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ABSTRACT 

This research investigates the effects of bending on the electrical, optical, structural and 

mechanical properties of flexible organic photovoltaic (OPV) cells.  Bulk heterojunction 

organic solar cells were fabricated on Polyethylene terephthalate (PET) substrates using 

Poly-3-hexylthiophene: [6, 6]-phenyl-C61-butyric acid methyl ester (P3HT: PCBM) as 

the active layer and Poly (3, 4-ethylenedioxythiophene) Polystyrenesulfonate (PEDOT: 

PSS) as the hole injection layer. All the organic layers were deposited by spin coating 

while the Al cathode was vacuum thermally evaporated.  The Indium Tin Oxide (ITO) 

anode has an average optical transmittance of 85% in the visible spectrum, a sheet resis-

tivity of 60 ohms per square and an average surface roughness of 3nm. The relationship 

between the optoelectronic performance of the various device layers and the applied me-

chanical strains has been analyzed. The effects of stress and strain on the current-voltage 

characteristics of the device and its failure were modeled using the Abaqus software. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Introduction 

The Global consumption of energy on the earth surface is estimated to be 15TW. 32TW is 

the total geothermal energy available, 870TW is that of wind and direct solar offers up to 

86,000TW [1]. With these statistics, solar energy would be the ultimate source of fuel due 

to its abundance in availability. Ultimately, solar energy would replace the dwindling fos-

sil fuels' reserves in this new era of cleaner and more efficient energy as the world surges 

on to new technologies and horizons. 

1.2 The Solar Cell 

A solar cell is a semiconductor PN junction diode, normally without an external bias, that 

provides electrical power to a load when illuminated as shown in figure below. Solar cells 

or photovoltaic devices are devices that can convert efficiently the energy in sunlight into 

usable electrical energy. 
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Figure 1.1: Current Voltage (IV) characteristics of a PN junction diode 

 

 

A solar cell under illumination would exhibit the IV characteristics of a forward bias PN 

junction diode as indicated in the Figure 1.2: 

   

 

Figure 1.2: Characteristics of a solar cell under light 

 

In the dark, a solar cell would exhibit the Ohmic characteristics curve of a conventional 

resistor. The efficiency of a solar cell is the ratio of the electrical power it delivers to the 
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load, to the optical power incident on the cell. Maximum efficiency is when power deliv-

ered to the load is Pmax [2]. 

A solar cell could be either organically or inorganically manufactured. A solar cell made 

by depositing one or more layers (thin films) of photovoltaic materials on a substrate is 

called a thin- film photovoltaic cell (TFPV) or thin- film solar cell (TFSC). These have 

thickness ranges varying from a few nanometers to tens of micrometers. Various deposi-

tion methods on a variety of substrates are used to deposit many different many different 

photovoltaic materials. Therefore the photovoltaic material used categorizes the thin- film 

solar cell into inorganic and organic forms given as: 

1. Amorphous Silicon and other thin- film Silicon 

2. Cadmium Telluride      Inorganic 

3. Copper Indium Gallium Selenide 

4. Dye synthesized solar cell and other organic sollar cells [3] 

1.2.1 Inorganic Solar Cell Limitations 

There has been increasing interest in the development of low cost organic electronic de-

vices stimulated by the potential for significant processing cost reductions compared to 

the cost of their amorphous or crystalline silicon counterparts in solar cell and light- emit-

ting devices [4]. Organic electronics has become a vastly developed field in the past two 

decades due to their promise of low cost, lightweight, versatility of chemical design and 

synthesis, ease of processing, and mechanical flexibility as compared to inorganic solar 

cells [5]. The main advantages of the organic semiconductors over inorganic semiconduc-

tors in the electronic industry are: easier deposition of thin films, higher degree of sensi-
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tivity to external agents, a potential lower- cost on large scale production, higher absorp-

tion coefficient and greater flexibility [6]. However, the major merit is that very simple 

and low cost deposition techniques such as; vacuum evaporation, spin coating and the like 

are used to deposit these organic thin films on some suitable substrates be it glassy or 

flexible. 

1.3 Organic Electronics 

The make-up of an electronic device could also be either inorganic or organic. Examples 

of organic electronics are light-emitting diodes (OLEDs), field- effect transistors (OFETs), 

solar cells and photo-detectors (Organic Photovoltaics- OPVs). Organic electronics are 

now applicable to PV technology to solve the growing energy challenges that will take an 

integral part in future energy production. However, organic electronic devices' perfor-

mance and lifetime such as that of OPV depend critically on the properties of the active 

materials used and their interfaces. An example is how surface energy and work-function 

greatly affect the charge injection or extraction and transport in organic semiconductors 

which has been explained further in chapter 2 [5]. Recent improvements in efficiency 

from ~1% to 8.3%[7] has strengthened the case for organic photovoltaic (OPV) cells thus 

bringing them closer to commercialization and suggesting that organic electronic devices 

may evolve to be widely used in both rural and urban applications. Figure 1.3 below 

shows the schematics of an organic solar cell manufactured in the electronic industries. 
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Figure 1.3: The Schematics of an organic photovoltaic cell [Adapted from Korhan 

Demirkan] 

1.4 Photovoltaic Energy Conversion 

The ability to do the work of forcing electrons to move especially from the valence band 

to the conduction band is what is termed as the potential difference or Voltage. The poten-

tial difference across a conductor such as copper, silver and gold (they have one valence 

electron- good conductors) causes current to flow thereby providing electricity (see Figure 

1.4)[8]. The conversion of electromagnetic energy such as light (which includes infra-red, 

visible and ultraviolet) to electric energy in the form of current or voltage is termed pho-

tovoltaic energy conversion [9]. 

 

Figure 1.4: Electricity generation [8] 
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1.4 The Make Up of a Photovoltaic Cell 

When the light is incident on the absorber/ material, it experiences a transition from a 

ground state to an excited state after which this excited state is converted to free negative 

and positive charge carrier pairs. The free negative charge carrier moves to the cathode 

whiles the free positive charge carrier move to the anode. During this discriminating 

transport mechanism, the energetic photo-generated negative charge carriers arriving at 

the cathode result in electrons which move through an electric circuit losing their energy 

to electrical loads as they make their way back to the anode to recombine with the arriv-

ing positive charge carriers. This recombination process eventually returns the absorber 

back to its ground state [9]. 

 

Figure 1.5: Solar energy spectra [Adapted from Fonash S. J.] 

 

 

In solar cells' energy generation, Photon spectra as depicted in Figure 1.5 are much pre-

ferred because in the most desirable way one photon translates to an electron- hole pair 

for the energy conversion (see Figure 1.6 below). 
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Figure 1.6: Cross-section of a typical solar cell [Adapted from Fonash S. J.] 

 

1.5 Problem Statement/ Hypothesis 

Device efficiency and reliability are affected in a drastic manner by the interfaces of the 

semi-conductor and the electrical contacts. Due to this, the electrical contacts has to be 

designed in a way as to enable the interfaces exhibit low resistance, low operating voltage 

and stability to minimize device degradation[10]. Building electronic devices on deform-

able and flexible substrates is a requirement for novel large-area electronics, such as elec-

tronic textiles, electronic paper, sensor skin for robotics or medical prosthesis, and drapa-

ble solar cell or flexible displays. Amorphous silicon and silicon nitride, are brittle inor-

ganic semiconductor device materials and as such crack easily when subjected to a signif-

icant amount of mechanical strain. The relationship between the optoelectronic perfor-

mance of the devices and that of the applied mechanical strain values that are below the 

fracture strains and the strains associated with the loss of device functionality would be 

analysed to gain understanding in that light.[11] With this knowledge that bending strains 

affect the optoelectronic and failure mechanisms in bendable substrates, the brittle glass 
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substrate mostly used in the manufacture of organic electronic devices to would be re-

placed in this work with a flexible or bendable substrate to attain a highly robust device. 

From theory, Poly-Dimethyl Siloxane (PDMS) or Polyethylene terephthalate (PET) could 

both serve as good candidates for this work. 

1.6 Scope of Work 

The aim of this research is to understand the mechanical behaviour of the manufacture 

bendable thin film solar cell or photovoltaic. As layers are deposited, the IV and defor-

mation characteristics would be measured. The effects of stress on failure and the I-V 

characteristics would then be finally modelled and simulated using the Abaqus software 

to explain the bending effects of the optoelectronic and failure of the manufactured pho-

tovoltaic individual layers and the complete structure. 

1.7 Arrangement of Work 

Chapter one, gives an introduction to the general view of what organic electronics entails 

particularly focussing on photovoltaic devices. Chapter two theoretically looks at the or-

ganic solar cell, the literature review of the work of others on this subject area and how 

they are related to this work. This chapter also shows how relevant it is to manufacture a 

plastic substrate organic solar cell other than the more conventional brittle glass substrate. 

The experimental work on the manufacture of the organic solar cell on the PET substrate 

and the simulations of the bending tests of the device can be found in chapter three. Chap-

ter four contains results and discussions. The concluding remarks and recommendations 

for further studies on the effect of bending on the performance of the manufactured organ-

ic solar cell can be found in chapter five. 
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Introduction 

Thin film photovoltaic initially appeared as small strips powering pocket sized calculators. 

This technology is now available in very large modules used in vehicle charging systems 

and very complicated building- integrated installations. Thin film production has been 

projected by the GBI Research to grow 24% from 2009 levels and to reach 22,214 MW in 

2020."Expectations are that in the long-term, thin-film solar PV technology would surpass 

dominating conventional solar PV technology, thus enabling the long sought-after grid 

parity objective"[1, 2]. Also organic thin film materials vastly offers an untapped source 

of possible material properties useful in the semiconductor- based industries. This section 

delves into the literature work of others beginning from the historical evolution of the or-

ganic solar cell to the theoretical background of bendable organic photovoltaic cells.  

2.2 Background 

Traditional organic materials, in the electronic industry, have been considered as insulat-

ing materials [3]. Early work was inspired by photosynthesis in which light is absorbed by 

chlorophyll, a member of the Porphyrin family [4]. Electro luminescence (EL) response 

of organic molecular solids was first reported by Bernanose in 1955 [3]. In the 1970's, 

William et al. developed an organic semiconductor thin film instead of a single crystal 

semi-conductor films (done earlier by Pope and Helfrich [4, 6]) by vacuum evaporation 

and longmuir- Blodgett method [7]. However, Tessler et al. were the first to successfully 

attempt to achieve lasting action from organic semi-conductor materials [8]. 
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Currently, OPVs, OLEDs, organic integrated circuits, radio frequency identification de-

vices, sensors, actuators and memories are various types of organic electronics under ex-

tensive investigations to improve their reliability and performance. Many of these low 

cost applications are the organic semiconductor based devices and as such, their efficien-

cy and reliability needs constant improvements to enable it survive in the market [9]. Sili-

con solar cell electricity currently makes up over 90% of the photovoltaic (PV) market but 

its generated electricity is still more expensive compared to that from conventional fossil 

fuels. This is due to the Single crystal wafers used in the manufacture of solar cells with 

the intent to increase their efficiency since grain boundaries promote recombination and 

impede charge transport but the cost of manufacturing these single crystal wafers is very 

high so the need to look out for an alternative [10]. 

 

Depositing organic layers on electrode substrates followed by the deposition of a counter 

electrode are the basis to the preparation of organic electronic devices. In many instances 

metals are chosen for the electrodes and these can be doped semi-conductor materials or 

conductive metal oxides. Stacking various semi-conducting materials on top of each other 

in the bulk of the solar cell device leads to structures like pn junctions [9]. 

 

The deposition methods of these layers vary significantly depending on the materials' sys-

tem used. Vacuum techniques are used to deposit small conducting organic molecules 
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whiles printing, spin/ dip coating are used to deposit processed polymer solutions. Finally, 

thermal evaporation is use to deposit the top electrode layers [9]. 

2.2.1 The Bulk Heterojunction 

The bulk heterojunction organic solar cells will be fabricated on Polyethylene Tereph-

thalate (PET) substrates with Indium Tin Oxide (ITO) anode already deposited on top via 

sputtering process. Poly-3-Hexylthiophene: [6, 6]-Phenyl-C61-Butyric acid Methyl Ester 

(P3HT: PCBM) will act as the active layer and Poly (3, 4-Ethylenedioxythiophene) Poly-

styrenesulfonate (PEDOT: PSS) as the hole injection layer. All the organic layers will be 

deposited by spin coating whiles the Al cathode will be by vacuum thermal evaporation. 

 

PET is the third most common synthetic polymer and accounts for about 18% of the 

world's polymer production. PET is aromatic/ aliphatic polyester which possesses very 

practical thermal properties that are not found in the all aliphatic commodity thermoplas-

tics polyethylene or polypropylene. It has a glass transition temperature near 67°C and a 

melting temperature of 265°C [11]. PET can exist as an amorphous (transparent) or as a 

semi- crystalline (opaque and white) thermoplastic material. It generally has a good re-

sistance to mineral oils, solvents and acids with the exception of bases. The semi-

crystalline PET has good strength, ductility, stiffness and hardness whiles the amorphous 

PET has better ductility but less stiffness and hardness [12]. 
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PEDOT has excellent transparency in the visible electromagnetic spectrum region and 

good electrical conductivity. But even though it is environmentally stable, like most con-

ducting polymers, PEDOT is in-fusible and insoluble making it difficult to process in thin 

film form. Due to this a water dispersion of PEDOT doped with PSS has become the most 

promising and most widely used hole injecting material in organic thin film research to-

day. This thin layer of PEDOT:PSS on ITO surface increases the maximum luminance of 

the device, reduces the threshold voltage by more than 50% and eventually increases the 

lifetime by the factor of 10 (Pichler 1997,Moliton 2001). Lastly, the PEDOT: PSS acts as 

a physical barrier against the many defect sites present in the ITO [13]. 

 

Since limited absorption spectra and poor charge mobility are the main factors that affect 

the relatively low efficiency of organic solar cells, combining a narrow- band donor with 

a fullerene derivative will be an approach to solving this challenge. The most efficient 

fullerene derivative based donor- acceptor copolymer is P3HT: PCBM blends [14, 15]. 

PCBM (fullerene derivative) plays the role of electron acceptor in many organic cells due 

to its high hole mobility tendency. P3HT is from the family of Polythiophene which is a 

kind of conducting polymer. The photovoltaic effect in the blend is due to the excitation 

of the p- orbit electron in P3HT [16]. 
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Figure 2.1: Chemical Structures of the Organic layers 

Figure 2.1 shows the chemical structures of the various constituents of the organic layer 

of the photovoltaic cell to be fabricated. 

2.3 Plasticity 

  

Figure 2.2: Deformation of plastic and elastic relation [Adapted from Tapany Udomphol] 

 

From Figure 2.2 it can be clearly noticed that the plastic deformation does not depend on 

Hook's law meaning it is a non-reversible process. Plasticity in structural design predicts 

the maximum load which can be applied to a body without the occurrence of excessive 
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yielding aside the other aspect that deals with large plastic deformation requirement in 

changing metals into desired shapes [17]. 

2.3.1 Plasticity in Solar Cell Manufacturing 

Recently, the interest in the use of plastics as substrates for thin solar cells is increasing in 

order to again cut down on the costs of manufacturing by means of roll to roll deposition, 

aside the fact that they offer novel possibilities in building integration [18]. In this thesis, 

PDMS or PET would be chosen as a substrate for the solar cell to be manufactured due to 

the attractive combination of the former's stretch- ability aside its ease of processing, and 

the latter's bendability [19]. 

 

The lack of the ability of PDMS to measure the angular separation of images that are 

close together (resolution) when used in intermediate molds propelled this work to use 

PET as the device substrate. This means that even though PDMS is ultraviolet (UV) 

transparent, its use in intermediate molds leads to replicas with smooth textures. Smooth-

ing of these master textures has been demonstrated to be beneficial in solar cell applica-

tion cases. Meanwhile, the detrimental or beneficial effects of replication losses cannot be 

guessed in general as they depend on the original or pilot textures and device configura-

tion [18]. 

2.4 The Electrical Interactions at the Organic Solar Cell Interface 

Abrupt and cleaner interfaces are allowed when organic semiconductors are deposited on 

metal. 
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Figure 2.3: Energy level diagram of a metal and semiconductor (a) before contact (c) 

when contact is made. [Adapted from Korhan Demirkan ] 

In Figure 2.3 (a), the highest occupied state in the metal is denoted by EF (Femi level). 

The minimum energy requirement for an electron to be removed from the surface of the 

metal to the vacuum level(vacuum of zero kinetic energy) is termed the surface work 

function (ф) whiles EC and EV are the valence and conduction band edges respectively [9]. 

HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied Molecu-

lar Orbital) levels are the names given to energy bands in organic semiconductors since 

they are not continuous. 

The difference between the vacuum level and the conduction band edge (which is a con-

stant of the material) of the semiconductor is termed electron affinity (EA). The band gap 

EG is also a constant of the material. The difference between the vacuum level and the va-

lence shell is referred to as the ionization potential (IP). In Figure 2.3 (b), the abrupt dis-

continuity of allowed energy states at the interface is clear and this forms an energy barri-

er for charge transport and eventually affects the interface resistance [9]. 
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The closer energy level alignment suggests lower barrier at the interface and higher effi-

ciency for charge injection. The rule for interface engineering is seen in matching the 

work function of the electrode with the EA and IP of the semiconductor. The Fermi level 

of a low work function metal aligns more closely with the LUMO level of the semicon-

ductor with the assumption that the chemical potential of the metal and semiconductor do 

not equilibrate when in contact (as can be seen in Figure 2.4 below). Similarly, a high 

work function metal's Fermi level will align more closely with the HOMO level of the 

semiconductor [9]. 

 

 

Figure 2.4: Energy offsets (a) Low (b) High [Adapted from Korhan Demirkan] 

 

In an ideal manner, there should be negligible resistance to current flow at the interface of 

the contact compared to the bulk of the semiconductor. So an essential task for engineer-

ing efficient semiconductor device would be to determine the energy states that contribute 

to the charge transfer since these states at the interface are not always energetically 
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aligned causing a barrier for the charge transfer process. It should be noted that the charge 

transport process at the interfaces occurs from the de-localized states of the metal into the 

localized states of the organic semiconductor. 

With adequate design, negligible resistance to current flow can be achieved at the metal/ 

semiconductor interfaces. For inorganic semiconductors, heavily local doping will pro-

vide tunneling or Ohmic contacts whiles it is not always viable for organic semiconduc-

tors. Organic semiconductor doping is an interstitial process, a substitution for inorganic 

crystalline semiconductors [9]. 

2.5 Theory 

The challenging aspect of flexible substrates in solar cell manufacturing is the extent to 

which it can be deformed. Letting a pair of couple of magnitude M (Moment) be applied 

to the ends of the substrate as shown in figure 2.4. It is clear that the longitudinal filament 

of which this beam-like substrate may be thought to be composed will be contracted on 

the face of the beam toward the centre of curvature, and those on the opposite of face will 

be extended. The central line is the name given to the line passing through the centroids of 

the flexible substrate [20]. 

The terminal coupling of this substrate of length, L with a central line length, Lo after 

bending (as shown in figure 2.5) defines an engineering strain given in equation 2.0. 
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Figure 2.5: The schematics of a bendable organic photovoltaic single layer of width, w 

and a radius of curvature, R 

From Figure 2.5, if the assumption is that the central line indicated by a dotted curve is 

unaltered in length and its plane sections normal to the central line also assumed to remain 

plane and normal to the deformed central line [20], it is easy to detect that the strain (the 

magnitude of the extension or contraction) is: 

 

 train,    
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)  R 
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       (2.0) 

 

Where   above represents the engineering strain whiles the true strain,  T is given as: 

 

    
 
  

  

 
    

 

  
          (2.1)[21] 
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From literature these two are related by the graph shown in Figure 2.6. 

 

 

Figure 2.6: Relationship between true and engineering stress-strain curves (Adapted from 

Tapany Udomphol [17]) 

This therefore implies that the true stress is the load divided by the instantaneous area so 

it can represent the true deformation characteristics of the material unlike the engineering 

stress and strain curve in figure 2.6. 

If the distance from the central line to the surface of the substrate is 

 

 
 y         (2.2) 

Then the strain becomes; 

  
 

 
         (2.3) 

Clearly, the strain is directly proportional to y, meaning that the smaller the substrate 

thickness the lower the strain. This result is very desirable since we seek to manufacture a 

solar cell of very low strain when bent. Relating these results to the stress, 
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  E  
  

 
        (2.4) 

means that the deformation of the manufactured solar cell could be studied. This implies 

that; 

 

 
 

 

 
 

 

 
         (2.5) 

Where; E is the Young's modulus, R the radius of curvature, M the moment and I the 

moment of inertia. See Appendix for the complete derivation of Equation 2.5 from 2.0. 

2.6 The Bending Theory 

These assumptions below are made in order to develop the elastic theory of the thin film 

bending. 

1. The thin film has a constant, prismatic cross-section and is constructed of a flexi-

ble, homogenous material that has the same modulus of elasticity in both tension 

and compression (shortens or elongates equally for same stress). 

2. The thin film material is linearly elastic; the relationship between the stress and 

strain is directly proportional. 

3. The thin film material is not stressed past its proportional limit. 

4. A plane section within the thin film before bending remains a plane after bending 

(see below AB & CD in Figure 2.7). 

The neutral plane of the thin film is a plane whose length is unchanged by the beam's de-

formation and this plane passes through the centroid of the cross-section [22]. 
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Figure 2.7: The process of bending [22] 

The thin film is represented in Figure 2.7 by dashed lines and the neutral axis and lines 

AB and CD are drawn parallel to their respective sides. Lines AB and C D are separated 

by some distance as can be clearly notice in the diagram above. These two lines were par-

allel before bending and due to the assumptions above, the thin film is expected to behave 

as a beam undergoing bending, meaning these lines would remain perpendicular to the 

neutral axis [22]. 

Figure 2.8 depicts a typical stress–strain curve obtained polymers.  
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Figure 2.8: Stress- strain curves for polymers 

 

Bending also known as flexure characterizes the behaviour of a slender structural element 

subjected to an external force applied to an axis of the element perpendicularly. A beam is 

any element whose length is considerably larger than the width and the thickness [24]. 

2.6.1 Technique One (3 Point Bend Test) 

The first technique to be discussed is the three point flexure technique. This flexural test 

measures the force required to bend a beam under three point loading condition [24]. The 

three point bending flexural test provides values for the modulus of elasticity in bending, 

flexural stress, flexural strain and the flexural stress- strain response of the material. Ease 

of the specimen preparation and testing is the main advantages a three point flexural test. 

Result sensitivity to the specimen type, loading geometry and the strain rate are the disad-

vantages of this method. For rectangular cross section such as in thin films (the one em-

ployed in this research) the flexural stress,    and strain,    are given by 
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           (2.6)[25] 

   
   

  
        (2.7)[25] 

Where L is the support span in mm, P is the Load or force at a given point on the load de-

flection curve in N, b is width of test beam in mm, d is the depth of tested beam, and D is 

maximum deflection of the centre of the beam in mm. 

 

Figure 2.9: Three point flexure test set-up and graphs 

Finally, the flexural modulus of the test element can also be calculated using the formula 

below; 

   
   

            (2.8)[28] 

Where m is the gradient of the initial straight line portion of the load deflection curve in 

N/m and Ef is the Flexural modulus of elasticity in MPa. 
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2.6.1.1 Plastic bending 

The Euler Bernoulli equation, = My/I, is valid only when the stress at the extreme fiber 

(which is the portion of the test element farthest from the neutral axis) is below the yield 

stress of the material from which it is constructed. The stress distribution becomes non- 

linear at higher loadings and if it is a ductile material, it will eventually enter the plastic 

hinge state (see Figure 2.1) where the magnitude of the stress is equal to the yield stress 

everywhere in the test element where the stress changes from tensile to compressive [25]. 

2.6.2 Technique Two (4 Point Bend Test) 

Four point bending is used to measure effectively the bond strength of the test element. A 

uniform maximum moment and an area of tension at the bottom of the specimen is 

achieved in this bending technique [29]. Figure 2.10 depicts the set- up and the estimated 

graphs that can be gotten from this four point flexural test. 

 

Figure 2.10: 4 point bend test setup and graphs [26, 27] 

 

2.7 The efficiency of a conventional photovoltaic cell 

The optical transitions across the band gap generate the current produced by solar cells. 

Direct transitions where the momentum of the resulting electron-hole pair is very close to 
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zero, and indirect transitions where the resulting electron hole pair has a finite momentum 

are the two distinguishable types of optical transitions whereby the latter transition re-

quires the assistance of a quantum of lattice vibration (also called phonon) [30]. 

 

The performance of photovoltaic devices are characterized by the short circuit current 

(JSC), the open circuit voltage (VOC), and the fill factor (ff) via Figure 2.11 which depicts 

the current- voltage curve of a photo-diode under illumination. 

 

Figure 2.7: Current- Voltage spectra of a photovoltaic under illumination [adapted from 

Paul A. Lane et al.] 

From Figure 2.11, the fill factor of the illuminated photovoltaic device can be calculated 

by using Equation 2.6. 

   
  

      
 

    

      
        (2.6) [31] 
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Where Pm is the maximum power delivered to an external circuit and the product of ISC 

and VOC represent the potential power of the device. 

The Power conversion efficiency, ηe of a device will therefore be given as ηe. 

 

   
  

  
 

    

  
        (2.7) [31] 

 

Where Po is the incident optical power. Therefore the spectral response of OPVs is an 

important way to characterize such devices to optimize their performance. 

The external quantum efficiency (also called the Incident Photon conversion efficiency), 

EQE is given by the number of electrons generated per incident photon: 

 

    
  

   
 

     

    
       (2.8) [31] 

 

Where λ is the wavelength of light, e is the electrical charge, h is Planck's constant, and c 

is the speed of light. This generally follows the absorption spectrum of the materials con-

stituting the OPV. The internal quantum efficiency, IQE also known as the photo current 

action spectrum has the relation: 
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      (2.9) [31] 

 

The performance of a bilayer OPV is ultimately determined by the efficiency of charge 

photo generated and charge transport. As charge transfer takes place at organic hetero-

junction (Figure 2.12) absorption must take place at the interface or within the exciton 

diffusion length in the respective materials [31, 32]. 

 

Figure 2.8: The schematic diagram of a heterojunction OPV [adapted from Paul A. Lane 

et al.] 

 

One primary limitation of a heterojunction solar cell is that charge photo-generation oc-

curs only in a thin layer near the organic heterojunction. Here, only a fraction of incident 

light will be absorbed in this region, limiting the quantum efficiency of devices. Co- 

evaporating two organic pigments to create a bulk heterojunction is one way of increasing 

the width of the photocarrier generation region [33]. 
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Figure 2.9: Photo-induced charge transport illustration [adapted from Sam-Shajing Sun et 

al.] 

Figure 2.13 shows that electrons and holes are photo-generated in the mixed layer and are 

swept to the transport layers by this built in chemical and electrical potentials [34, 35]. 
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CHAPTER THREE 

EXPERIMENTAL PROCEDURE/ MODELING 

3.1 Introduction 

This section contains the experimental and the modeling parts of this research. Experi-

mentally, the organic photovoltaic cell will be fabricated layer by layer alongside charac-

terising the thin film layers deposited at each stage. 

3.2 Experimental Work 

The experimental part has been classified into four sections; mask designing, sample 

preparation, deposition, and the three point bend testing of the deposited layers. Since the 

PET was obtained with ITO already deposited on it, the mask to be designed was done for 

only the Aluminium cathode. 

3.2.1 Dimensions of the Solar Cell 

 

Figure 10.1: Top view of the complete bendable Solar Cell to be manufactured 

A mask was designed for the Aluminium (Al) cathode (as indicated in Figure 3.1) deposi-

tion with 0.75x0.75 cm
2
 dimensions. 
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3.2.2 Sample Preparation and Cleaning 

The flexible substrate, Polyethylene terephthalate (PET), used was not synthesised but 

obtained from the company called SOLARONIX (www.solaronix.com). The PET had 

ITO already deposited on it (product name: PETITO 175-60). 75x25 mm
2
 and 25x25 mm

2
 

ITO/PET substrates were cleaned in Iso-propyl alcohol (IPA) and dried in a stream of ni-

trogen gas (N2). This process involved immersing in ethanol for five minutes, rinsing with 

deionised water and placing in IPA (Iso Propyl Acid). The IPA with the samples in a glass 

beaker was placed into an ultrasonic water (Figure 3.2) bath for about 5 minutes at room 

temperature (30 degrees Celsius) followed by the Nitrogen gas drying. 

 

Figure 3.11: Ultrasonic water bath 

3.2.3 Solar Cell Manufacturing Procedure 

The organic solar cell to be fabricated (see Figure 3.3) uses Poly-3-hexylthiophene: [6, 6]-

phenyl-C61-butyric acid methyl ester (P3HT: PCBM) as the active layer and Poly (3, 4-

ethylenedioxythiophene) polystyrenesulfonate (PEDOT: PSS) as the hole injection layer. 
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These organic layers were deposited by spin coating while the Al cathode by vacuum 

thermal evaporation. 

 

Figure 12: Bendable solar cell side view 

3.2.3.1 Spin coating of Organic Layer 

The hole injection layer (PEDOT: PSS) and the blend or active layer (P3HT: PCBM) 

were deposited by spin coating with the WS- 650Hz- 23NPP/ A3/ AR2 spin coater model 

using the parameters below. 

Table 1: Spin coating parameters for organic layers 

Parameters PEDOT:PSS P3HT:PCBM 

Steps 1 2 1 2 

Time/ s 10 40 10 30 

Speed/ rpm 500 2000 400 800 
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Figure 13.4: The Spin Coater 

In preparing the blend for spin coating, a 1:1 weight ratio of P3HT: PCBM was employed. 

25.86mg and 24.12mg of P3HT and PCBM were dissolved in a 5ml volume of Chloro-

benzene via stirring for 12 hours. See Appendix for details in calculating the blend weight 

composition. 

3.2.3.2 Thermal Evaporation of Cathode Layer 

 

Figure 14: Schematic diagram of thermal evaporator 

The Al cathode was evaporated in an Edward Auto 306 coater at room temperature. The 

final device configuration was Al / P3HT: PCBM/ PEDOT: PSS/ ITO/ PET with a device 

area of (0.75x0.75) cm
2
. 
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3.3.4 Characterization of Bendable OPV Device and Layers 

The ITO thickness of 1055 Å, as confirmed by the optical simulation of its Transmittance 

(See Figure 3), measured and the surface roughness of each layer was carried out using 

the Dektek 150 Surface Profiler. The optical transmittance, T was also measured for the 

various layers using an Avouts UV-VIS spectrophotometer. 3 point flexure test measure-

ments were taken on the various device layers using the TIRA test 2810 machine. The 

light and dark I-V were measured using Keithley 2400 Source Measure Unit (SMU) under 

An1.5 illumination making use of an Oriel Class A solar simulator. 

3.3.5 TIRA Test 

The first element used to undergo the 3 point bend test had the dimensions of 75x25 cm
2
. 

Figures 3.5, 3.7 and 3.8 shows the flexural processes during the TIRA test. 

 

Figure 15: ITO/PET element in un-deformed state 
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Figure 16: ITO/PET element in deformed state 

 

Figure 17: ITO/PET element returns to original state 

Form Figure 3.7 and 3.8, it can be concluded that the elastic limit was not exceeded mean-

ing the flexure was elastic.  
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The tensile strengths (for both compressive and tensile bending of ITO on PET) were cal-

culated and the stress and strain curves were plotted using the force against displacement 

plot extracted from the test results. This test was repeated for subsequent deposition of the 

organic layers. The only difference is that, the element size/ dimension was reduced to 

25x25cm
2
 due to the element requirement for spin coating. 

3.4 Modeling and Simulation 

This modelling section began with simulating the unknown thickness of ITO on the PET 

substrate obtained from SOLARONIX (Sample name: PETITO 175-60). Matlab was used 

to simulate the bending moments and Abaqus was used to model the displacement behav-

iour of the 3 point flexure test. 

3.4.1 “Optical” Modeling 

Since ITO was already deposited on the PET substrate (PETITO 175-60) obtained from 

SOLARONIX (www.solaronix.com) without the specification of its thickness on the 175 

micrometres thick PET the ―optical‖ software alongside the transmittance data of the 

ITO/PET was used to simulate and confirm the thickness of ITO. 
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Figure 18: "Optical" software reticule displaying both theoretical and experimental trans-

mittance data of ITO/PET 

The Physics behind this mechanism is that the experimental data is compared with theo-

retically defined layers using their refractive index and extinction coefficient. 

3.3.2 Matlab Modeling 

The Matlab programme was used to determine the bending moments of the ITO layer. 

Here, the nodal and elemental sections where defined using the K and J metrices and ma-

terial properties to model the 3 point bending in the un deformed and deformed forms. 

The reaction forces were also modeled which eventually gave values for the bending mo-

ments being of the individual thin film layer defined. 

3.3.3 Abaqus Modeling 

The Abaqus/ CAE student edition 6.9-2 creates models for analysis and interpretation. 

The modeling of the 3point flexure test began with the step of creating the parts as a 3D 

deformable shell planar, with dimensions corresponding to the physical specimen. The 

material is defined by inputting its properties which included its Poisson’s ratio and 
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Young’s Modulus. The support effects were modeled using constraints by partitioning the 

plane to generate 3 nodal sets. This approach was used instead defining analytical rigid 

rollers or supports because the latter proved to be difficult. The boundary conditions used 

at these three nodes depicted the 3 point bend rollers (see Figure 3.6) 

 

Figure 19: Partitioned nodes to define the 3 point bend part 

The model is instanced as a dependant mesh followed by meshing all the four sections 

created due to the 3 partitions. Also, the sections were defined to have structured quad 

element. The boundary conditions set at the nodal points included fixing the support sec-

tions in the Z and X direction (i.e. U2 and U3). The middle roller set defined by the parti-

tioned middle line was set to displace downward (i.e. move only in the U3 direction). 

Figure 3.11 depicts the deformed and that of the un-deformed 3 point bend contour mod-

els.



December 9, 2011  DECEMBER,2011 

 

ASARE, Joseph |Dept. of Theoretical Physics (AUST)  38 

 

 

Figure 20.11: The 3 point model parts and results obtained from the Abaqus/CAE. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1 Introduction 

Plastic deformation (depends on the loading path by which the final state is achieved) is 

not a reversible process like elastic deformation (which depends only on the initial and 

final states of strain) [1]. 

4.2 Results and Discussion 

The simulation and optimization of the optical transmittance of the ITO/PET multilayer 

system along with their experimental data on the ―Optical‖  oftware provided an average 

value of 1055 Armstrong for the thickness of the ITO layer on the PET substrate. Moreo-

ver, the results obtained from the Abaqus/CAE modeling showed that at the middle of the 

deformed thin film layer, the occurrence of cracking was very susceptible since that sec-

tion experiences the highest reaction force magnitude. The roughness of ITO on PET was 

determined from Profilometry to be 33.8 Armstrong whiles that of PEDOT: PSS/ ITO/ 

PET gave an improved roughness of 15.4 Armstrong. Resistivity of the TCO (ITO) was 

60 ohms/sq. before bending and the results on bending have been summarized in Table 2. 

 

Figure 21.1: Schematic diagram of a thin film undergoing bending 
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Table 2: Electrical conductivity of ITO/PET 

Curvature Radius/ mm Average Resistivity/ ohms per square 

∞ 60.000 

30 68.172 

25 46400.000 

20 96400.000 

 

The ITO anode and hole injection layer (PEDOT: PSS) exhibited 80- 85% transmittance 

in the UV- VIS Spectrum in Figure 5. From this Figure, it is clear that bending has very 

minimal effect on their transmittance.  

  

Figure 22: Minimal variation in transmittance during bending of ITO on PET 

0

20

40

60

80

100

200 400 600 800

%
 T

ra
n

sm
it

ta
n

ce
 

Wavelength/ nm 
PEDOT:PSS_ITO_PET_without bending ITO/PET without bending
PET_ITO_Tensile_Bending_30mm PET_ITO_Tensile_Bending_25mm
PET_ITO_Tensile_Bending_20mm PET_ITO_Compressive_Bending_30mm
PET_ITO_Compressive_ Bending_20mm



December 9, 2011  DECEMBER,2011 

 

ASARE, Joseph |Dept. of Theoretical Physics (AUST)  41 

 

It is also clear that as the bending increased, the strain increased alongside with the cracks 

causing part of the incident light undergoing transmission to be absorbed. This therefore 

indicates that the higher the strain, the more susceptible the layers are to absorbing the 

light to be transmitted.  

Even though the SEM results of ITO on PET predicts ITO fragility as seen in Figure 4.3, 

the bending test (both tensile and compressive) done on it gave very promising tensile 

strengths, β (β increased from 28.4 to 31.7MPa respectively) as seen in Figures 4.4. The 

subsequent deposition of layers further increased their β ( ee Table 3). It is clear from 

Figure 4.5 that the OPV device fabricated is both strong and tough with reference to the 

―Mechanics of Polymers‖ [9, 10] in Figure 4.6. The flexural modulus of the Fabricated 

OPV compositions was also calculated and the results tabulated in Table 4. 

 

Figure 23: Scanning Electron Microscopy of ITO on PET 
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Figure 24: Compressive and tensile bending comparison in terms of β 

 

Table 3: Tensile Strength Variations 
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Figure 25: TIRA test results of the OPV layers and device (stress against strain curves) 

 

Figure 26: ―The Mechanics of Polymers‖ [2, 3] 
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Table 4: Flexural modulus of OPV 

Finally, the characteristics of the OPV device fabricated behaved like a good diode in the 

dark as expected (See Figure 4.7). Moreover, its lifespan performance was very desirable 

in the dark. However IV results obtained from its illuminated state gave a low fill factor 

value. 

 

Figure 27: Device Characteristics in the dark 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1 Conclusion 

The bendable Organic Photovoltaic fabricated in this research was found to be strong and 

tough and the bending effect on transmittance was very minimal (See Figure 9 for the 

OPV fabricated). The resistivity of the ITO/PET (TCO) increases with cracking and the 

fill factor was low indicating the need for device optimization. 

 

Figure 28: Bendable Solar Cell (OPV) fabricated 

5.2 Recommendation 

Since the fill factor value obtained from the bendable OPV in its illuminated state was 

low, the need for device optimization in the future is recommended.  
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APPENDIX 

 PROOF of the Eulerian formula: 
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 Composite of blend calculation:  
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