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SUMMARY  

 

 

In the quest for finding renewable and sustainable sources of energy, photovoltaics 

(PV) is potentially one of the best renewable energy technology due to the abundance of 

solar energy and the potential for PV to have the lowest environmental impact when 

compared with other energy sources. Amongst existing and emerging PV technologies, 

and despite currently achieving power conversion efficiency (PCE) values that are lower 

than other thin-film PV technologies, organic PV (OPV) is very attractive because 

estimates suggest that a mature OPV technology could yield the lowest energy payback-

times (EPBT) and greenhouse gas (GHG) emissions of all other renewable energy 

sources. 

Transformation of OPV from laboratory into economically feasible products, requires 

fabrication of modules.  Achieving module-level PCE values that are comparable to 

values displayed by single cells is a critical challenge due to the impact that module-level 

PCE values have in reducing the levelized cost of energy (LCOE) of photovoltaic (PV) 

technologies, and consequently on the economic viability of solar energy.  

A current paradigm of PV technology is that the PCE values displayed by commercial 

PV modules are typically smaller than 80% of the values displayed by single PV cells. 

This problem is particularly severe in thin-film PV technologies where challenging 

tradeoff exists between minimizing PCE losses at the module-level and increased 

fabrication cost due to the need for cost-intensive techniques such as lithography, laser 

patterning, etc., that seldom can be scaled-up economically to large areas. This tradeoff 
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arises as a direct consequence of the conventional configuration used to connect PV cells 

in series, the so-called ñstripe geometry.ò Modules with this configuration inherit two 

major loss mechanisms: shading and parasitic resistance losses. 

In this dissertation, a new module geometry is proposed. This module geometry has 

the potential to alleviate the intrinsic tradeoffs introduced by use of the stripe-geometry 

and has the potential to be adapted to scalable and cost-efficient all-additive fabrication 

processes since it avoids patterning of the active layer. Developing the necessary 

techniques to pattern functional organic materials for fabrication of this novel OPV 

module and performing theoretical and experimental validation of the proposed structure 

through modeling and fabrication, are the primary objectives of this dissertation. The 

realization of this new novel module architecture relies on developing the ability to 

fabricate OPV cells with opposite polarities that display comparable performance. The 

selection of the right interlayers to tune the work function of electrodes to enable 

electrons and holes to be collected on adjacent areas of one electrode was a critical 

component towards this goal.  

The proposed OPV module geometry enabled the demonstration of polymeric 

photovoltaic modules with unprecedented performance. 4-cell and 8-cell modules display 

fill -factor (FF) and PCE values that are comparable to the values displayed by constituent 

sub-cells.  Fabrication of an inkjet printed OPV module is also demonstrated, 

representing a significant step towards the all-additive fabrication of OPV modules. 
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CHAPTER 1:   INTRODUCTION   

 

1.1 Energy Consumption and Sustainability 

Environmental sustainability and growing global demand for energy, due to socio-

economic developments, are among the most challenging problems of this century [1, 2]. 

According to the U.S. Energy Information Administration (EIA), the world energy 

consumption will grow by 56% by 2040 (from 520 to 820 quadrillion Btu) [3]. These 

estimations are based on certain assumptions, such as continuous growth in world 

economy, etc. that might not hold in a long term; nonetheless, fossil-based resources (oil, 

coal, natural gas) are todayôs main sources of energy in all major economies, as well as 

developing countries around the world.  

Fossil-based energy sources are non-renewable and limited natural resources, the 

continuous growth in energy demand has been raising concerns about the depletion of 

these conventional sources of energy, accelerating the need for finding alternative 

renewable sources of energy to satisfy the growing global demand. In addition, the use of 

fossil-based energy sources has resulted in the emission of unsustainable levels of 

greenhouse gases into the atmosphere leading to considerable impacts upon the 

environment by affecting the climate, water, land and wildlife [4-6].  

 

1.2 Renewable Energies 

The non-renewable nature of fossil-based energy sources, their increasing high-cost, 

and concerns over their environmental impact, have created a global momentum to find 
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environmental friendly sources of energy. In this regard, there has been an intense effort 

to find efficient ways to utilize environmentally sustainable sources of energy, known as 

ñrenewableò. These renewable resources of energy are those that can be replenished by 

nature: sunlight, wind, and geothermal heat are the most widely used examples of such 

resources. ñRenewable energy technologiesò are the technologies that generate useful and 

reliable forms of energy ï mainly electricity ï from renewable resources.  

Shifting from traditional fossil-based energies to renewable alternatives will help us 

meet the goals of reducing greenhouse gas emissions, and ensuring reliable and efficient 

energy sources for the future [7].  

 

1.3 Photovoltaics  

Quest to find viable alternative sources of energy has made photovoltaics (PV) 

potentially one of the best renewable energy technologies [1, 8-10]. Photovoltaics is the 

direct conversion of solar radiative energy into electricity, using semiconducting 

materials.  

A.E. Becquerel is credited for the discovery of the photovoltaic effect in 1839 as 

result of his studies on liquid electrolytes [11]. This discovery attracted a lot of attention, 

and 40 years later, in 1876, the first solid-state photovoltaic device based on selenium 

was reported by W. Adams and R. Day. Later in 1883, C. Fritts made one of the first 

large area selenium-based solar cells with a PCE of about 1%. Although all the early 

work in photovoltaics were essential in the overall development of the photovoltaic field, 

it was not until 1954 when D.M. Chapin and colleagues at Bell labs reported the 

invention of the first practical silicon-based single p-n junction solar cell with a PCE of 
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about 6% [12]; significantly improving the outlook of photovoltaics as a feasible 

technology [13]. Table 1 summarizes major pioneer work in early development of the 

photovoltaic technology [14].   

 

Table 1: Chronological list of pioneer work in development of photovoltaic 

technology [14]  

Scientist and innovation Year 

Becquerel discovers the photovoltaic effect 1839 

Adams and Day notice photovoltaic effect in selenium 1876 

Planck claims the quantum nature of light 1900 

Wilson proposes Quantum theory of solids 1930 

Mott and Schottky develop the theory of solid-state rectifier (diode) 1940 

Bardeen, Brattain and Schockley invent the transistor 1949 

Charpin, Fuller and Pearson announce 6% efficient silicon solar cell 1954 

Reynolds et al. highlight solar cell based on cadmium sulphide 1954 

First use of solar cells on an orbiting satellite (Vanguard 1) 1958 

 

Compare to fossil-based resources, solar energy provides compelling environmental 

benefits. Solar energy is abundant (potentially infinite), safe, free, and the photovoltaic 

process used to convert light into electricity causes no direct water or air pollution during 

the conversion process.   

In recent years, the global PV capacity has been steadily increasing, with cumulative 

installed PVs reported to be 134 GW globally, and an average growth of 38 GW just in 

year 2013 [2]. Therefore, alongside other renewable energy technologies, photovoltaic 

technology is expected to have a considerable share in the future global energy portfolio. 
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1.3.1 Solar Energy 

The source of sunôs energy is a continuous nuclear fusion reaction at its center [15] 

which heats the surface of sun close to 6000 K. This hot surface, according to Plankôs 

black body radiation law, radiates a continuous spectrum of electromagnetic radiation 

(see Figure 1-1). The radiant power per unit area perpendicular to the direction of the sun 

outside the earthôs atmosphere and at the mean earth-sun distance is a constant having a 

value of 1.353 kW/m2 and referred to as ñsolar constantò or ñair mass zeroò (AM0) [15]. 

As the sun radiation passes through the atmosphere, it gets attenuated due to scattering 

and absorption and its intensity and spectral composition changes. 

 

  

Figure 1-1: Spectral distribution of sunlight at AM0 and at AM1.5 (i.e., sun at 

48.19° zenith angle) radiation 

 

The magnitude of this attenuation depends on how far sun light travels through the 

atmosphere. The minimum path length is when the sun is directly overhead. The ratio of 
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any actual path length to this minimum path length is called ñoptical air massò and is 

defined by: 
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Equation 1 

 

Where ɗ is the zenith angle (angle between the overhead and sun). Using this 

definition, AM1.5 (i.e., sun at 48.19° zenith angle) is the most widely used standard test 

condition for measuring solar cell performance. At this condition, the total power density 

at the earthôs surface is 1 kW/m2 [15].  

It is worth to mention that the spectral composition of sunlight is far more 

complicated than what is presented here, therefore for an in-depth and comprehensive 

discussion reader should consult other resources [15-17].   

 

1.3.2 Solar Cell Operation 

A photovoltaic cell, also known as solar cell (hereon will used interchangeably), is 

the building block of the photovoltaic technology. In a very simplified description, a 

conventional inorganic solar cell is a two-terminal p-n junction device, composed of 

photoactive p-type and n-type semiconducting materials (see Figure 1-2-a). The 

fundamental operation mechanisms and governing equations of this device is defined by 

crystalline semiconductor physics. The nearly perfect crystalline structure creates well-

defined energy bands, and highly delocalized electronic excitations [15].  

When light illuminates a solar cell, incident photons with an average energy larger 

than the semiconductor band gap energy can create an electron-hole pair by exciting 
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electrons from top of the balance band to the bottom of the conduction band (photo-

excitation). These free charges then move toward their favorable energy levels through a 

combination of drift (field driven in depletion region) and diffusion (gradient driven in n- 

and p- regions), and until finally reach to the terminals (electrodes) of the device (see 

Figure 1-2-b). The combination photo-generated voltage and current result in an output 

power for a PV cell. 

  

a) 

 

b) 

 

Figure 1-2: Simplified principle operation of an inorganic solar cell, a) photo-

generation of electron-hole pairs inside the depletion region, b) energy level 

diagram (non-equilibrium) showing the generation of electron-hole pairs inside 

the space-charge region. Charge carriers then swept away toward their favorable 

energy levels and accumulate at the electrodes. Small arrows represent the 

direction of free charges movement. 

 

1.3.3 Equivalent Circuit  

The current-voltage characteristics of a solar cell can be described using an 

equivalent circuit depicted in Figure 3 where the DC current source represents the 
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photocurrent density (Jph), the diode represents an ideal solar cell in the dark (J0 is the 

reverse saturation current, n is ideality factor), the shunt resistance (RP) represents 

leakage, and RS is the series resistance. RP and RS are referred to as the parasitic 

resistances. 

 

 a) 

 

 

b) 

 

Figure 1-3: a) Equivalent circuit of a solar cells with total active area equal to 

A, b) the J-V characteristic of a solar cell at dark and under illumination [18]. 

 

The operation of a solar cell, namely its J-V  characteristic in the dark and under 

illumination as depicted in Figure 1-3 with its equivalent circuit is analytically described 

by the following characteristic equation which is based on a Shockley diode [18]: 
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Equation 2 

 

Where A is the effective area of the cell, k is the Boltzmann constant, T is the device 

temperature, q is the elementary charge, and n is the ideality factor. 
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1.3.4 Performance Metrics  

The typical parameters used to characterize a solar cell are extracted from the J-V 

characteristic curve under illumination. These parameters are the open-circuit voltage 

(VOC), short-circuit current (JSC), and the maximum power density (Pmax) [19], as shown 

in Figure 1-4.  

 

Figure 1-4: Power and current density as a function of voltage for a solar cell 

under illumination. 

 

The VOC is the maximum extractable voltage from the solar cell under 

illumination with zero-current flow. VOC is defined by the level of illumination and the 

properties of the photoactive semiconductors and is also defined by the difference 

between quasi Fermi level energies of electrons and holes in the n-type and p-type 

semiconductor regions, respectively.  

The JSC is the maximum current density drawn from a solar cell under 

illumination.  JSC is a direct representation of photo-generated current in a solar cell.   
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Analytically, the VOC and JSC can also be calculated using the following expressions: 
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Another important performance metric is the fill factor (FF), a normalized 

parameter that is calculated using the following expression:  
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 Equation 5 

 

Where Imax and Vmax are the current and voltage at which the maximum power is 

generated (also shown in Figure 1-4).  

The power conversion efficiency (PCE), the most important performance 

indicator of a solar cell, is calculated using the following expressions:  
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Where PIN is the incident power (Watt), and I is the irradiance of the incident light 

(Watt/cm2).  
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1.3.5 Existing Technologies 

A variety of different semiconductor materials and device architectures have been  

used over the years to produce solar cells, as it is shown in Figure 1-5 [20].     

 

Figure 1-5: Existing PV technologies and their corresponding efficiency values (from 

NREL [20]) 

 

The classifications used in Figure 5, are mainly based on type of semiconducting 

material and solar cell configuration used.  A list of most recent single solar cells and 

modules (an array of connected single cells) from different PV technologies with record 

high efficiencies are shown in Table 2 (adopted from reference [21]): 
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Table 2: Confirmed terrestrial single cell efficiencies measured under global 

AM1.5 spectrum (1000W/m2) at 25°C 

Classification Single cell Module  

Technology Material Efficiency (%) Note Efficiency (%) Note 

Crystalline Si 25.6   Panasonic HIT  22.4  SunPower 

Thin-film a-Si 10.2  ASIT - - 

Thin-film CIGS 20.5  Solibro 17.5  Solar Frontier 

Thin-film CdTe 21.4  First order 17.5  First Solar 

Emerging  Dye 11.9  Sharp N/A - 

Emerging  Organic 11.0  Toshiba 8.7  Toshiba 

Emerging  Perovskite 11.1  Mitsubishi Chemical - - 

 

As it is shown in this table, efficiencies largely vary between different PV 

technologies. It is also evident from this data that between a single solar cell and a solar 

module, there is a considerable drop in efficiency. This issue will be discussed in more 

detail in the following chapter. But at a first glance, crystalline silicon with highest power 

conversion efficiency, both for single cell and module, may seem the best solution today 

for the PV industry.  

There is no doubt that efficiency is an important metric, but from economical 

perspective, there are also other components that contribute to the overall cost of a 

technology [22].  

Levelized cost of energy (LCOE) is an economic metric representing the cost in 

dollars per kilowatt-hour ($/kWh) to build and operate an energy generating system 

(mainly electricity power plants) over an assumed financial lifetime and duty cycle. Key 

inputs to calculating LCOE include capital costs, fuel costs, fixed and variable operations 

and maintenance costs, and financing costs [23, 24].  
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LCOE is widely used to make comparison between different energy generating 

technologies.  Figure 1-6 shows an example of such calculations reported by the U.S. 

Energy Information Administration (EIA) in their 2014 annual report [3]. For PV 

technology to be economically feasible, it must reach to a LCOE that is comparable or 

lower than LCOE of fossil-based energies [25].   

 

 

Figure 1-6: LCOE of different renewable technologies 

 

However, from environmental sustainability standpoint, LCOE does not consider or 

associate any cost for activities that harm the environment, such as greenhouse gas 

(GHG) emissions. Inclusion of such environmental aspects in the LCOE calculations can 

drastically change the competitive scene for all renewable energies in their economic 

battle with traditional fossil-based sources of energy.  
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The energy payback time (EPBT) of an energy generating system is another relevant 

metric for cross comparison between different technologies. EPBT is the total time 

(typically expressed in years) that an energy generating system requires to generate as 

much energy as was consumed for production of that system [26, 27].  

These all said, the lack of clarity in reporting assumptions, justifications and degree 

of completeness in LCOE and EPBT calculations, have created contradictory results and 

a lot of debates over the validity and comprehensiveness of such assessments [7, 23].  

This dissertation is not going to treat these economic assessment topics in details. 

Nonetheless, besides the importance of addressing key cost items in aforementioned 

LCOE, it is critical for PV technology to find ways to increase the efficiency, and reduce 

the cost of material and manufacturing, for it to become competitive alternative to fossil-

based resources [22, 23, 28]. 

In the following sections we briefly introduce and survey three PV technologies: 

crystalline silicon, thin-film, and emerging PV. This section is mainly focused on the 

advantages and associated challenges of each technology.   

 

1.3.5.1 Crystalline Silicon PV 

Crystalline silicon-based solar cell is the first generation and the most mature and 

widely used PV technology. Mono-crystalline and poly-crystalline are the main two 

classes of crystalline silicon used to produce these PVs.   

Mono-crystalline silicon PV accounts for 80% of todayôs total PV market, displaying 

single-cell PCE values of 25% [29]. These solar cells are crystalline silicon p-n junction 
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that are manufactured from a single crystal ingot using the Czochralski method [14, 15]. 

Although this technology offers high PCE values, it also has a high associated 

manufacturing costs, because achieving high yields and reliable solar cells requires 

highly specialized facilities and virtually defect-free fabrication processes that are very 

energy intensive, which requires considerable capital investments.   

Polycrystalline solar cell technology offers lower PCE values, typically below 20% 

[30] but allows for reductions in the cost of manufacturing compared to mono-crystalline 

silicon solar cells [14, 15, 31]. Although silicon-based PV solar cells remain the dominant 

player in the PV market due to its high efficiency, their fabrication processes are very 

complex and energy-intensive which over the years has made the cost-of-energy 

produced by this technology typically uncompetitive with conventional sources such as 

fossil fuels.  

Although in recent years, governmental subsidies and incentives have made the cost-

of-electricity of silicon solar cells competitive with conventional sources of energy in 

certain markets, fabrication complexities and associated costs of silicon PV lead also to 

long EPBT of a few years, and undesirably high GHG emissions [25, 32-34], making 

them a less appealing long-term solution from a sustainability perspective. These 

disadvantages of silicon PV are the main reason for the research community and industry 

to explore alternative materials for solar energy generation [35].  

 

1.3.5.2 Alternative PV Solutions 

Thin-film solar cells are the second generation of photovoltaic technology. These 

devices are composed of thin layers of semiconductor materials stacked on top of each 
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other. The main objective of the thin-film technology is to reduce the cost of PV system 

by lowering the cost of materials used and manufacturing. Thinner films, less expensive 

deposition techniques (such as sputtering, ink printing and electroplating), and possibility 

scaling into large inexpensive substrates are the major advantages of this technology over 

conventional crystalline silicon [36]. Leading thin-film solar cell technologies with 

commercial importance are: amorphous silicon (a-Si), poly-crystalline silicon (poly-si), 

cadmium telluride (CdTe), and variations of copper indium (such as copper indium 

gallium selenide: CIGS).  

Thin-film photovoltaics have been less efficient than crystalline silicon counterparts 

[14]; however they have the potential of leading to significantly lower cost production 

costs and lower EPBT and GHG emissions. Today, the main focus of the research in this 

field is on processing optimization to improve the performance and yield. Third-

generation solar cells are made from different class of semiconducting materials. Dye-

sensitized solar cells (DSSC), and organic solar cells (OSC) are examples of this class of 

photovoltaic devices that use light absorbing organic semiconducting compound. 

Amongst all the alternative PV solutions, organic photovoltaics (OPV) is the most 

promising one because of its material diversity and low cost manufacturing [35, 37]. The 

focus of this dissertation is on this group of photovoltaic materials. 

 

1.4 Organic Photovoltaics  

Organic photovoltaics (OPV) is a class of PV devices based on conjugated organic 

molecules and polymers. The strongpoints and major advantages of OPV over other 

existing technologies are in two areas: materials and manufacturing. 
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From material perspective, OPV uses a wide variety of synthesized materials that can 

be processed in air, at room temperature, and on recyclable substrates and materials [38, 

39]. The importance of this aspect of OPV is that the physical and chemical properties of 

the organic semiconductors such as energy levels, optical absorption, solubility, etc. can 

be tailored by modifying the chemical structure of the molecules [39].  

High degree of disorder in organic semiconductors along with weak electronic 

coupling (will be explained later) and electron-vibration coupling result in charge-carrier 

mobility values - how easy charge carriers can move in the bulk of material under applied 

electric field - with orders of magnitudes lower than inorganic semiconductors [13]. On 

the other hand, organic semiconductors have a relatively strong absorption coefficients 

usually in the range of 105 cm-1. . This feature generally leads to OPV devices with very 

small thicknesses (< 200 nm) [40].  

From a manufacturing perspective, flexibility on tailoring the material properties 

enables utilization of high throughput, low-material-consuming fabrication methods such 

as all-additive printing [41, 42] and roll-to-roll printing [43, 44]. To illustrate the 

difference, some studies suggest that it would take one year for a silicon-based 

manufacturing to make the same total area OPV systems fabricated in only one day by an 

industrial screen printing [42]. In a similar manner, the EPBT could scale down from a 

few years for silicon PV to a few days for OPVs.  

 

1.4.1 Evolution of OPV 

The very first organic-based photovoltaic effect was reported in 1958 by Kearns and 

Calvin [45]. Their device was made of a magnesium phthalocynine (MgPh) disk coated 
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with a thin film of air-oxidized tetramethyl p-phenylenediamine (TMfD) with maximum 

output voltage of 200 mV and power output of 3×10-12 W [45]. However, active interest 

in the research community did not really start until 1986, when Tang, et al. reported a 

single hetero-junction organic photovoltaic cell with a power conversion efficiency of 

about 1% [46].  

Such a major improvement was a result of the development of highly-pure 

synthesized small organic molecules as well as advancements in physical vapor 

deposition (PVD) techniques at room temperature during early 1980ôs [13]. Since then, 

and mainly in last ten years, the field of organic photovoltaic has progressed significantly 

as a potential candidate for affordable renewable energy production [47].The following 

table is a summary of prior-art reports on OPV single cells with the highest PCE values:  

 

Table 3: The highest PCE values for OPV technology reported in literature until 2013 

  Device type JSC (mA/cm2) VOC (V) FF (%) PCE (%) Active area 

(cm2) 

Reference 

Polymer  Single junction 17.5 0.75 70 9.2 0.16 [48] 

Tandem 10.1 1.53 68.5 10.6 0.1 [49] 

Small molecule Single junction 15.5 0.8 72.4 8.94 0.05 [50] 

Tandem 6.2 1.97 54 6.6 NA [51] 

Polymer 

processed in air 

on flexible 
substrate 

Single junction 8.9 0.68 57 3.5 1 [33] 

Tandem 5.11 1.02 35.8 1.3 1 [52] 

 

 

 



18 

 

1.4.2 Organic Semiconductors 

To understand the operation mechanism of organic solar cells, it is necessary to 

understand the fundamental physics and chemistry of organic materials. Organic 

semiconductors are a group of carbon-based materials with optoelectronic properties that 

originate from carbon atomic orbitals and specific bonding with other atoms, and can be 

synthesized and modified using chemistry techniques. 

Organic semiconductors are classified as polymers or small molecules. Small 

molecules are chemical compounds with specific molecular weight, while polymers exist 

in a form of long chains of repeating molecular sub-units, without a specific (well-

defined) molecular weight. To make organic thin-films, polymers are typically solution 

processed (i.e. spin-coating), while small molecule compounds can either be solution 

processed or thermally evaporated.   

In contrast to crystalline silicon where the nearly perfect crystalline structure creates 

a well-defined energy band formation and highly delocalized electronic excitations [15], 

solid-state organic thin-films contain disorder, with weak interactions between adjacent 

molecules, and highly localized electronic excitations. Therefore packing of the 

molecules and morphology of the films have vital effect on the electronic properties [39, 

53]. This makes the optimization of fabrication processing a critical step to make efficient 

organic devices. 

1.4.2.1 Atomic Orbitals  

The optoelectronic properties of organic semiconductors are determined by the 

electronic configurations of the atoms and molecules that form the film and by the 

electronic coupling between them. Such a description on a molecular scale is the realm of 
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quantum mechanics. The Schrödinger equation is a partial differential equation that 

describes how the wave-function of a physical system evolves over time. Solutions of the 

Schrödinger equation for an electron in an atom, provide electron wave-functions and 

allowable energy states. These allowable energy states for an electron around a nucleus 

are also called ñatomic orbitals.ò These atomic orbitals have a specific spatial 

distribution, energy level, and orientation. Figure 1-7 shows s and p orbital. As it is 

shown, the s orbital has a symmetric spherical shape, whereas the p orbitals have a 

dumbbell shape.  

 

Figure 1-7: Representation of s and p atomic orbitals.  

 

1.4.2.2 Bonding 

In a neutral carbon atom, there are six electrons represented as 1s2 2s2 2p2. The 

preceding numeric labels, 1 and 2, are called ñprincipal quantum numberò 

(conventionally shown by n). This number corresponds to the level of energy of that 

orbital. The higher the quantum number of an orbital, the higher the energy of that 

orbital. An orbital with the highest principal quantum number in an atom is the furthest 

orbital from the nucleus (also called outer shell).  
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Out of six electrons of carbon atom, two are in the 1s orbital, and the other four in 

the 2s and 2p orbitals. These four electrons in the outermost orbital (n = 2), 2s2 2p2, are 

called valence electrons and are involved in forming covalent bonds with other atoms. 

Covalent bond is a chemical bonding in which atoms share a pair of valence electrons 

(one electron from each atom). 

Considering the spatial shape and orientation, the four valence orbitals of carbon 

atom are: 2s, 2px, 2py, and 2pz. 

In the case of methane (CH4), valence electrons of carbon couple with valence 

electrons (1s1) of four hydrogen atoms and form four covalent bonds, in which one 

electron from carbon and one electron from hydrogen are shared. According to 

ñhybridized orbital theoryò when carbon atoms have identical single bonds with other 

atoms (as is the case in CH4), a carbon 2s orbital hybridizes with three 2p orbitals to form 

four equal (in terms of shape and energy) sp3 hybridized orbitals [39].   

 

 

Figure 1-8: Representation of 2s and 2p orbital hybridization in methane.  
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A carbon atom can undergo another kind of hybridization when it binds to another 

carbon atom such as in ethylene.  

In a case of ethylene, where carbon atoms bonds to three others atoms, the 2s orbital 

and two of the 2p orbitals (px and py) are involved in the creation of three new orbitals 

called sp2 hybridized orbitals. After sp2 hybridization, a single remaining un-hybridized p 

orbital (pz) stays perpendicular to the plane containing the sp2 orbitals (shown in 

Figure 1-9). These two un-hybridized pz orbitals can overlap, and form a so-called ́ -

bond. Therefore the two carbon atoms will have a covalent double bond (four electrons 

are shared between two atoms) composed of one ́-bond and one ů-bond. 

 

 

Figure 1-9: Schematic of s-bond and p-bond in ethylene (C2H4).  

 

The strength of a s-bond is much greater than that of a -́bond; consequently, the 

electrons forming the ́ -bond (known as ́-electrons) are less tightly bound to nucleus and 

more delocalized in space.  
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1.4.2.3 Conjugated Molecular Systems 

Molecules with a series of multiple alternating single and double bonds are called 

conjugated. For example in polyacetylene (PA) each carbon on PA backbone uses three 

hybridized sp2 orbitals and form three s-bond with one hydrogen and two other carbons. 

All pz orbitals on the other hand stay normal to the s-bond plane and overlap. This 

overlap leads to long range delocalization of these p-electrons across the PA chain. 

 

Figure 1-10: Schematic of s-bond and p-bond in conjugated polymer 

polyacetylene (PA).  

 

These loosely bound ́-electrons in organic systems, are the origin of the electrical 

and optical properties in organic semiconductors. 

 

1.4.2.4 Molecular Orbitals  

As we discussed the covalent bonding, when two atoms get close, their atomic 

orbitals overlap to form a covalent bond. However, the two shared electrons cannot have 

the same energy levels (Pauli exclusion principle) therefore the two overlapped atomic 
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orbitals split into two new different orbitals (in terms of energy and shape) called 

ñmolecular orbitalsò (MOs). These MOs are linear combination of atomic orbitals. Linear 

combination of the wave function of two atomic orbital, generates pair of molecular 

orbitals, one with an energy level below the original atomic orbital level, called bonding 

molecular orbital, and one with a higher energy level, called anti-bonding molecular 

orbital. For example the overlap of the two pz orbitals of two carbon atoms in ethylene 

(Figure 1-9) results in one bonding (́ ) and one anti-bonding (́ *) orbital. When there is 

no perturbation the two electrons (opposite spins) reside in the bonding ( )́ orbital which 

has a lower total energy (stable). Therefore since the bonding ()́ orbital is the filled with 

the valence electrons (electrons in the outer shell with the highest energy), in this two-

atom system, this is called the highest occupied molecular orbital (HOMO). The same 

concept holds for the anti-bonding (́ *) and it is called the lowest unoccupied molecular 

orbital (LUMO). The HOMO and LUMO are known as the ñfrontier orbitalsò. 

All discussed up to this point was based on one-electron wave-function. In a real 

case, what is measured upon excitation (ionization) is the energy difference between the 

N-electron ground state of the molecule and the N-electron excited state (the N±1-

electron ionized state) [54].   

For the purpose of calculations, it is however assumed that the HOMO level is minus 

the energy of the ionization energy (IE) and the LUMO is minus the energy of the 

electron affinity (EA) [54]. Ionization energy (IE) defined as the minimum amount of 

energy required to remove an electron, and electron affinity (EA) defined as the amount 

of energy released by adding an electron to a molecular system. The difference between 

these two is often called the transport gap or fundamental gap: 
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 Ὁ ὍὖὉὃ      Equation 7 

 

The frontier orbital levels can be estimated by using a number of spectroscopic 

techniques, such as x-ray photoemission spectroscopy (XPS), ultraviolet photoemission 

(UPS), and inverse photoemission spectroscopy (IPES) on thin-films. Also 

electrochemical analysis such as cyclic voltammetry (CV) in combination with UV-Vis 

optical absorption is common to measure the frontier molecular orbitals in ionic solution.   

In molecular systems, optical gap (EOpt) of a molecule (lowest electronic transition 

due to absorption of single photon) is substantially lower than the fundamental gap. The 

reason is that the excited electron and the corresponding hole are electrostatically bound. 

This binding energy, (EB) can be calculated using the following formula: 

 Ὁ Ὁ Ὁ       Equation 8 

 

1.4.2.5 Excitons 

The excited electron and its associated hole are initially bound to each other through 

columbic forces. This bound state of an electron and hole pair is called ñexcitonò [39, 

53]. In ́ -conjugated molecules, the exciton binding energy is typically on the order of a 

0.1 - 0.5 eV. This high exciton bonding energy is mainly related to the low dielectric 

constant (Ůr < 5) of these materials, the electron-electron and electron-vibration 

interactions. In contrary, in conventional crystalline inorganic semiconductors with a 

well-defined crystalline structure, the exciton binding energy is in the order of 0.01 eV 

which is much lower than thermal energy at room temperature (0.025 eV). Therefore 
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optical excitation even at room temperature can result in free carrier formation [40, 47]. 

The schematic of excitons in crystalline vs. disorders system is illustrated in Figure 1-11. 

 

(a)    

 

        (b) 

 

Figure 1-11: Schematic representation of exciton formation in (a) 

perfectly ordered crystalline inorganic material, and (b) in disordered 

organic material. 

  

Excitons are an intermediate species in organic photovoltaic energy conversion 

process, but their high binding energy impedes the formation of free-charge carriers. 

Therefore a driving force in required to break them into free charge carriers [40]. 

A ñdonorò material has low HOMO energy (low ionization energy: IE) and is 

suitable for hole injection/collection from high work function electrodes, whereas an 

ñacceptorò material has a high LUMO energy (high electron affinity: EA) and suitable for 

electron injection/collection from low work function electrodes  [13, 39, 53].  
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Figure 1-12: Simplified energy diagram of a donor/acceptor interface.  

 

When a donor and an acceptor are brought together and form an interface, the offsets  

between their energy levels creates a driving force that can facilitate the dissociation of 

excitons [47]. As of today, there is no clear explanation to describe exciton dissociation at 

donor acceptor interfaces as several factors can come into play and complicate this 

dissociation process [13].  

A number of widely used donor and acceptor organic photoactive semiconductors 

are shown in Figure 1-13. 
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(a) 

 

(b) 

 

Figure 1-13: Chemical structures of commonly used (a) donor and (b) 

acceptors organic semiconductors in PV. 

 

1.4.2.6 Charge Transport 

In materials that are highly-ordered, like inorganic crystalline materials, the 

electronic wave-functions are delocalized over the whole system, resulting in a band 

regime behavior in which the charge carriers can freely move over the entire structure 

[55].   

In organic (polymeric) materials, weaker intermolecular interactions cause the 

energy levels to broaden into electronic bands with widths determined by the strength of 

the intermolecular interactions. In disordered configurations like in organic thin-films, 
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due to a very weak coupling, the wave functions are localized over a few surrounding 

molecules. In such highly disordered systems, transport generally proceeds through 

hopping and is thermally activated [56].  

 

1.4.3 OPV Cells  

OPVs are typically built on transparent substrates (such as glass) having a layer of 

a transparent conducting metal oxide (such as indium tin oxide) as bottom electrode, a 

stack of organic layers including the photoactive organic semiconductor, and a back 

metal contact. The photoactive layer is typically composed of a combination of an 

electron-donor (donor) with an electron-acceptor (acceptor). These donor and acceptor 

materials can either be stacked as separate layers (bi-layer hetero-junction), or mixed 

together as one single layer, called bulk hetero-junction as shown in Figure 1-14. The 

focus of this dissertation is on bulk hetero-junction OPV cells. 

(a) 

 

(b) 

 

Figure 1-14: Schematic of typical OPV cell structures: (a) bilayer cell in 

which the acceptor and donor materials are deposited separately, and (b) 

bulk hetero-junction cell in which the acceptor and donor materials are 

mixed and deposit together. 
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The photoactive layer is generally sandwiched between a hole-collecting electrode 

(HCE) with high work function and an electron-collecting electrode (ECE) with low 

work function. 

The energy levels of these organic layers along with the position of their 

corresponding electrodes in a simplified energy diagram are shown in Figure 1-15. 

 

Figure 1-15: Energy diagram of a typical OPV cell composed of: hole 

collecting electrode (HCE), donor organic semiconductor, acceptor organic 

semiconductor, and electron collecting electrode (ECE). The vacuum is the 

reference to measure the ionization potential (IP) of the donor material and 

the electron affinity (EA) of acceptor material.   

 

1.4.4 OPV Operation 

At this point, it is worth mentioning that a detailed picture of the operation of an 

OPV cell is still an active area of research and a subject of debate in the community. 

However; in this section, a high-level picture of commonly accepted principles of 

operation will be briefly discussed.  
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When light illuminates and OPV device, photons with an energy larger than the 

optical band-gap of the photoactive organic layer are absorbed forming an exciton [57]. 

As discussed before, an exciton in an organic semiconductor has a binding energy on the 

order of 0.1 to 0.5 eV. This high exciton binding energy does not allow easy dissociation 

at room temperature (kT = 0.025 eV at T = 300 K). We have to remember that excitons 

are neutral species that diffuse through random hops [13, 57]. Excitons that reach a 

donor/acceptor interface, will have a chance to dissociate through an electron transfer 

reaction between a donor and an acceptor molecule.. The difference in energy between 

the frontier orbitals at the interface provides a driving force for a transfer of the electron 

on the acceptor molecule and hole on the donor molecule [57], as depicted in 

Figure 1-16. It is also worth to mention that excitons have a short lifetime, and short 

diffusion lengths before they decay, therefore, the nanoscopic morphology of the 

photoactive material is critical for the operation of an OPV cell [58, 59].   

 

Figure 1-16: OPV Operation: Starting from top left: Photo absorption leads to an 

exciton formation (shown only in donor side), then exciton migrates toward the 

donor/acceptor interface. At the interface electron and hole dissociates and then 

each migrates toward the corresponding electrodes.  
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When electron and holes are separated, these charge carriers have a chance to move 

toward their corresponding electrodes. The migration of free charge carriers toward 

collecting electrodes is influenced by many factors such as degree of energetic disorder 

and vibrational coupling. Therefore the transport of these charge carriers is governed by a 

hopping mechanism [56].  

Finally, those charge carriers that have reached to the electrodes/semiconductor 

interface before recombining will have a chance of getting collected and contribute to the 

overall current. All the aforementioned steps are summarized in Figure 1-16. 

To enable efficient charge collection at the electrodes, one must select electrode 

materials and interfaces that yield a work-function that matches the EA of the acceptor, 

and a WF that matches the IE of the donor material as shown in Figure 1-15.  

 

1.4.5 OPV Device Structures: Conventional vs. Inverted 

OPV cells are fabricated based on two device geometries having different polarity: 

conventional and inverted. These configurations are shown in Figure 1-17. In OPV cells 

with conventional geometry, the HCE is at the bottom and the ECE is on top of the 

device. The ECEs are typically low work function metals such as LiF/Al, Ca/Al, etc. thus 

are very reactive and gets oxidized in the presence of ambient oxygen and water. Until 

recently, this limited the air stability and overall lifetime of OPV cells with conventional 

geometry.  To address the air-stability issue due to low WF reactive-metal top contacts, 

ñinvertedò OPV cell is used as an alternative structure (Figure 1-17-b). In this geometry 

the ECE is placed at the bottom of the OPV cell and HCE goes on top. The low WF ECE 
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is typically an indium tin oxide (ITO) layer that is covered with low WF electron-

collecting interlayer. 

 a) 

 

b)  

 

Figure 1-17: Two typical geometries of an OPV cells: a) 

conventional, b) inverted 

 

Recently, we have shown that surface modifiers based on aliphatic amine 

polymers can be used as interlayers to very significantly reduce the WF traditional high 

WF electrodes. In fact, we have shown that this group of materials can substantially 

reduce the WF of variety of different conductors such as metals, conductive metal oxides, 

conducting polymers, etc.  This WF reduction originates from physisorption of the 

neutral polymer and the creation of an interfacial surface dipole, which turns the modified 

conductors into efficient ECEs. These polymer surface modifiers are processed in air 

from solution, providing an appealing alternative to reactive lowīWF metals. 

Polyethylenimine ethoxylated (PEIE) is an example of such polymers (Figure 1-18-a). A 

thin layer of PEIE reduces the WF of ITO from 4.4 eV down to 3.3 eV (UPS 

measurements) [60]. PEIE is an insulator, but the amine groups in its structure allows for  

electrons to be partially displaced or transferred towards the surface of a conductor, thus 
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creating a dipole moment on the modified surface which in turn results in a strong shift in 

vacuum level. This shift in vacuum level corresponds to a decrease of the WF 

(Figure 1-18-b). 

(a) 

 

(b) 

 

Figure 1-18: Polyethylenimine ethoxylated (PEIE): (a) the chemical 

structure, (b) the shift in vacuum due to the dipole moment created by 

PEIE molecule 

 

Shown in Table 4 is a list of different metals and conductive metal oxides that are 

treated with PEIE and PEI.  Of particular important, is the fact that PEIE or PEI 

significantly modify the WF of organic semiconductors such as Poly(3,4-

ethylenedioxythiophene) Polystyrene sulfonate (PEDOT:PSS) and graphene, opening the 

door for all plastic polymeric single and tandem OPVs and significantly improving the 

outlook for improving the environmental stability of OPV devices in both, inverted and 

conventional geometries.  

 

 


















































































































































































