figure 18. Typical thermal vacuum deposition system. The photo is taken in the

laboratory of the FOCAS Institute, Dublin Institute of Technology.

The settings for the evaporation procedure vary depending on the type of the material
being deposited and desired film properties, such as thickness and conductivity. The
mean free path for air at 298 K is approximately 45 cm and 4500 cm at pressures of 10"
and 10 torr respectively. Therefore, pressures lower than 10~ torr are necessary to
ensure a straight-line path for most of the evaporated species and for substrate-to-source
distance of approximately 10 cm to 50 cm in a vacuum chamber [85, 119]. In this work,
Edwards E306A vacuum thermal coating system, the schematics of the main
components of which are illustrated in Figure 19, was used and it satisfied all the
necessary criteria to ensure uniform film deposition. The coating unit is equipped with a
550 watt rotary pump and an E040 diffusion pump capable of achieving a vacuum of

5x10”" mbar.
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Figure 19. Edwards E306A vacuum thermal coating system.

The substrates with appropriate masks are placed above and at some distance from the
material being evaporated. This process leaves a thin, uniform film of the deposited
material on all parts of the substrates exposed by the open portions of the mask. Figure
20 pictures a bespoke mask used for evaporating Indium Oxide pattern in Edwards
306E system. This mask was designed and constructed with a view to maximise the
electric charge collection by the electrodes as a result of solar irradiation induced
changes in the properties of organic film. The resultant pattern achieved after the
thermal deposition process is shown in Figure 21. Notably, due to transparent nature of
Indium Oxide film, this image shows the pattern deposited with Al material, specifically

to illustrate the layout.
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Figure 20. Bespoke mask used for evaporating Indium Oxide pattern in Edwards 306E

System.

Figure 21. Evaporated Al illustrating the pattern for the transparent layer.

The thermal vacuum deposition system also contains an Edwards FTMS quartz crystal
to monitor the rate of film deposition and to measure the film thickness. The mass

deposited on the quartz crystal during the evaporation alters its natural frequency of
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vibration. This frequency change can be recorded on the meter of the film thickness
monitor connected to the quartz crystal. According to the recommended settings, the

following values were used: density 7.3 and acoustic impedance (Z) 10.49.

Approximately 0.05 g of Indium spheres measuring 1 mm in diameter and with 99.99%
purity, purchased from Johnson Matthey Ltd, was loaded into a molybdenum boat. The
choice of boat material was dictated by the fact, apart from the high melting point, that
it does not react with indium and is easy to bend to make custom boats. Prior to
deposition, the boats were thoroughly cleaned in Methanol, IPA and deionised water to

remove any possible contaminant that can affect the purity of the deposition process.

When the required vacuum level is achieved, in this work it was 10* mBar to 107 mBar,
the 10-30 A current is passed through the boat with the material in it until the content of
the boat begins to melt, which then evaporates and condenses onto the substrate above
it. The Penning gauge provided the feedback in order to achieve the required vacuum
pressure. Specifically, the best conditions that allowed repeated deposition of this films
with reproducible properties, were when the chamber was pumped down to a pressure
of 3-10* mbar and a maximum current was passed across the molybdenum boat of
30 A. The substrate temperature was controlled using a radiant heater at approximately
300 °C. Under these conditions the films’ deposition rate was 0.028 nm/sec and the

resultant achieved thickness of Indium oxide layer was 55 nm.

After deposition, the samples were allowed to cool for 1 hour to reduce the possibility
of the cracks and structural defects caused by the rapid change in the temperature,

which is particularly vital for solar cells [120-122].

Sheet conductance of the layer was measured using a power supply and a bench top

work meter, as shown in Fig. 22. An 8 V input from the power supply returned ~9 mA
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output sheet conductance for the 55 nm layer and ~7 mA for the 29 nm layer. Sheet
resistivity measurements were performed on a Jandal four point probe, the photo of

which is provided in Fig. 23. The resistivity of the film was measured and found to be

~40 Q/sq for 55 nm layer and ~32€)/sq for 29 nm layer.

Figure 22. Experimental set-up for measuring sheet conductance of the deposited films.

Figure 23. Jandal four point probe.

Raffie Arshak MPhil 55



3.5.2. Bespoke Solar Cell Structure

Two different substrates were used to manufacture the bespoke solar cell, glass and
flexible PET with ITO (by Sigma Aldrich) already printed. The bespoke solar cell on
glass substrate was manufactured by consequent deposition of the thin film layers using
various masks with different patterns and appropriate functional materials, as well as by
spin-coating of organic solar light sensitive mixture. Figure 24 illustrates the layout of
the novel bespoke OPV device, whereas Figure 25 (a) shows the final manufactured

prototype structure, Figure 25 (b) focusing on the electrical contacts.

Glass Substrate

Aluminium

OPV Cell

Silver Paste

Indium Oxide

Electrical wires

Active Layer P3HT:PCBM

Cell Area

Figure 24. Bespoke OPV Cell Layout.
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Figure 25. (a) final manufactured prototype structure, (b) close-up view of the

electrical connections.

Table 2 below summarises each layer material and deposition parameters, as well as

final layer thickness.

Table 2. Summary of the solar cell structure and manufacturing process.

Table of Layers Method Thickness
Glass Substrate/flexible Cut and clean DI water,
substrate acetone, methanol
[0(Indium Oxide) on glass/ Thermal evaporate, below 55nm
le-6torr
ITO already on flexible
PEDOT:PSS Spin coat, anneal 120°C, 10 0.5ml 5000rpm 45sec
mins ~40nm
P3HT:PCBM Spin coat, anneal 150°C 0.5ml 1500rpm 45sec
(Poly3hexylthiophene:Phenyl 10mins ~80-100nm
C60 Butyric Acid methyl
Esther)
Al (on glass substrate) Current 1A/s, sputter, 100nm
le-06 torr
Silver paste (on flexible
substrate) Hand printed, oven bake, 90°C, ~200um
8 mins
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To clarify, a mask for the deposition of the conductive Indium Oxide (and Aluminium)
layers was first custom-made. Then the active material was prepared in the manner
described in Section 3.2.1. Briefly, P3HT and PCBM materials purchased from Ossila
Chemicals were mixed at a 1:1 ratio in dichlorobenzene, with resultant concentration of
20 mg/mL. The solution was mixed at 60 °C overnight. The glass substrates are cut into
1”x1” pieces, ultrasonicated in deionised water, acetone and methanol to ensure
adequate cleaning, so that there is no possible contaminants that can alter the
performance of the resultant film. The glass substrates were then also UV-ozone treated
for 11 mins before deposition of active functional layers. Afterwards, Indium Oxide was
thermally evaporated through the patterned mask in order to coat the substrate with the
transparent conductive layer. The next layer is the buffer layer, for which purpose
0.5 ml of PEDOT was deposited on a glass substrate previously coated with Indium
Oxide, and it was done by spin coating at 5000 rpm for 45 secs to achieve

approximately 40 nm thick layer.

The next layer was the active layer and for that Poly (3-hexylthiophene) (P3HT) and
Phenyl-C60 butyric acid methyl ester (PCBM) were mixed in at 1:1 ratio and
dichlorobenzene and stirred at 60 °C overnight. And finally, the back electrode from
aluminium film was produced by deposition in thermal vacuum evaporation system or
by sputtering at a vacuum of 107 torr with a current across the tungsten boat of ~ 1 A to

achieve ~ 100 nm thick film.

Figure 26 illustrates the set-up for testing the electrical properties of manufactured

layers.
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Figure 26. Testing the electrical properties of the glass substrate cell.

For the flexible PET with coated ITO, the procedure for deposition of PEDOT:PSS and
P3HT:PCBM is the same as for the glass substrate. Silver paste was chosen as the top

electrode, it was hand printed and then baked in an oven at 90°C for 8§ minutes.
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Chapter 4: Results and Discussion

In this chapter, the results of the films will be discussed with particular attention using
the Microwave spectroscopy technique. The theory, equipment, experimental setup and
results are all demonstrated. In greater detail, the active layer is examined before and
after exposure to the simulated sun. The peaks are observed in the layer as the exposure

increases, frequency and amplitude shifts can also be observed.

Optical properties versus Electrical results are also demonstrated. The effects of thermal
annealing on the active layer are also demonstrated. The final prototype testing results
are carried out discussed in this chapter. In summary, the optical, electrical and
microwave characteristics of the active layer along with the final test results for the
prototype, have been studied and presented in this chapter also, beginning with a

topographical capture using AFM Microscopy.

4.1. Structural Characterisation by AFM

An Atomic Force Microscope (AFM) was used to confirm the thickness levels of the
manufactured layers. AFM, a form of Scanning Probe Microscopy, is a high-resolution
imaging technique that can resolve features as small as an atomic lattice in the real
space. It allows to observe and manipulate at the molecular and atomic level. The
atomic resolution of samples is attained in AFM by monitoring small forces applied
over a surface using a sharp probe mounted on a flexible cantilever, which acts as a
spring [123]. The basic components of an atomic force microscope include a

piezoelectric scanner, flexible cantilever containing a sharp probe, laser, photodiode
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detector, and feedback electronics. AFM is based on a principle whereby the
movements of a flexible cantilever containing an atomically sharp probe are monitored

by changes in laser deflection off a reflective surface on the backside of the cantilever.

The Asylum MFP-3D BIO AFM available in FOCAS, as shown in Figure 27, is a high-
performance AFM designed specifically for biological applications, and it was used to
capture the topographic image of the spin coated layer. It is a versatile AFM that
combines molecular resolution imaging and pico Newton force-based measurements on
an inverted optical microscope. Combined with its ultra-low noise performance and
unprecedented precision and accuracy, the MFP-3D-BIO has already raised the bar for
AFM instrumentation in bioscience and now its capabilities are used to test the

properties of the materials for the next-generation flexible solar cells.

Figure 27. MFP-3D-BIO AFM in FOCAS Research Institute, DIT.

Raffie Arshak MPhil 61



In this work, the Asylum MFP-3D BIO AFM was used to capture the topographic
image of the spin coated layer, as shown in Figure 28. According to the measurements,
the topographical profile has the approximate thickness of the layer as 80 nm (edge) and

170 nm (scratch in the centre).
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Figure 28. AFM topographic image of the spin coated layer. (left) edge of a spin coated

film (right) a scratch in the spin coated film.
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4.2. Microwave Spectroscopy of P3HT:PCBM films

4.2.1. Brief review of microwave spectroscopy

4.2.1.1. Electromagnetic waves

An Electromagnetic (EM) wave, also known as Transverse Electromagnetic (TEM)
wave, travels through vacuum in form of energy at the speed of light [124]. Its two main
components (i.e. electric (E) and magnetic (H) field) oscillate in phase perpendicular
(Transverse) to each other and perpendicular to the direction of travel (propagation).
EM waves travel in a harmonic wave pattern which occur at equal intervals in time
(cycle). The wavelength A of the EM waves can be described as the distance from any
point on one cycle to the same position on the next cycle or wave EM wave with a
wavelength A has a frequency f that travels in vacuum or air (relative permittivity = 1)
at the speed of light ¢ according to Eq. 8.
1==
o
The permittivity of a material derives from its chemical state and structure; molecular
composition and formation; and atomic valance. The permittivity is a measure of
various polarisation phenomena that occur at different frequency ranges of oscillating
electric fields. Dipolar polarisation is induced in molecules with an inherent dipole
moment (orientation polarisation) [125]. An external electric field causes such
molecules to rotate over a time period proportional to dipole moment and local
viscosity. Dipole moment describes the separation of positive and negative charges on a

molecule yielding the overall polarity.
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When electromagnetic waves propagate in a medium with relative permittivity (g,) or

relative permeability (1) more than 1, Eq. 9 is modified to the following form :

1= ——0 Eq. 9
N Veérirf *

EM waves can be classified depending on their wavelengths or frequencies, as for

example is shown in Table 3.

Table 3. Electromagnetic spectrum bands wavelengths, frequencies and energy

Region Wavelength (cm) | Frequency (Hz) Energy (eV)
Radio >10 <3x10° <10’
Microwave | 10 —0.01 3x10° - 3x10" 10° - 0.01
Infrared 0.01 —7x107 3x10'% - 4.3x10" | 0.01 -2
Visible 7x10° —4x10° | 4.3x10" - 7.5x10'* | 2 -3
Ultraviolet | 4x10™ — 10” 7.5x10" - 3x10"7 | 3 - 10’
X-Rays 107 - 107 3x10'7 - 3x10" 10° - 10°
Gamma rays <10” >3x10" >10°

The microwave frequency band is part of the electromagnetic wave spectrum, which is
referred to as “...alternating current signals with frequencies between 300 MHz and
300 GHz, with corresponding electrical wavelength between 1 m and 1 mm,

respectively” [126]. At microwave frequencies, standard circuit theory cannot be used
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because of the high frequency and short wavelength [127]. The short wavelengths
involved mean that the propagation time for electrical effects from one point in a circuit
to another is comparable with the period of the oscillating currents and charges in the
system. As a result, conventional low-frequency circuit analysis based on Kirchhoff’s
laws and voltage-current concepts no longer suffices for an adequate description of the

electrical phenomena taking place.

Dielectric spectroscopy characterises the dielectric properties of a material under test
with an oscillating source as a function of frequency. It is based upon the interaction of
an externally applied oscillating electric field with the electric dipole relaxation moment
of the tested material expressed in terms of real and imaginary permittivity. A wide
variety of techniques have been developed that are based upon measuring the
capacitance and conductance of the materials as a function of frequency. The resulting
dielectric spectra are interpreted to analyse and differentiate different substances. The
technique uses only a small amount of power in the microwave region (~ 1 mW) and

therefore it is non-destructive and non-ionising.

4.2.1.2. Applications of electromagnetic wave sensing in GHz frequency range

Electromagnetic wave sensing in the GHz frequency range, or microwave sensing, is a
novel but rapidly developing technology which has been successfully used as a sensing
method for various industrial applications including monitoring the water quality [128-
130], solution concentrations [131-133], fluid level measurements [134], material
moisture content [135, 136], for continuous process monitoring of biogas plants [137],
for the determination of moisture content in soil [138], for military applications such as

verification of an activated carbon residual life [139] and in the healthcare industry, for
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example for real-time monitoring of glucose in diabetic patients [140, 141] and for non-

invasive monitoring of bodily fluids [142].

Microwaves are largely used for material characterisation since they easily propagate
through low-loss dielectrics and the amplitude of the electromagnetic wave reflected by
or transmitted through a material obstacle strongly depends on the dielectric properties
of the material itself [143]. Distortion of the signal when in contact with the media, such
as polymer film in this work, appears in the form of broadening or compression of the

pulse and reaches its maximum at the vicinity of resonant absorption lines [144].

Microwave sensors in the form of a cavity resonator for accurate measurements of both
organic (sugar, alcohol) and inorganic (NaCl, KMnO4) water solution concentrations
have been reported [131]. Notably, the sensitivity of the sensor in determination of
NaCl was 0.4 dB/(mg/ml) within 0-1 % concentration range. The sensor was able to
detect the concentrations of other water solutions, but its sensitivities are strongly

dependent on the type of tested chemical ingredient.

Notably, the use of microwave irradiation was reported for synthesis of polymer
photovoltaic cells [145]. However, no records have been found to date that claim the use
of electromagnetic waves in microwave the region for actual organic material properties
characterisation for PV applications. It is strongly believed that the proposed approach
is novel and has a potential for routine applications along with the electrical and optical
studies to provide for better understanding of the complex phenomena that solar

irradiation causes in the properties of organic materials.

Many different microwave or radio frequency structures, such as coaxial probes, closed

or open resonators, antennas and transmission lines, have been employed to assess the
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dielectric properties of material, specifically to measure the permittivity [146]. These

are briefly described in the next section.

4.2.1.3. Transmission Lines

Transmission lines are used to transfer high frequency EM waves (radio waves and
microwaves) from the source to the destination. The wave that emerges from the source
is called the incident wave. When it propagates through the transmission line, it will
face some impedance which can be determined from the line physical characteristics (i.e

characteristics impedance Zj). Some of the fundamental types of transmission lines are:

e Waveguide
e Resonant Cavity
e (oaxial cable

e Microstrip.

Rectangular and circular waveguides can be constructed from conductive materials such
as aluminium or copper. These types of transmission lines can work efficiently at high
frequency due to low attenuation and losses. Another variation of waveguides is called
waveguide coplanar [147]. The drawbacks for these waveguides include them being
heavy and inflexible to bend. When an EM wave propagates within the waveguide, it
forms different E and M field configurations; these configurations are called “modes”
and are depending on the shape and size of the waveguide. Two main types of these
modes can be exist, transverse electric (TE) and transverse magnetic (TM) modes. The
difference between the two types is defined by the component of the wave which is
transverse to the direction of the signal propagation from one end to another where TE

modes only have a magnetic field component and no electric field component in the
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direction of propagation and TM modes only have an electric field component with no

magnetic field component in the direction of propagation.

Microwave resonators [148] can be constructed from closed sections of rectangular or
circular waveguides. When both ends of the waveguide are shortened, a cavity is
formed. According to Bansal [149], cavities use the constructive and destructive
interferences of multiply reflected waves to cause resonance — for that reason, cavities
are also called resonators. In resonance, the system tends to oscillate at greater
amplitude at some frequencies known as resonance frequencies. Each resonance
frequency has its own “mode”. Depending on the shape and size of the cavity, different

mode is generated.

To elaborate further, at certain excitation frequencies, standing waves will form
within a cavity, and in microwave engineering these are referred to as modes, and can
be illustrated in terms of the direction and/or intensity of the microwave electric or
magnetic field components. Pozar [150] defines Eq. 10 as a method for determining the

frequency at which such modes will occur:

1/2

Eq. 10

where ¢ is the speed of light, p,, is the m” root of the Bessel function of the #n” order for
TM (transverse magnetic) modes or the m™ root of the first derivative of the Bessel
function of the n™ order for TE (transverse electric) modes, a is the radius of the cavity,

d is the depth of the cavity and / is its length.

Raffie Arshak MPhil 68



Each mode will generate a resonant peak. Since, according to Eq. 10, all

electromagnetic modes have the same dependence upon lgr , when the cavity is

excited by an appropriate range of frequencies and the resulting spectrum is captured,
the resonant peaks corresponding to these modes will shift to lower frequencies as ¢, is
increased. Therefore, if exposure to sun light causes a change in dielectric properties
exhibited by the material, one would expect to see the resonant peaks measured in the

reflected or transmitted spectrum also shift.

When designing a microwave cavity, several parameters have to be considered,
including construction material, energy coupling mechanisms, resonance frequency and
quality factor, as well as scattering parameters. Metals with high electrical conductivity
are usually used to confine the EM waves within the cavity so minimum or zero electric
power loss is achieved. There are two methods for coupling the EM waves to the cavity,
magnetic flux linkage or electrical field antenna coupling [127]. The first method
however is normally used for high power applications where a lower loss transmission

line (i.e. cylindrical or rectangular waveguides) is required to avoid energy losses [151].

The cavity can be coupled using either a monopole antenna where the centre conductor
of a coaxial cable is extended into the cavity or by using a loop antenna in which the
surface area of the loop is placed perpendicular to the magnetic field (H) lines on the

inner surface of the cavity as illustrated in Figure 29 [152].
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Figure 29. Loop antenna coupling method [152].

The main difference between the two antennas is the mode of interest to be excited in
which the monopole antenna placed on the wall of the cavity where there is a
perpendicular Electric field (Vertical Magnetic field). This field’s configuration occurs
in TE modes while the loop antenna placed on the wall of the cavity where there is a
perpendicular Magnetic field (vertical electric field) and this configuration occurs in

TM modes.

The quality factor (Q) [153] is the measure of efficiency with which the energy storing
element can store maximum energy and is defined as in Eq. 11. The quality factor for
ideal cavity resonator is infinite, due to the perfect conductor walls, thus, resulting in
zero energy dissipation, but when the cavity is loaded (material or shape perturbation),
the quality factor will be decreased (insertion loss) depending on the characteristics of

the load. Furthermore, different cavity modes can have different quality factors

Raffie Arshak MPhil 70



depending on the position of the loaded material in the cavity and its interaction with

the EM wave.

Maximum energy stored in one cycle

Q =2m

. Eq. 11
Energy dissipated per cycle

4.2.1.4. Scattering Parameters

Scattering parameters, or S-parameters, quantify how EM waves behave in a closed N-
port resonator [154]. As EM waves are launched from the input port, some of their
energy will be received on other ports, some will be reflected back. S-parameters can be
expressed using power values, i.e. Magnitude (dB) and angle / (Hz). An N-port device
has N? S-parameters; for example, a two-port device has four S-parameters. The
numbering convention for S-parameters is that the first number following the “S” is the
port where the signal emerges, and the second number is the port where the signal is
applied. For example, a cavity with two ports has four S-parameters as shown in
Figure 30:

S,1 — refers to the signal that is transmitted from port 1 and received on port 2.

S, — refers to the signal that is transmitted from port 2 and received on port 1.

Si1 — refers to the signal that is transmitted from port 1 and received on port 1

(reflected).
S, — refers to the signal that is transmitted from port 2 and received on port 2

(reflected).
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Figure 30. Block diagram of S-parameters for two ports cavity.

The S-parameters, S;; and S,; are determined by measuring the magnitude and phase of
the incident, the reflected and the transmitted voltage signals when the output is
terminated in a perfect Z, (a load that equals the characteristic impedance of the test

system) [155].

Notably, microwave resonators can be used in different application such as filters [156,
157], oscillators [158], material sensing [159-162] and tuned amplifiers [163]. The
previous applications would use small transmitted power < 10mW, while cavities and
waveguides can also be used in high power applications such as material heating [164],
plasma generation [165] and microwave-assisted synthesis of organic materials for PV

applications [145].

The coaxial cable, as shown in Figure 31, consists of two conductor wires. The outer
wire is in a form of a shield around the inner conductor. They are separated by a high
permittivity semiconductor layer which minimises the external radiation interference
[166]. The most common use for this type of transmission line is the TV cable which
carries the signal from the antenna to the TV set. Coaxial cable connectors are designed

to maintain the shielding that the coaxial design offers. Many types are available such as
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N-Type and Sub-Miniature version A (SMA) Connectors [167], as illustrated in Figure

32.

Dielectric

Conductor

Conductor

Figure 31. Coaxial cable.

/ SMA

Figure 32. N-Type and SMA coaxial cable connectors.

The microstrip [168] is the most popular type of planner transmission line (Figure 33)
[169], it can be fabricated using the Printed Circuit Board (PCB) method where a thin
conductor is printed to act as the inner wire of the coaxial cable but flattened, the
ground plane will do the same job as the outer shield of the coaxial cable. This

configuration is useful when other RF components are needed to be connected to
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transmission line as shown in Figure 34 [170]. The drawback for it is that it suffers from

radiation loss.

metallic
microstrip

substrate

metallic
ground plane

Figure 33. Typical microstrip transmission line [169].

Figure 34. PCB with microstrip transmission line connected to resistor [170].

Notably, among the above-described methods, transmission line is the most studied
structure for high frequency measurements, including the characterization of low-k

dielectric thin film.

However, the microwave planar printed patterns for various sensing applications are
increasingly used due to their versatility, flat profile and low weight. Their design can

be tailored to suit particular applications, coupled with reliability and cost-efficiency.
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They are easily manufactured using common methods for printed circuit board
production, and their impedance can be matched to the input line by altering the micro-

strip line feed configuration.

The patch antenna represents the frequency-selective element of a phase shift transistor
oscillator. The active integrated antenna frequency of operation is determined by both
the patch geometry and the electrical loads connected at the two microstrip ends [171].
A convenient termination is normally represented by two open-ended stubs whose
electrical length is A/4 at the patch resonant frequency, where A is a complete

wavelength.

For example, a coaxial-fed patch antenna suitable for non-destructive porosity
measurements in low-loss dielectric materials has been reported [172]. The variation of
the patch resonant frequency when it is put on the surface of the material under test was
used to estimate the dielectric permittivity at 2.4 GHz ISM (Industrial Scientific and
Medical) frequency bands. The estimated porosity was in good agreement with that
obtained by the conventional mechanical measurements, and the mean percent error was

less than 13.5%.

The performance of a microstrip resonator depends on its electromagnetic field
distribution, resonant frequency and quality factor Q. Since the emergence of microstrip
technology as a dominant architecture, varying types of microstrip resonators have been

developed to suit the needs of different microwave circuits [135].

To clarify the principle behind testing material properties with electromagnetic waves
used in this work, it is worth mentioning that microwave sensors in the form of planar
printed patterns operate based upon the fact that an object under test, e.g. a film

sensitive to sun light, when placed into the vicinity or in direct contact with a
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microwave sensor, interacts with the electromagnetic waves in a unique manner, which
can be specifically correlated with the properties of this material. In particular, the
sensing is based on interaction of propagating or resonating modes with the solution
under test. Due to this interaction, the permittivity of the material changes and it
manifests itself as a frequency change, attenuation, reflection of the signal or a phase
shift. In the microwave region up to frequencies of about 100 GHz, the complex
dielectric spectrum of, for example, water can be well represented by a Debye type
relaxation function [173]. A Debye dielectric is the representative linear dispersive
medium and is often used to model electromagnetic wave interaction with water based
substances including biological material [174]. It should be noted, nevertheless, that
water is a complex media which changes its structure depending on the structure of the
material in contact with it. This fact was experimentally and theoretically confirmed in
[175], where the dielectric properties of water bound to soil were investigated. The
current understanding suggests that the closer the water layer is to the particle the more

distorted is its structure compared to the structure of free water.

By considering how reflected (S;;) microwave signals vary at discrete frequency
intervals, the change in the signal can be linked to the composition of the object under
test. These signals vary depending upon properties of the material / film presented to the
sensing structure, such as conductivity and permittivity [176]. Conductivity is a
measure of a material’s ability to conduct an electric current. Permittivity is a measure
of how an electric field is affected by a dielectric medium, which is determined by the
ability of a material to polarise in response to the field, and reduce the total electric field
inside the material. Therefore, permittivity (e,), as defined in Eq. 12, relates to a

material’s ability to transmit an electric field and is a complex value which varies with
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changing frequency, and accounts for both the energy stored by a material (¢") as well as

any losses of energy (¢") which might occur:

& =& +je Eq. 12
Notably, ¢’ and ¢" represent respectively real and imaginary parts of the complex
permittivity value (g,), which depends on frequency. This frequency dependence is
specific for each material and therefore can be used as an indicator of its properties
[133]. As a material in close proximity of EM field changes its state or properties, it is
likely that its permittivity will change leading to a change in sensor response if the
material is the target of EM radiation. By measuring this response over a range of

frequencies, one can characterise materials in order to infer their properties.

In order to get maximum sensitivity of the microwave sensor, the material under test
must be positioned near to the field maximum. However, other resonant modes could
also provide useful information and in some cases, as the research reported in this paper
shows, depending on IDE sensor configuration, low-order resonant modes could be

more sensitive to the minute variations in dielectric properties of the material under test.

4.2.2. Experimental setup for microwave spectroscopy measurements

The design of any microwave sensor is the key parameter that regulates its performance.
Sensors with the IDE structure shown in Figure 35, operating at microwave frequencies
were chosen for their versatile design that combines ease of manufacturing with the
desired functionality. Silver was used as the conductive metal material for the both
bottom layer, which acted as a ground plane, and the IDE pattern on the top layer to
maintain chemical neutrality when the device is placed in contact with water. The

thickness of the Ag layers was 35 pm and the width of each line on top pattern is 2 mm.
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Figure 35. Electromagnetic wave sensor with printed metal pattern and light-sensitive

P3HT:PCBM layer.

Figore 36 displays optical images of the manufactured prototype microwave sensor on
DuPont™ Pyralux® AP Polyimide Flexible Laminate substrate with 50.8 um thickness,
which is bent to illustrate its flexibility. The thin flexible substrate provides not only
structural benefit for a wide range of applications, but also plays a pivotal role in
controlling the strength of a microwave signal fed into the sensor. Thicker substrates are
prone to the following effect: as the substrate thickness increases, surface waves are
introduced which are not usually desirable because this results in a lower electric field
density [177]. The surface waves travel within the substrate and they are scattered at
bends and surface discontinuities and affect the printed metal pattern and its polarisation

characteristics [178].
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Figure 36. Optical image of the 3 pair IDE microwave sensor, which is bent to illustrate

the flexibility of the polymer substrate [177].

Each sensing method has its limitations, and in the case of the planar type
electromagnetic wave sensors, the properties of the materials used for the substrate and
as ground and top metal layers play pivotal role, along with the structure of the device
itself, in determining the boundaries of sensitivity to the sensing method. Therefore, to
ensure that the changes in the dielectric properties of PZHT:PCBM films are only due to
their exposure to the simulated sun irradiation, alternative EM sensor was used in
parallel, namely, having identical layout to one depicted in Figure 35, but with Rogers®
material used as a substrate and Cu metal for both bottom and top antenna patterns. This

EM device without SMA is illustrated in Figure 37.

Figure 37. Optical image of a EM wave sensor head constructed on Rogers® substrate

and having Cu metal patterns.
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A distinct feature of IDE type sensors is their superior sensitivity to change close to the
sensor surface, with this sensitivity decaying rapidly with distance away from the
surface. Reported simulations of the 3D IDE sensor structure, created using the Ansoft
High Frequency Structural Simulator (HFSS) finite element modelling software (see
Figure 38), demonstrate this feature [177]. This model, whose performance has been
verified against real-world measurements, is constructed such that the sensor is placed
inside a suitably sized air box - the outer faces of this box are assigned as radiation
boundaries. Adaptive meshing is used for the simulation, with approx. 25,000
tetrahedra being required for a converged solution. Notably, the electric field intensity
(shown in V/m) falls rapidly as one moves away from the electrodes. This is
advantageous as it reduces significantly the chance of undesirable factors influencing

Sensor résponse.
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Figure 38. HFSS model of EM wave sensor field [177].
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A vector network analyser (VNA) is used to generate high frequency signals and
measure the parameters of electrical network, typically the S-parameters. VNAs contain
both a source and multiple receivers, and generally display amplitude ratios and phase
information (frequency or power sweeps). In this work, the electromagnetic wave
sensors with light-sensitive coatings on top of the metal pattern were each attached to a

Rohde and Schwarz ZV A24 vector network analyser via a coaxial cable.

SMA type connectors were used as they are very common, popular and readily available
for work of this nature. The sensor and associated equipment were all specified for 50 Q
impedance. Thus, depending on the size of the pattern or substrate, the connector
dimensions may vary [179]. Molex edge mount connectors were used in this work. This
SMA type was chosen as it is designed to excite a printed IDE sensor horizontally to

maximise the available signal.

The VNA used for the purposes of data acquisition from the sensors, with this unit
being appropriately calibrated according to manufacturer specifications, is shown in
Figure 39. The data (60,000 points for each measurement) was captured in the
frequency range of 1-15 GHz for the reflected (S;;) signals. All the measurements were
performed at constant temperature of 18 °C. Each sample was measured for at least 7-9
times and the results were repeatable with less than 5% deviation and reproducible.
Notably, average sensor responses are depicted in the graphs shown in following

section.
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Figure 39. Measurement setup showing VNA and a microwave sensor connected via

coaxial cable [177].

4.2.3. Films reproducibility verification by microwave measurements

Throughout the experimental work, all samples, i.e. deposited films, were produced in
at least triplicate to ensure that the devices are reproducible, and also each measurement
was performed numerous times, the number depending on the nature of measurement,
to ensure repeatability of the results. In all the experiments, the environmental
conditions were maintained at a constant temperature and humidity level, to eliminate

their effect on the properties of the PAHT:PCBM samples.

Despite taking special care to thoroughly follow the experimental procedures when
depositing the films and using optical inspection of the devices to confirm the absence
of the defects in their structure, it is more reassuring to perform additional non-
destructive measurements of the films properties. One such method to confirm the
reproducibility of the devices employed in this work is measuring their electromagnetic

wave spectra to assess that the dielectric properties are identical, or at least that the
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possible variations in their properties are negligible and for laboratory type prototype
can be acceptable as negligible. Thus, by recording the EM spectra in 0.01-15 GHz
frequency interval for a number of samples and contrasting them with each other, one
may reveal the presence of the defects in their structure. For example, Fig. 40 illustrates
the typical S;; signal distribution of the microwave sensor on Rogers® substrate with

Cu pattern in 0.01-15 GHz range when in contact with two P3HT:PCBM films samples.

sample 1

e sample 2
m
©
o

-20

-25

T T T T T T T T T 1
0.0 3.0x10° 6.0x10° 9.0x10° 1.2x10"° 1.5x10"

Frequency, Hz

Figure 40. S;; signal distribution of the microwave sensor on Rogers substrate with Cu

pattern in 0.01-15 GHz range when in contact with two P3HT:PCBM samples.

The measurements revealed that S;; signal distribution for the two P3HT:PCBM
samples is almost identical throughout the whole measurement range, which confirms
the reproducibility of the films. Importantly, each spectrum was recorded with the
accuracy of 60,000 points per measurement range, providing superior resolution. The
next section examines the effect of the solar irradiation on the microwave spectra of

these samples.
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4.2.4. Solar Exposure Effects on a microwave sensor with a flexible polymer

substrate and Ag pattern

Once the reproducibility of the samples was confirmed, the electromagnetic wave
sensors were used to reveal if there are any changes in dielectric properties of the
P3HT:PCBM films caused by their exposure to simulated solar light in the Q-Sun Xe-1
Xenon Test Chamber, which was briefly described in Section 3.1.1. Since all other
experimental parameters, including temperature and humidity were kept constant during
all the measurements, any changes in the films’ properties can only be attributed to the

effect of the solar irradiation.

For the measurements of the P3HT:PCBM films’ dielectric properties, electromagnetic
wave spectra were recorded for the films deposited over EM sensors on flexible
substrate with Ag antenna patterns. Full EM spectra in 0.01-15 GHz range for bare
sensors and for as-deposited, and exposed to sun light for 1 hour and 20 hours
P3HT:PCBM films are shown in Figure 41. It is clearly seen that the sensor can
distinguish the presence of a thin P3HT:PCBM layer, as the spectra for the film and the

air alone are different even to the eye.
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Figure 41. S;; signal distribution of the microwave sensor on flexible substrate with Ag
pattern in 0.01-15 GHz frequency range when in contact with air and P3HT:PCBM

films irradiated for 0, 1 and 20 hours.

However, it is of paramount importance for this research to reveal if there are any
changes in the material properties caused by the exposure to the sun light, and for that a
closer look at various parts of the microwave spectra were taken, focusing on the
resonant peaks where the changes are the most pronounced. Thus, Figure 42 depicts Sy,
signal distribution of the microwave sensor on flexible substrate with Ag pattern in 0.6-
1.4 GHz frequency range when in contact with air and P3HT:PCBM films, as-deposited
and irradiated for 1 and 20 hours. The first resonant peak occurring just below 1.2 GHz
experienced a shift in the resonant frequency towards lower values with the increased
duration of the exposure to sun light, while at the same time the module of the

amplitude of this peak decreased.
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Figure 42. S;; signal distribution of the microwave sensor on flexible substrate with Ag
pattern in 0.6-1.4 GHz frequency range when in contact with air and P3HT: PCBM

films irradiated for 0, 1 and 20 hours.

Similar behaviour can be seen for the second resonant peak, which occurred in the
region of 2.8-3.0 GHz and is shown in Figure 43. As with the first resonant peak, the
exposure to the sun light for 1 and 20 hours has caused a shift in the resonant frequency
from 2.921 GHz for as-deposited P3HT:PCBM film to 2.903 GHz and 2.887 GHz when
exposed to 1 h and 20 h respectively. The amplitude of the peak has also experienced a

change, in line with the behaviour of the first resonant peak.
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Figure 43. S;; signal distribution of the microwave sensor on flexible substrate with Ag
pattern in 2.2-3.2 GHz frequency range when in contact with air and P3HT: PCBM

films irradiated for 0, 1 and 20 hours.

However, the changes in the amplitude of the S;; signal in the subsequent third, fourth
and fifth resonant peaks in the frequency range of 7.0-9.5 GHz were almost negligible,
or within the experimental uncertainty, whereas the shift to the lower frequencies took
place with increased exposure to sun light, following a trend set by the first and second
resonant peaks. Si; signal distribution of the microwave sensor on flexible substrate
with Ag pattern in 6.0-10.0 GHz frequency range when in contact with air and

P3HT:PCBM films irradiated for 0, 1 and 20 hours is depicted in Figure 44.
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Figure 44. S;; signal distribution of the microwave sensor on flexible substrate with Ag
pattern in 6.0-10.0 GHz frequency range when in contact with air and P3HT:PCBM

films irradiated for 0, 1 and 20 hours.

The experiments using EM sensors on flexible substrates with P3HT:PCBM films
deposited over them revealed that exposure to Q-Sun light clearly resulted in a change
in the dielectric properties of the films, causing both shift in the position of all the
resonant peaks and changes in their amplitudes, which were especially evident for the

first and second resonant peaks.

4.2.5. Solar Exposure Effects on a Microwave sensor with a Rogers substrate and a

Cu pattern

To confirm that the observed behaviour trend described in Section 4.2.3 is indeed the

property of the produced P3HT:PCBM films and not effected principally by the design
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and the materials of the EM sensor, the following section describes the results of the
studies of the films deposited on sensors with Rogers substrate, which had Cu metal for
the purpose of back layer and front antenna pattern. The measurements were perform in
a similar fashion, with films being exposed to simulated sun light for 1 hour and 20
hours and their properties were recorded at 0.01-15 GHz frequency range, while all
other environmental parameters were kept constant. This is to ensure that any changes
in the material’s dielectric properties are only connected with the influence of solar
irradiation. Moreover, as in previous case, it was proven that time alone, i.e. 20 hours,
does not cause measurable changes in the material properties that can be recorded with
this electromagnetic wave sensing method. This fact was confirmed by repeatedly
measuring as-deposited P3HT:PCBM films over a period of time comparable with the
time it took to achieve equivalent of 20 hours solar exposure. However, this is only
valid when the films were kept in air-tight container at constant environmental
conditions, as exposure to elevated temperatures, humidity or any physical or chemical
substances, including gases, could lead to deterioration of the material properties to a
degree that they would not be suitable for PV purposes. However, it is beyond the scope
of this work to investigate the range of operational parameters that are suitable for
reliable long-term operation of P3HT:PCBM films for conversion of the solar energy
into electricity. The aim is to prove the concept that this novel material composition,
deposited using the procedure described in Section 3.2.3, is a suitable candidate for

cost-effective organic solar cells.

Accordingly, Figure 45 depicts S;; signal distribution of the electromagnetic wave
sensor on Rogers substrate with Cu pattern in 0.01-15.0 GHz frequency range when in
contact with air and P3HT:PCBM films irradiated for 0, 1 and 20 hours. The change in

the dielectric properties of the film as a result of the solar irradiation influence is clearly
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visible in the whole measurement spectra range. However, the changes in the
electromagnetic wave spectra distribution are more pronounced at or near the resonant
peak regions. Thus, Figure 46 focuses more closely on 6.5-8.5 GHz frequency region,
which contains third and fourth resonant peaks. Interestingly, the third resonant peak
frequency changes with the exposure time, shifting towards lower frequencies as the
time progresses. For as-deposited P3HT:PCBM film the third peak frequency was
recorded at 7.41 GHz, and it has decreased to 7.29 GHz after 1 hour irradiation
exposure and further to 7.21 GHz after 20 hours of exposure. Regarding the peak

amplitude values, they remained reasonably stable after the initial 1 hour irradiation.

Contrary to this behaviour, the forth resonant peak amplitude has experienced dramatic
changes in its module values, i.e. from -11 dBm for as-deposited films to -31 dBm after
20 hours of simulated sun light exposure. At the same time, a gradual shift towards the
lower frequencies can be noticed at this forth resonant peak, caused by the increase in
the exposure time. Although this trend is in line with behaviour of the third resonant
peak, the changes are ten-fold smaller, i.e. the reduction is at the range of MHz, rather

than GHz.
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Figure 45. S;; signal distribution of the electromagnetic wave sensor on Rogers
substrate with Cu pattern in 0.01-15.0 GHz frequency range when in contact with air

and P3HT:PCBM films irradiated for 0, 1 and 20 hours.

Notably, with both types of the electromagnetic sensors used, all the results reported
above show clear considerable change in the dielectric properties of deposited
P3HT:PCBM films caused by the exposure to solar irradiation. Both signal amplitude
changes and resonant peaks frequency shifts were recorded, and since all other
experimental parameters and environmental conditions were kept constant, it is
reasonable to conclude that the proposed methods of microwave spectroscopy is a
reliable tool to trace the changes in the properties of the materials caused by the

simulated Q-Sun irradiation.
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Figure 46. S;; signal distribution of the microwave sensor on Rogers substrate with Cu
pattern in 6.5-8.5 GHz frequency range when in contact with air and P3HT: PCBM

films irradiated for 0, 1 and 20 hours.

The next section focuses on the investigation of the changes in the optical properties of
the P3HT:PCBM films under the influence of sun light, in an attempt to reveal the
correlation between the properties and the exposure effects. Once it is achieved, it
would assist in predicting the behaviour of complex composite organic films for PV
purposes and accordingly could suggest new materials compositions to achieve the

desired solar cells performance in various conditions.
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4.3. Optical Properties of P3HT:PCBM

4.3.1. Optical Properties of PSHT:PCBM Solutions

The absorption spectra measurements of the raw solutions were taken using the Perkin
Elmer Lambda 900 UV/VIS/NIR spectrophotometer. To begin, the background
correction was set by inserting a blank cuvette and running the spectrometer. Regio-
regular P3HT was used as a light absorbing and electron donating material, while a
soluble Cgp derivative, PCBM was used as the acceptor material. The optical absorption
spectra of these solutions were recorded on numerous occasions to ensure validity of the
results. Three solution samples: PCBM, P3HT and PCBM:P3HT were prepared and
inserted in glass cuvettes. For the PCBM sample, 10 mg of acceptor fullerene PCBM
was dissolved in 1 ml dichlorobenzene. In P3HT sample, 10 mg of donor polymer
P3HT was dissolved in 1 ml of dichlorobenzene, and for PCBM:P3HT solutions these
were mixed at a ratio of 1:1 volume. The samples were combined by pumping forward
and back through a syringe into a test tube with approximately 8 to 10 repetitions.

Figure 47 illustrates the spectra for PCBM, P3HT and PCBM:P3HT solutions.
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Figure 47. lllustration of the spectra for PCBM, P3HT and PCBM:P3HT solutions.

Observing from the higher wavelength the PCBM solution, these spectra show optical
absorbance gradually increasing as the wavelength decreases. In molecular Cgp in
toluene solution, a similar sharp peak is observed at ~410 nm, and this derives from
transitions between molecular orbitals. A similar peak is observed at approximately
~420 nm in this experiment in dichlorobenzene solution. The Cgy Fullerene solution also
illustrates a typical finger print peak at approximately ~330 nm. In the spectral range
between 350 nm and 198 nm, three absorption peaks are distinct, at 328 nm, 256 nm
and 211 nm. Peaks at 430 nm to 350 nm region can be explained by electronic

transitions that demonstrate some vibrational structure [180-182].

In this work, P3HT with a LUMO level of 3.1 eV was used, and its absorption spectrum
in dichlorobenzene was demonstrated. This illustrates the typical peak absorption wave

band for P3HT at about 420 nm to 600 nm.
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4.3.2. The effect of Annealing on the Optical Properties of PSHT:PCBM Films

This section reports on the effect of the annealing on the optical properties of
P3HT:PCBM films. Three thin film samples of P3HT:PCBM were prepared by spin
coating onto 1 inch glass substrates. The substrates were cleaned with acetone and ultra-
sonicated in de-ionised water for 15 minutes, then wiped with ethanol and methanol
with lint free wipes respectively. Again, 10 mg of P3HT and PCBM was dissolved in
1 ml of solvent 1,2dichlorobenzene. The solution was spin coated on the glass substrates
for 45 seconds at 1500 rpm in order to achieve an approximately 80 — 100 nm thick
layer. To confirm the individual characteristics and layer thickness, AFM was used, as
described earlier in Section 4.1. The solutions were then mixed at a ratio of 1:1 and also
spin coated on the glass substrates. Sample 1 was annealed at 90 °C for 10 minutes,
sample 2 and 3 were both dried naturally at room temperature and the absorption spectra

of these samples were then recorded.

For the P3HT:PCBM films fabricated from 1,2 dichlorobenzene solvent, Figure 48
shows the UV spectra for a 1:1 ratio blend thin films of three samples. It is clear that
annealing has affectively increased the absorption spectra of the films and therefore this
manufacturing step was used during the fabrication of the organic solar cell prototype
device. The A-max is 558 nm showing a red-shift and clear shoulders appear at 525 nm
and 610 nm. These shoulders are explained by the high degree of ordering in P3HT
[183]. The peak in the absorption may be attributed to an interchain interaction among
P3HT chains. UV-Vis absorption bands were observed at 335, 565 and 615 nm. The
peaks below the 350 nm range are directly associated to the added PCBM fullerene. The
peaks above this range are the P3HT characteristic peaks in the absorption wavelength

0f'450 — 650 nm.
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Figure 48. UV-Vis absorption of P3HT: PCBM thin films spin coated from

1,2 dichlorobenzene (1:1) annealed and dried naturally.

4.3.3. The effect of Q-sun Exposure on the Optical Properties of P3SHT:PCBM Films

Table 4 details the Q-Sun Xenon Test Chamber Settings used for the exposure of
manufactured organic films to simulated solar irradiation, with the view to trace the

illumination — induced changes in the properties of these films.

Table 4. Q-Sun Xenon Test Chamber Settings

Irradiance | C |Step Time |TestTime |T0taITimE (Hours Elapsed)
Actual: 0.6 30 16:31 8245 20473.1 10429
Set: 0.6 340 30 50:00:00 2000 20473.1
Ww/ma2 | @nm| |Hours:Min |Hours kJfm2 | kJ/m2 Elapsed

Figure 49 contains a series of screen-shot images from the UV-Vis Spectrometer that
trace the changes in the optical absorption spectra after 0, 10 min, 20 min, 40 min and

30 hours of irradiation.
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It can clearly be seen that, as result of exposure to simulated sunlight, the optical

absorption, across the spectral range is diminished. Figure 49 shows for example the

absorbance at 500nm as a function of exposure time. Such a “bleaching” of the

absorbance in the visible region is typical of photooxidation of the m-electron system,

reducing the molecular conjugation [184].
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Figure 49. Screen-shot images that trace the changes in the optical absorption spectra

after 0, 10 min, 20 min, 40 min and 20 hours of irradiation.

4.4. Electrical Properties of P3HT:PCBM Films

This experiment was done in parallel with the absorption experiment described above.
In order to measure the optical and electrical measurements, both the glass samples (for
optical) and samples with screen-printed IDE electrodes (for electrical measurements)
were prepared simultaneously from the same solutions and their exposure to solar
irradiation was carried out together. Spin coating, annealing and Q-sun exposure times

were all kept identical for comparison purposes.

Four IDE samples were prepared by spin coating with the same spin parameters, with

the active layer from P3HT:PCBM solution. The samples were then annealed in an oven
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at 90°C for 10 mins. Figure 50 illustrates 2 IDE structures screen printed on a ceramic
substrate (as originally shown in figure 13) with the spin coated active layer. Each IDE
structure has 2 contacts which are called measurement point 1 (MP.1) and measurement
point 2 (MP.2). The resistance of the active layer is measured across these contacts,
before and after exposure to the simulated solar irradiance in the Q-sun. The results
were recorded before exposure and after 10 min, 20 min, 40 min and 20 hours. These
results are tabulated in Table 5 for MP.1 and Table 6 for MP.2. Notably, after 0 to 40
min exposure, all samples showed a decrease in resistance, and for all plots except
Sample 4 MP.1, the resistance increases with the increase from 40 to 1200 mins

exposure.

Figure 50. Measurement points for the electrical characterisation of the films.
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Table 5. Electrical properties measurements for the four samples at MP. 1.

Sample 1 Sample 2 Sample 3 Sample 4
1 284 305 323 39.5
10 215 306 304 37.5
20 17.8 232 191 36.6
40 124 17.1 14 5 355
1200 36.2 42 4912 302
1200

Resiistance (kohms)

Measurement point (1)

H 200 400 600 800 L1000y 1200 1400

Exposure time (mins)

——Sample]l —g—Sample2 Sample3 —g=—Sampled

Figure 51. Dependence of the resistance on exposure time for the four samples at MP. 1.
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Table 6. Electrical properties measurements for the four samples at MP.2.

Sample 1 |Sample 2 Sample 3 Sample 4
0 349 17.9 136 19.9
10 247 159 251 17.6
20 237 148 218 138
40 204 10.1 17.2 10.37
1200 (446 20 37.3 299
Measurement point (2)
S50
45
— 40
E 35 ¢
E 30 1
; Y
g 20
7 15
= 10
5
o
=200 0 200 00 DO 1000 1200 1400
Exposure time (mins)
—g—Sample]l —g—Samplel Sample3 —g—Sampled

Figure 52. Dependence of the resistance on exposure time for the four samples at MP.2.

Analysing together the changes in the dielectric, optical and the electrical properties of
the manufacture organic thin films, one may firmly conclude that there exists a strong
correlation between these changes, and the results showed a certain repeatable trend. In

the next section, a flexible organic solar cell device was designed, constructed and

tested.
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4.5. Flexible Solar Cell Prototype Testing

The aim of this research was to build a novel cost-effective organic solar cell structure
suitable for the next-generation flexible applications with enhanced solar irradiation
conversion efficiency. This section summarises the testing results. Figure 53 illustrates
the experimental setup for the flexible solar cell prototype characterisation. On the left
side of Figure 53, the solar cell is illuminated by the Fostec lamp. Behind the solar cell
is a pyranometer which measures the light intensity. Figure 54 shows the pyranometer
from Kipp & Zonen in more detail On the right hand side of Figure 53, the Keithley
voltage source meter is illustrated and connected to a PC running a LabView program.

This program records the currents through the solar cell for each voltage input and plots

the I-V and Power-V characteristics for the solar cell.

Figure 53. Experimental setup for solar cell prototype characterisation.
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Figure 54. Pyranometer from Kipp & Zonen, for measuring the simulated solar

irradiance/light intensity.

Figure 55 displays the graphical interface for testing the electrical properties of the
constructed solar cell prototype. This figure illustrates the current and power vs voltage
curves for a commercially available solar cell. Figure 56 illustrates the current-voltage

characteristics and the power versus voltage characteristic of the flexible solar cell.

Output: IV Sweep Characteristics

Figure 55. Graphical interface illustrating the electrical properties of a commercially

available solar cell.
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Figure 56. (a) Current-voltage characteristics of the prototype solar cell and (b) the

dependence of power on voltage.

From Figure 56, it can be observed the short circuit current (Js) is 88.9 pA (1), while
the open circuit voltage (V) is 71 mV (2). Maximum power V,, occurs at a voltage of
40.326 mV (3) and the corresponding current at this voltage is ~50 pA (4). From these
values, the fill factor (FF) can be concluded using Eq. 3 to be 0.3238. Fill factors above
0.7 are expected for more ideal cells. The losses in fill factor could be due to high series
resistance in the contacts and low shunt resistance in the cell. In Figure 56, the current
begins to drop quite quickly after a voltage of 20 mV. If the series resistance is low
(more desirable), then the voltage at which the current starts to drop would be much

higher, and much closer to the open circuit voltage.
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The calculated efficiency is 0.499%. These results indicate high power loss and can be
attributed to shunt resistance in the cell, i.e. an alternative path in the cell for current to
flow. This is more than likely caused by manufacturing flaws/problems rather than the
actual cell design. In addition, high shunt resistance causes a loss in voltage produced
by the cell, as is the case in this cell. An open circuit voltage of 71 mV is achieved in
this cell, when a value of greater than 400 mV would be expected for a well

manufactured cell.
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Chapter S: Summary, Conclusion and

Future Work

This research thesis reported on the experimental work conducted is in the area of
renewable energy production, in particular in the design, manufacture and
characterisation of advanced cost-effective printed solar cells based on the organic
materials. It was shown that organic photovoltaic devices offer several advantages over
expensive silicon solar cells, including deposition of ultra-thin films by spin-coating,
printing and spray-coating. This in turn provides for the exciting possibility to make
lightweight, flexible solar cells for a broad range of existing and emerging applications

for security, military and medicine.

In Chapter 1, the research area is presented and the need for developing new materials
and manufacturing techniques for sustainable solar cells is justified. Chapter 2 reviewed
the traditional pn-junction solar cells and the factors that limit their performance. The

state-of-the-art organic solar cell is also discussed.

Chapter 3 presented the experimental procedure used in this body of work, including the
materials and equipment utilised, electrodes design methods and parameters, the
preparation methods for the organic films, and the test setups for the electrical and

optical properties characterisation.

In Chapter 4, the results of the optical and electrical tests are presented, with specific
emphasis on the novel approach used to characterise the dielectric properties of the

materials, microwave spectroscopy. The fundamental principles of operation and design
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of the sensors are comprehensively discussed. The dielectric properties of the
P3HT:PCBM films using microwave spectroscopy were presented. Two types of EM
waves sensors were fabricated, one on a Rogers substrate with Cu patterns and a second
on a flexible substrate with Ag patterns. Both of these EM sensors demonstrated shifts
in resonant peak frequencies and amplitude during exposure to solar irradiation. During
these experiments, all other experimental parameters and environmental conditions were
kept constant. Therefore, it was reasonable to conclude that the proposed methods of
microwave spectroscopy is a reliable tool to trace the changes in the properties of the

materials caused by the simulated Q-Sun irradiation.

The optical properties of the P3HT:PCBM films displayed a decrease in absorbance up
to 40 mins solar simulator irradiation and then an increase in absorbance from 40 min to

20 hrs.

The electrical properties of P3HT:PCBM films showed a resistance decrease as the
films were illuminated by an AM1.5 solar simulator from 0 to 40 min, and a subsequent

increase in resistance up to 20 hrs.

To finish, a bespoke solar cell on flexible PET was constructed and tested. It exhibited a
fill factor and an efficiency of 0.3238 and 0.49% respectively. It should be remembered
these P3HT:PCBM films were fabricated in open air in order to mimic a mass-
production environment. As a consequence, problems occur in the manufacturing
process thus degrading the solar cell performance. Various past published work on
organic solar cells are manufactured in nitrogen glove boxes to guarantee reproducible
and optimal results. Solving the problems pertaining to open air fabrication is crucial

step in the production of mass produced rigid and flexible polymer solar cells.
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