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ABSTRACT OF THE THESIS 

Numerical Modeling of 3D Organic Solar Cells 
by 

Anurag Kaushik 
Master of Science in Electrical Engineering 

San Diego State University, 2010 
 

 In this thesis, we have demonstrated a new generation of ‘all-polymer’ three-
dimensional photovoltaic cells made of a large array of high-aspect ratio charge-collecting 
carbon electrodes surrounded by a matrix of polymer photoactive material. This application 
essentially takes the technology of Organic-MEMS one step further where the unique 
advantages of carbon coupled with patterneability through micro and nanofabrication 
technologies offer a unique opportunity for meshing it with organic PV cell technology. The 
ensuing most fundamental significance enabled by this marriage of two technologies is the 3-
D architecture involving high aspect-ratio carbon posts where the diffusion length for charge 
carriers is minimized while offering large enough optical depth for absorbing incident light. 

This numerical model for this device investigates a number of physical phenomena 
and mass equilibrium reactions that govern the transportation and accumulation of charge 
carriers and also provides an insight to the losses occurred. This comprehensive numerical 
model is expected to offer a useful tool in understanding the complex electrostatic and mass 
equilibrium reactions that occur in the 3D configuration of the organic solar cell. 
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CHAPTER 1 

INTRODUCTION 

The enslavement the human being on fossil fuels for the generation of energy is major 

drawback to the environment. The renewable energy resources will soon force their way into 

the presently used power plants as today’s main energy sources (oil, coal, uranium) will be 

scarce in the near future. Within the next 10-20 years there will be a permanent decline in the 

global oil production rate according to predictions [1, 2]. Worldwide, oil prices will rise 

considerably favoring the introduction of various renewable energy sources consisting of 

solar energy, nuclear energy, hydroelectric and wind power systems. 

Environmentalists are alarmed with the combustion of fossil fuels having harmful 

effects on the delicate balance of nature on our planet. Burning of the fossil fuels, induce 

about 201 tons of carbon dioxide into the atmosphere every year [3-5]. The green house 

effect is playing a big role as today plants are unable to absorb this huge amount of extra 

CO2. Hence, the CO2 concentration in the atmosphere continues to build up. It also states that 

it will be directly effecting the global warming phenomenon. The global mean surface 

temperature will increase by another 0.6-7.0 °C by the year 2100 [4]. The cost of this 

temperature change have already augmented the occurrence and gravity of natural disasters 

and are expected to have more destructive effects for the human society and other life forms 

in all parts of Earth in the future [5]. Moreover, the transportation of fossil fuels sometimes 

results in a devastating oil spills and many of us are familiar with the impacts of this type of 

disaster. Leakage from oil rigs is a big threat to the wildlife.  

Our greed for energy can only be fulfilled in a better way with the introduction of 

renewable energy resources for healthier living. This is a global effect and all nations are 

coming together and are dynamic in using the environment friendly resources. This might be 

unreasonable to ask the developing and under-developed countries to focus on these 

concerns, but even a small step in that direction would really be an usher for future plans for 

energy conservation for the nation. 
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1.1. RENEWABLE ENERGY SOURCES 

Providentially, the earth is abundant of renewable energy sources which will never be 

inadequate and would not have any noteworthy detrimental effects on our planet. The sources 

of energy like solar energy, nuclear energy, tidal energy and heat from the earth’s crust 

depend on the regional supply. The main concern still is the high usage cost even if the above 

situation is not a hindrance. The need of the hour is to develop technologies to manufacture 

low cost renewable energy [6]. One of the biggest energy harvesting can be from the solar 

energy using the solar cells. The silicon solar cells were previously used for small scale 

devices such as solar panels, pocket calculators, street lighting, water pumps. But presently 

with large arrays of solar panels deployed they can actually provide sufficient energy to 

power up a residential unit. These devices have an efficiency of 24% in harvesting the 

incident solar energy [7]. Nuclear energy is now one of main researches for fulfilling the 

energy needs. The energy produced by 1 million tons of fossil fuel  is equivalent to energy 

produced by 1 ton of Uranium [6]. It is also not harmful for the environment if the nuclear 

waste is disposed carefully. It is clean, unswerving, secure and almost infinite. On the other 

hand organic Solar Cells requires less effort and production energy because of 

straightforward processing at lower temperatures (20-200oC) than the silicon solar cells. The 

organic solar cells have exceeded 6% power conversion efficiencies and will be soon 

introduced to the commercial market as they have low manufacturing costs [6]. We find a 

very large range of manufacturing cost since the technology is still very young.  

Organic solar cells have some advantages over the conventional solar cells as they are 

environment friendly, flexible and cheap and easy in manufacturing. These stated reasons 

kicked off a series of researches all around the world. The only major drawback is the 

efficiency which is seen to be improving. We can see the organic solar cells being a 

competitor in the solar panel market. 

One major advantage the organic solar cell carry to woe the market is that they can be 

printed in different colors and styles making it a fancy add on and hence can be used on a 

number of products. Umbrellas, back-packs and tents being the products they will be really 

effective on. These organic cells can be very beneficial to the military as well. Soldiers are 

always in a need of power supply being in the out and always on the move. It will be make 
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things easier to the soldier if he can produce electricity from his tent and back-pack to 

recharge his satellite phone, GPS and other instruments needed. 

1.2. WORKING OF SOLAR CELL 

The fundamental of a solar cell for converting solar energy into electric power is the 

generation of negative and positive charges in the active layer. Conversion of solar light into 

electric power requires the generation of both negative and positive charges as well as a 

compelling force to drive these charges through an external electric circuit for charge 

collection. The external circuit can be later connected to any electrical equipment to utilize 

the generated electrical power. In fact, the photon striking the electron in the solar cell must 

possess enough energy to excite a valance electron to jump to the conduction band. The 

energy gap between the conduction band and valance band with the energy supplied to the 

valance electron by the photon defines the probability of an electron to be in the conduction 

path and be beneficial for the power generation. The maximum height the electrons can jump 

to is equal to the highest voltage developed. The maximum current is determined by the 

number of electrons being excited to jump to the conduction band per second [6]. In practice 

not all electrons complete the external path journey. Some of them drop back to the valance 

band which is covered in the process called recombination [6]. This is also termed as leakage 

currents and is typically caused by defects in the device.  

In organic semiconductors, with the photon absorption an exciton is created which is 

a bound pair of electron and hole. This pair has an opposite spin and is bound together with 

the coulombs force. The excitons are neutral in charge and dissociate and diffuse at certain 

areas called hetero-junctions. The journey for the electron and hole towards the respective 

electrode start alone. The electron carrying the negative charge travels towards the anode and 

the hole with the positive charge is attracted towards the cathode. After reaching the 

respective electrodes they are injected into the external circuit and hence fulfilling their 

purpose to form electrical power and get utilized [6]. 

1.3 3-D ORGANIC SOLAR CELL 

The 3-D Organic Solar Cell is a construction formed by a large array of high-aspect 

ratio carbon electrodes of few microns diameter surrounded by a matrix of hetero-junction 

photoactive material as shown in Figure 1.1. The depth of the photo-active cell is around  
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Figure 1.1. 3-D representation of ‘AllPolyPV” solar cell 
architecture with 3D pyrolysed carbon electrodes and a 
photoactive matrix.  

 several microns. The thin film electrodes such as aluminum and ITO which require 

expensive vacuum deposition are here replaced by these carbon electrodes. These 3-D carbon 

electrodes are patterned with the help of lithography process and pyrolysis of SU-8 negative 

photo-resist [8-11]. This patterning forms two layers, one layer connects the series of anodes 

and cathodes through wire traces and the other layer accommodates the electrodes. The 

photoactive material is coated as a photo-active layer on the microarray of electrodes. The 

new PV Cell consists of a polymer precursor (SU-8) for the 3-D carbon electrodes and a 

photoactive polymer which is a blend of P3HT (poly(3-hexylthiophene)) and PCBM (phenyl-

C61-butyric acid methyl ester)[12]. 

In this research, a numerical model has been solved for the 3-D architecture of 

organic PV cells. This model depicts the Electrostatic, convection and diffusion profiles of 

the organic PV cell. This new architecture consists of organic photoactive material and 3-D 

carbon-based charge collectors with decreased diffusion length and increased light absorption 

area enabled by large electrode surface area.  The fundamental physics and electrochemistry 

of exciton transport, charge transfer mechanism, and charge recombination in all-polymer PV 

technology have been simulated. For better and controlled charge transfer mechanism that 

could translate to energy conversion efficiencies of 10% and more tailored/optimized 

organic-organic interface are being used. The large 3-D carbon electrode surface area due to 
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array of post-shaped electrodes exponentially helps in charge collection which in turn helps 

in increased efficiency for producing more current. The main drawback is the shadows of the 

tall towers which blocks the incident sunlight when the sun is at some angle other than being 

at 90 degrees which will be perpendicular to the earth’s surface [8].  

In order to provide positive affinity to the anode a fine layer of conducting polymer 

(PEDOT:PSS – poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)) with work 

function of 5.2 eV is coated on it [13, 14]. It enables the hole transport whereas the cathodes 

are made of pyrolysed polymer precursor (SU-8) with work function of 4.4 eV for the 

electron transport [12]. Figure 1.2 shows the cross-sectional view of the organic solar cell.  

 
Figure 1.2. 2-D cross-sectional view of the architecture of ‘all-polymer’ 
Organic-MEMS/NEMS based organic photovoltaic cell. The circuit is 
completed through graphite wire traces which act as electron and hole 
conduction paths.  

Different portion of the sunlight varying according to the incident frequency can be 

supported by the cell by deploying multiple photoactive layers to cover the complete 

spectrum of light. This helps in increasing the efficiency of the solar cell to a very large 

extent.The semiconductor bandgap for the device is pretty high, limiting its efficiency by 

only absorbing a narrow spectrum of light. The main reason of less efficiency for the 

polymer solar cells is the bandgap [12]. This bandgap measures around 2.0 eV for polymer 

cells limiting the efficiency to 30% as compared to 77% efficiency when the bandgap is  
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1.1 eV. The organic layer being very thin is compensated by the fact that they have a high 

absorption coefficient. Figure 1.3 shows the Fermi energy level diagrams for this PV cell. 

The thickness of the active layer is helpful for the electron and hole mobility [6].  

 

 
Figure 1.3. Fermi energy level diagrams and light harvesting relative to vacuum level 
for the AllPoly3DPV system in flat band conditions. During light energy exposure, an 
electron is promoted to the LUMO (lowest unoccupied molecular orbital) leaving a 
hole behind in the HOMO (highest occupied molecular orbital). Electrons are 
collected in the pyrolysed carbon (graphite) electrode and holes at the PEDOT:PSS 
electrode.  

The reflection losses are not accounted for this model because a detailed study has not 

been carried out yet for this phenomenon and moreover it is assumed that its only a fraction 

of the total losses. Ideally, all excitons should be able to reach the hetero-junction. But the 

location of this hetero-junction is not defined. Hence the diffusion length of exciton should 

be enough so that they can travel through the complete thickness of the active layer to avoid 

recombination hence reducing the efficiency. Exciton dissociation takes place when a hetero-

junction is encountered. This is a blend of different materials having different electron 

affinities (EA) and ionisation potentials (IA). At this stage the roles of acceptor and donor are 

assigned. There should be sufficient difference between the electron affinities and ionization 

potential. If there is not much difference in IA and EA, the exciton can jump to the material 

with the lower bandgap without dissociating. Recombination would take place and the 

exciton will not contribute to the current generation and would be accounted to losses [6].  



 

 

7

Recombination effects the transport of charges during their path to the electrodes, if a 

blend is not used it will be a concern as their interaction to opposite charges on the way to the 

electrodes result in recombination. The collisions of charge carriers with atoms and other 

charges may result in less production of current. The charges are collected at the electrodes 

with the charge carrier going to the electrode with lower work-function.  

1.4. MOTIVATION FOR THIS STUDY 

Organic Solar Cell project forms a significant component of the research done at 

Kassegne’s MEMS Research Lab at SDSU. Figure 1.4 summarizes the roadmap for the 

complete research going on in the MEMS Research Lab, SDSU for the all polymer PV cells. 

The focus of this study is in the computational modeling of the 3-D Organic Photovoltaic 

Solar Cell. The unique features of this current study are utilizing the abundant organic 

material attempting to replace silicon solar cells with higher manufacturing expenses. The 3-

D geometry of the electrodes facilitates more absorption of light energy and increased charge 

collecting efficiency. The main advantages offered by carbon are its abundant availability, 

excellent electrochemical stability, and good thermal and electrical conductivities. This will 

be a small research step towards benefitting the society aiming to provide better source of 

energy in an eco-friendly and economical way. 

 
Figure 1.4. Research roadmap, MEMS Research Group, SDSU. 
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The thesis is arranged in the following sequence: Chapter 1 presents introduction; 

Chapter 2 presents literature survey; Chapter 3 presents the numerical model developed; 

Chapter 4 covers the solution of the developed model; Chapter 5 presents the fabrication of 

the Organic Solar Cells and their discussion; and Chapter 6 provides concluding remarks. 
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CHAPTER 2 

LITERATURE SURVEY 

In this chapter, a literature survey of photovoltaic research, in particular that of 

organic based photovoltaic technology is acknowledged. Recent spike in fossil fuel prices 

and concerns about impact of green house gases over global environment have generated an 

enormous interest in Photo-voltaics. As an example, over the last 5 years, PV market has 

seen phenomenal growth globally: From 2006 to 2007 the total production of photo-voltaics 

increased over 50% t  3.8GW as shown in Figure 2.1. PV energy production is projected to 

become a substantial contributor to global energy production, satisfying about 20 -30% of 

total global requirements by 2050 [12]. 

 
Figure 2.1. World annual photovoltaic production, 1975 - 
2007. 

2.1 BASIC ORGANIC PHOTOVOTAIC TECHNOLOGY 

Due to a limitation of volume where photo-activity may be achieved within the 

semiconductor, the photoelectric conversion ratio is also limited to a small region around 

these interfaces. This limitation is primarily due to polymeric electron transfer length of 

organic semiconductors. Pioneers in the field of photo-voltaics such as Tang et al. were 

among the first to report on organic photovoltaic devices and to build a photovoltaic cell 
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based on an organic thin-film photo-detector [15]. Although the efficiency reported by them 

was around 1%. Subsequent development by Bundgaard and his colleagues managed to  

achieve slight improvements by using photovoltaic cells based on copolymers (thiophene, 

benzothiadiazole and thiadiazole) [16]. Subsequently by constructing solar cells with 

materials like metallopolyyne/fullerene derivative blends as the photoactive material Wong et 

al. obtained a power-conversion efficiency of about 4% [17].  Another milestone in 

efficiency increase was achieved by Luque and his colleagues using quantum dots [18] and 

Gratzel and colleagues using liquid–electrolyte–based dye-sensitized metal-oxides. Their 

methods progressed the conversion efficiency to the range of 10% [19]. Another notable 

method of harnessing solar employing nanowire dye-sensitized solar cells was developed by 

Law et al. though an efficiency of only 1.2-1.5% could be achieved though this approach 

[20]. The detailed study of power conversion efficiency of organic solar cells based on 

donor–acceptor blends by C Deibal et al. explains the working of photovoltaics focusing on 

polaron pair dissociation and bimolecular polaron recombination. The charge mobility 

playing a major part in the whole process is shown in Figure 2.2 [21]. They were also 

successful in explaining the effects of increased dissociation rate for better charge transport . 

The increase in mobility from 10–8 m2/V s polymer–fullerene solar cells to about 10–6 m2/V 

resulted in enhancement of the efficiency by 20%.  

 
Figure 2.2. (above) Band diagrams and electron and hole quasi-Fermi levels, (below) 
electron (red) and hole (blue) concentrations at the maximum power point. Source: 
C. Deibel, A. Wagenpfahl, and V. Dyakonov, “Influence of charge carrier mobility 
on the performance of organic solar cells,” Phys. Stat. Sol., vol. 2, No. 4, pp. 175–177, 
2008. 
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The major research in the simulating the organic solar cells was carried out by 

researchers Blom and Koster. The losses occurring due to recombination was deliberated 

upon which was found to be 7% of the total losses when the system being in a short circuit 

mode. Their findings on drift and diffusion proved to be a great help fpr the upcoming 

researches. They depicted the effect of mobilities, drift and diffusion on charge carrier 

concentration in Figure 2.3 [22]. 

 
Figure 2.3. Carrier densities v/s the active layer cross-
section, for an electron mobility of 1.0 x 10-10 m2/Vs and 
hole mobility of 1.0 x 10-11 m2/Vs : electrons (solid) and 
holes (dashed) and for an electron mobility of 1.0 x 10-5 
m2/Vs and hole mobility of 1.0 x 10-6 m2/Vs : electrons 
(dotted) and holes (dash-dotted). Source: L. J. A. Koster, E. 
C. P. Smits, V. D. Mihailetchi, and P. W. M. Blom “Device 
model for the operation of polymer/fullerene bulk 
heterojunction solar cells,” Physical Review B, vol. 72, 2005.  

2.2 HETEROJUNCTION PHOTOVOLTAIC TECHNOLOGY 

Another milestone in the march towards efficiency was achieved by Halls et al. [23] 

Yu & Heger [24] and Yu et al [25-26]. They managed to increase the optical thickness of the 

film while maintaining efficient current collection by interpenetrating networks of electron-

accepting and electron-donating molecular species. This method was demonstrated 
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successfully in a number of different so-called donor-acceptor blend devices. In 

general, organic photovoltaic cells (OPVs), have an inherent advantage, that they can become 

more economically viable than silicon, even if an efficiency of only 10% is reached. This 

is due to their cost-effective manufacturing methods and low-cost materials. Although 10% is 

still not practical, today’s most efficient OPVs based on small molecular weight thin-film 

photodetectors) are already operating at 6% efficiency. A laminated polymer donor-acceptor 

device was designed by Granström et al., consisting of separately prepared films of MEH-

CN-PPV : POPT (19:1) blend on aluminum or calcium coated glass substrate and a POPT : 

MEH-CNPPV (19:1) blend on ITO or PEDOT coated glass substrate. The two substrates 

were later laminated by pressing the organic layers together at high temperatures. A solar 

efficiency of 1.9% at 77 mW/cm2 AM1.5 illumination was achieved with this approach.  

Recent upsurge of research in this field has led to several designs capable of reaching 

3-5% efficiency mark [27-60].  Although, most technologies for making transparent 

electrodes use organic as well as non-organic thin films with oxide films being the most 

common. Similarly, polymer-based organic layers are synthesized using both wet and dry 

type processes where vacuum is often used due to the need for injecting materials. One 

constraint over OPV electrodes is that they should be able to conduct electricity while being 

optically transparent. ITO (indium tin oxide) is currently a major material of choice, though 

depleting indium reserves have raised questions over the viability of this approach after a 

decade. Adding to this, it’s expensive manufacture continues to fuel further research in 

alternative OPV electrodes. A promising candidate is the roll-to-roll deposition technology 

for fabrication of solar cells on flexible substrates. Other  alternative is to use of Zn oxides 

(ZnO), attractive for its low toxicity and abundance, although the manufacture remains very 

expensive. Another methodology to improve OPV electrodes is described by Novotny et al. 

[61]. Several researchers have also explored the possibility of using single walled nano-tubes 

(SWNT) for promoting charge separation and transport in PV cells [62-75]. Unfortunately, 

no reference to constructing all-polymer electrodes or 3-dimensional array of electrodes 

embedded between photoactive areas to increase photoactivity interface is found in the 

literature.  
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2.3 MANUFACTURING COST ESTIMATES 

Joseph Kalowekamo and Erin Baker estimated the manufacturing cost of purely 

organic solar cells to be between $50 and $140/m2. With the hypothesis of 5% efficiency 

which is being achieved by certain research groups leads to a module cost of between $1.00 

and $2.83/Wp. For a 5-year lifetime the cost of electricity of between 49¢ and 85¢/kWh. In 

order to achieve a more competitive COE of about. Ideally down the lane in 5-6 years if the 

research is done extensively and achieving an efficiency of 15% the price we would pay for 

electricity would be 7¢/kWh and lifetime of 15–20 years as shown in Figure 2.4 [76]. 

 

 
Figure 2.4. Levelized energy cost as a function of cell lifetime and 
efficiency based on the low and high end manufacturing cost  
estimate. Source: J. Kalowekamo and E. Baker. (2009). Estimating 
the manufacturing cost of purely organic solar cells [Online]. 
Available: http://www.ecs.umass.edu/mie/faculty/baker/Estimating-
theCost_Solar-Energy.pdf 
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CHAPTER 3 

MODEL DEVELOPMENT 

The transport of electrons/holes in the blend is a crucial parameter and must be 

controlled (e.g., by controlling the nano-scale morphology) and enhanced in order to allow 

fabrication of thicker films to maximize the absorption, without significant recombination 

losses. A balanced transport of electrons and holes in the blend is needed to suppress the 

build-up of the space–charge that will significantly reduce the power conversion efficiency. 

Dissociation of electron–hole pairs at the donor/acceptor interface is an important process 

that limits the charge generation efficiency under normal operation condition. 

The idea behind a hetero-junction is to use two materials with different electron 

affinities and ionization potentials. At the interface, the resulting potentials are strong and 

may favor exciton dissociation: the electron will be accepted by the material with the larger 

electron affinity and the hole will be accepted by the material with the lower ionization 

potential, provided that the difference in potential energy is larger than the exciton binding 

energy. 

If the length scale of the blend is similar to the exciton diffusion length, the exciton 

decay processes is dramatically reduced since in the proximity of every generated exciton 

there is an interface with an acceptor where fast dissociation takes place. Hence, charge 

generation takes place everywhere in the active layer. Provided that continuous pathways 

exist in each material from the interface to the respective electrodes, the photon to electron 

conversion efficiency and, hence, the photosensitivity is dramatically increased. Recently, 

attention has been shifted towards polymer:fullerene (like PCBM) BHJ solar cells based on 

polythiophene derivatives as absorbing and electron donating material [29, 56-58, 60]. By 

optimizing the processing conditions, efficiencies in excess of 4% have been reported for this 

materials system [61, 62, 77]. 
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3.1. ELECTRICAL BEHAVIOR DESCRIBED BY SOLID 

STATE PHYSICS 

The electrical behavior of the 3D photovoltaic cell introduced in this study can be 

modeled through a field equation for electrical potential (Poisson’s equation), continuity 

equations for current, and relevant boundary conditions [29, 60]. The 3-dimensionality of the 

electrodes, their array geometry, as well as the numerous potential ways in which the anodes 

and cathodes are selected offer a unique opportunity for developing a comprehensive 

numerical modeling framework for 3D PV cells. A complete discussion on the numerical 

framework for such PV cells along with the solution of these equations for different 

geometries and boundary conditions is given below. 

Eq. (3.1) gives Poisson’s equation that is used to describe the distribution of potential 

in a 3-dimensional polymer PV cell relating the potential ψ to the electron and carrier 

densities n and p. 

     (3.1) 

where q is the elementary charge, ε is the dielectric constant, NA and ND are ionized doping 

densities. The steady-state current continuity equations for holes and electrons are: 

       (3.2) 

            (3.3) 

U = G – Rn,p       (3.4) 

where Jn is the electron current density, Jp is the hole current density, and U is the net 

generation rate, i.e., the difference between generation of free carriers (G) and recombination 

of free carriers (Rn,p). The subscripts ‘n’ and ’p’ denote electrons and holes, respectively.  

Further, with both drift and diffusion considered, a relationship between carrier 

densities, current densities and potentials could be developed as: 

     (3.5) 

     (3.6) 

      (3.7) 

      (3.8) 
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where  is the mobility and D is diffusion constant and Vt = kBT/q . T is the temperature and 

kB is the Boltzmann constant. The boundary condition for the potential reads where Va is the 

applied voltage. 

    (3.9) 

The relevant boundary conditions for the current densities and potential are given as: 

At cathode:  

    (3.10) 

      (3.11) 

At anode: 

    (3.12) 

      (3.13) 
To avoid numerical problems, quasi Fermi levels are typically used instead of the 

carrier densities as given in Eq. (3.14) and (3.15). 

     (3.14) 

     (3.15) 

As a result, the quantities solved for become, EFn, and EFp. These sets of equations 

demonstrate that the geometry has a large part in determining current densities and potential 

distribution. This insight is used to guide our experimental approach where we vary 

geometrical conditions such as spacing and depth of electrodes to determine their effect on 

photovoltaic conversion.  

The equations used to describe the transport through the virtual semiconductor are the 

Poisson equation 

     (3.16) 

where q is the elementary charge and ε is the dielectric constant, relating the potential ψ(x) to 

the electron and hole densities n(x) and p(x), respectively. 
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The current continuity equations for the holes and electrons are: 

          (3.17) 

      (3.18) 

where Jn(p)(x) is the electron (hole) current density and U(x) is the net generation rate, i.e., the 

difference between generation of free carriers and recombination of free carriers. The 

probability of electron-hole pair dissociation, for a given electron-hole pair distance y, is 

given by  

     (3.19) 

depending on both temperature T and field strength F. 

     (3.20) 

where Eb is the electron-hole pair binding energy 

Suppose that Ge−h is the generation rate of bound electron-hole pairs. The number of 

bound electron-hole pairs created per unit volume and time R from free charge carriers will 

be equal to 

      (3.21) 

where      (3.22) 

is the intrinsic carrier density of electrons and holes. Then, the number X of bound electron-

hole pairs per unit volume is changed in time by 

    (3.23) 

3.2 PHYSICAL PROCESS IN POLYMER: FULLERENE 

BUILD HETEROJUNCTION SOLAR CELLS 

The physical process from striking of a photon to generation of power takes place in 

four steps as discussed in detail below. 
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3.2.1 Creation of Excitons 

In an organic solar cell, only a small region of the solar spectrum is covered. For 

example, a bandgap of 1.1 eV is required to cover 77% of the AM1.5 (air mass) solar photon 

flux (assuming complete absorption of the solar emission intensity by the material), whereas 

most solution processable semiconducting polymers (PPVs, poly(3-hexylthiophene) (P3HT)) 

have bandgaps larger than 1.9 eV, which covers only 30% of the AM1.5 solar. This process 

is shown in Figure 3.1. 

 
Figure 3.1. Schematic band diagram of a bulk heterojunction. 
The number refer to the operation processes explained in the 
text. The red line represents the energy levels of the acceptor, 
while the full lines indicate the energy level of the donor in the 
PV cell.  

1. In addition, because of the low charge-carrier mobilities of most polymers, the 
thickness of the active layer is limited to ca. 100 nm, which, in turn, results in an 
absorption of only ca. 60% of the incident light at the absorption maximum (without 
back reflection of the electrode). 

2. A Monte Carlo simulation study has been conducted to model bimolecular charge 
recombination, treated as a random walk of a pair of charges in an energetically 
roughened landscape, with superimposed long-range coulomb interactions [78]. This 
analysis has demonstrated that the effective recombination cross-section of a charge 
carrier decreases sharply as EB decreases.  

3. Under the condition EB≤ kT, the probability for recombination of a pair of charge 
carriers is almost two orders of magnitude less than the recombination required to 
explain the performance of polymerbased light-emitting diodes (LEDs). On the other 
hand EB> 0.2 eV granted a sufficient recombination cross section. 

4. The exciton binding energy has been experimentally derived from studies of the 
photovoltaic response of PPV based diodes, leading to an exciton binding energy of 
approximately 0.4 eV [18]. 



 

 

19

3.2.2 Diffusion of Excitons in Conjugated Polymers 

Because of the high exciton binding energy in conjugated polymers, the thermal 

energy at room temperature is not sufficient to dissociate a photogenerated exciton (typical 

binding energy of 0.4 eV) into free charge carriers. 

1. Because the exciton diffusion length in a conjugated polymer is typically less than the 
photon absorption length (ca. 100 nm), the efficiency of a bilayer cell is limited by 
the number of photons that can be absorbed within the effective exciton diffusion 
range at the polymer/electron acceptor interface. Improvement of the exciton 
diffusion allows for bigger sized polymer domains leading to an enhanced absorption 
and solar cell performance. 

3.2.3 Dissociation of Charge Carriers at the 
Donor/Acceptor Interface 

1. Organic semiconductors are characterized by low relative dielectric constants, 
typically ranging from 2 to 4. As a result, for a photogenerated electron and hole at 
the donor/acceptor interface the Coulomb binding energy can be very strong. 

2. In contrast to earlier assumptions, the electric field mainly assists in the formation of 
the bound pairs and not in their dissociation. 

    (3.24) 

    (3.25) 

     (3.26) 

3.2.4 Charge Transport in Polymer:Fullerene Blends 

After photoinduced electron transfer at the donor/acceptor interface and subsequent 

dissociation, the electrons are localized in the PCBM phase whereas the holes remain in the 

PPV polymer chains. Subsequently, the free electrons and holes must be transported via 

percolated PCBM and PPV pathways towards the electrodes to produce the photocurrent. 

3.2.5 Extraction of the Charge Carriers at the 
Electrodes 

For the charge collection the anode should have lower work function so that it could 

attract the electrons and the cathode should be with higher work function because it has to 

attract the holes. 
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Additionally, because the charge carrier generation process in the PPV/PCBM blend 

is not affected by the electrode, it is also not obvious why a change in the metal electrode 

would dramatically affect the series resistance. This demonstrates that, as expected, the 

photo-generation processes in the photoactive layer are not dependent on the nature of the top 

electrode. First, it demonstrates that the photocurrents in these BHJ devices are field-driven, 

and that diffusion only plays a minor role. 

3.3 THE EQUIVALENT CIRCUIT DIAGRAM (ECD) 

The electrical behavior of the Organic Solar Cell can be described by using an 

Equivalent Circuit Diagram. This circuit diagram is realized using a network of electrical 

components like resistors, diodes and current and voltage sources as shown in Figure 3.2 [6]. 

We can associate the components of the Equivalent Circuit Diagram to the mechanisms 

followed in the Organic Solar Cell [6].  

 
Figure 3.2. ECD of a solar cell. The circuit consists of: A 
current source Ieq that is analogous to the current generated 
with the photons, a diode represents the nonlinear voltage 
characteristics with a shunt and series resistor. Source: K. 
Petritsch, “Organic Solar Cell Architecture,” Ph.D. 
dissertation, Technisch-Naturwissenschaftliche Fakulta¨t, 
derTechnischen Universita¨t Graz, Graz, Austria, 2000. 

1. The current source generates current I upon illumination. Ieq = number of dissociated 
excitons per second without any recombination effects 

2. The shunt resistor Rsh is due to recombination of charge carriers when they travel 
towards the electrode in the active layer. The series resistor Rs is at least one order of 
magnitude lower than Rsh. 

3. The series resistor Rs is analogous to conductivity i.e. mobility of the specific charge 
carrier in the respective transport medium. For example mobility of holes in a p-type 
conductor or electron donor material. The mobility can be affected by space charges 
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and traps or other barriers (hopping). Rs is also increased with a longer traveling 
distance of the charges in e.g. thicker transport layers. 

4. Ideal Diode D takes into account the asymmetry of conductivity due to the built in 
field in D/A cell. This diode is responsible for the nonlinear shape of the IV curves. 
The diode characteristic is not necessarily Shockley type. Note that the IV 
characteristic of the ideal diode D is only equal to the IV characteristic of the entire 
cell (circuit) if Rs = 0. and Rsh = 1. 

5. Solar cell voltage V - The cell can generate a voltage between 0 and Voc depending 
on the size of the load resistor. We note that also the voltage drop across a load 
resistor – the range between 0 and Voc - can be simulated by the same voltage source 
so that the entire range can be scanned by applying an external voltage. Note that the 
current for V > Voc and the extra current for V < 0V is delivered from the external 
voltage source [6].  
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CHAPTER 4 

NUMERICAL RESULTS AND DISCUSSION 

To validate and establish the accuracy of the proposed numerical framework and 

demonstrate its usefulness, a variety of models of organic solar cells depicted their electric, 

convection and diffusion properties. 2D, 2.5D and 3D models have been solved for the OPV. 

The main physics used for solving the model were electrostatic, convection and diffusion. 

The basis of the model was derived from a semiconductor diode model. As seen in the 

equivalent circuit diagram in chapter 3 that the OPV can be characterized as a pn junction 

diode. The dimensions for all the models were set to 120nm. The silicon properties were 

replaced by the material characteristics or P3HT:PCBM. For 2.5D problem electrodes were 

designed in the model using the material properties of carbon and the model was solved 

successfully. The main properties that define a material are electrical permittivity, mobility, 

initial charge density, electron and hole lifetime. In general, the 2D models presented here 

serve to provide insight to some of the physics and charge transfer phenomena described. 

The 3D models, however, are more helpful in providing more realistic quantities as well as 

qualitative description of transport and electrostatics in microarrays. The model depicts all 

the phenomenons for the solar cell working. The concentration of electrons is more near the 

anode and almost zero near the anode. At the cathode the concentration of holes is the 

maximum and minimum at the anode. As explained in earlier chapters the voltage at cathode 

is negative and anode being the positive which acts as the driving force for the charge 

carriers. The electric field remains constant throughout the active layer because of the voltage 

ramp. The boundary conditions used controls all the above phenomenon and the material 

properties force it to behave as the desired system. The subdomain settings are used to define 

the characteristics of the active material as well as the electrodes.  

4.1 2D MODEL 

The 2-D model as discussed above depicts only the active layer characteristics. It is 

assumed as a strip of active layer material and the boundary condition forcing the ends to 
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behave as anode and cathode. The electrode properties are not analyzed in this model, the 

main focus is on the P3HT:PCBM.  

The charge concentration is being plotted for all the models. The concentration of 

holes being the maximum at the cathode and minimum at the anode, contrastingly the 

electrons are maximum at the anode and minimum at the cathode. The concentration 

gradually increases as they move to their respective electrode. The charge is then collected at 

the anodes and cathodes and passed on to the external circuit for current storage. The 

deviation in the slope at the center is due to the recombination that takes place in the active 

layer. The movement of the exciton within the active layer can be explained under the 

phenomenon called diffusion. Diffusion is due to the concentration gradient in the material, 

the particle will move in the direction of decreasing concentration. On the other hand the free 

charge carriers after dissociation traverse towards the electrodes which are described by drift. 

The free charge carriers which are unable to reach their destination combine back together to 

become nuetral. The diffusion length is another factor that controls the losses. If the lifetime 

of the charge carrier is less and it fails to travel the required distance adds to the losses. The 

location of the hetero-junction is very important as well. The excitons diffuse in the active 

layer from high density to lower density looking for a hetero-junction to dissociate into 

electron and hole. The exciton is neutral in charge so its movement is not affected by the 

potentials of the electrodes. The main advantage of using the blend is to provide a hetero-

junction in the proximity of the exciton. The hetero-junction splits the exciton into an 

electron and hole providing the energy more than the coulombs force between them. After 

dissociation the independent charge carriers start their journey towards respective electrodes. 

The model is solved according to the flowchart shown in Figure 4.1. 

The diagrams in Figures 4.2(a) and 4.2(b) shows the carrier concentrations of the 2-D 

photoactive layer. The red region shows the higher concentration and the blue region is the 

lower concentration. Figure 4.3 is an illustration of the carrier charge concentration for 

electrons and holes across the cross-section of the active layer.  

The electric potential is shown in Figure 4.4 with red color depicting the higher 

potential and blue color is the lower potential. Figure 4.5 is an illustration of the electric 

potential ramp across the cross-section of the photoactive layer. 
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Figure 4.1. Flowchart depicting the flow for the solution of the model. 

(a) 

 
(b) 

 
Figure 4.2. (a) Concentration of electrons across the 2-D photoactive layer (b) 
Concentration of holes across the 2-D photoactive layer. 
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Figure 4.3. Illustration of concentration of holes and electrons across the 2-D 
photoactive layer. 

 

 
Figure 4.4. Electric Potential across the 2-D photoactive layer. 

 

 
Figure 4.5. Illustration of electric potential across the 2-D photoactive layer. 
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For the electric field the derivative is taken for the electric potential and plotted across 

the photoactive layer. Figure 4.6 shows the model for the electric field and Figure 4.7 is the 

plot for it across the cross-section. 

 

 
Figure 4.6. Electric field across the 2-D photoactive layer. 

 

 
Figure 4.7. Illustration of electric potential across the 2-D photoactive layer. 

 The following model is a depiction when the charge mobility is increased by a factor 

of 10. The electron and holes travel faster to their respective electrodes and there is less 

effect of recombination. The potential and the electric field across the active layer remains 

the same. Figures 4.8 and 4.9 show the carrier concentrations of the 2-D photoactive layer. 

The red region shows the higher concentration and the blue region is the lower concentration. 

Figure 4.10 is an illustration of the carrier charge concentration for electrons and holes across 

the cross-section of the active layer. 
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Figure 4.8. Electron concentration across the 2-D photoactive layer with higher 
mobility. 

 
Figure 4.9. Hole concentration across the 2-D photoactive layer with higher mobility. 

 

 
Figure 4.10. Illustration of concentration of holes and electrons across the 2-D 
photoactive layer with higher mobility. 

The electric potential is shown in Figure 4.11 with red color depicting the higher 

potential and blue color is the lower potential. Figure 4.12 is an illustration of the electric 

potential ramp across the cross-section of the photoactive layer. 

For the electric field the derivative is taken for the electric potential and plotted across 

 
Figure 4.11. Electric potential across the 2-D photoactive layer with higher mobility. 
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Figure 4.12. Illustration of electric field across the 2-D photoactive layer with  
higher mobility. 

the photoactive layer. Figure 4.13 shows the model for the electric field and Figure 4.14 is 

the plot for it across the cross-section. 

 

Figure 4.13. Electric field across the 2-D photoactive layer with higher mobility. 

An experimental 2-D model was also developed and solved considering larger 

dimension of the active layer with the distance between the electrodes being much longer. 

The carrier mobility was kept the same and the concentration was observed for the model. 

The graph for the carrier concentration shows the decline in concentration as the electrons 

and holes traverse. This is observed due to the recombination effect as majority of the charge 

carriers are unable to reach the respective electrodes. The distance is pretty longer as 

compared to the other 2D models. The behavior of the electric field and voltage still remains 

the same. Figures 4.15 and 4.16 show the carrier concentrations of the 2-D photoactive layer. 

The red region shows the higher concentration and the blue region is the lower concentration. 

Figure 4.17 is an illustration of the carrier charge concentration for electrons and holes across 

the cross-section of the active layer.  
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Figure 4.14. Electric potential across the 2-D photoactive layer with higher 
mobility. 

 

 
Figure 4.15. Concentration of 
Electrons across the 2-D photoactive 
layer with dimensions of 8um. 
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Figure 4.16. Concentration of holes 
across the 2-D photoactive layer 
with dimensions of 8um. 

 
Figure 4.17. Illustration of concentration of holes and electrons across the 
2-D photoactive layer with dimensions of 8um. 
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 The electric potential is shown in Figure 4.18 with red color depicting the higher 

potential and blue color is the lower potential. Figure 4.19 is an illustration of the electric 

potential ramp across the cross-section of the photoactive layer. 

 

 
Figure 4.18. Electric potential 
across the 2-D photoactive layer 
with dimensions of 8um. 

 

 
Figure 4.19. Illustration of electric field across the 2-D 
photoactive layer with dimensions of 8um. 
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For the electric field the derivative is taken for the electric potential and plotted across 

the photoactive layer. Figure 4.20 shows the model for the electric field and Figure 4.21 is 

the plot for it across the cross-section. 

 

 
Figure 4.20. Electric field across 
the 2-D photoactive layer with 
dimensions of 8um. 

 

 
Figure 4.21. Electric potential across the 2-D photoactive layer with  
dimensions of 8um. 



 

 

33

4.2 2.5D MODEL 

The 2.5D OPV model consists of electrodes with the active material, the 

concentration of the charge carriers are shown in the following diagrams. As discussed 

earlier the maximum electron and hole concentration are the maximum at anode and cathode 

respectively. The electrodes have the maximum concentration for their respective charge 

carriers. The charge distribution and voltage across the electrodes is constant. The electrodes 

have the material properties of carbon and then are connected to external circuit through 

traces. Apart from the electrode behavior the rest is the same for the active layer as it was in 

the 2-D model. The diagrams in Figures 4.22 and 4.23 show the carrier concentrations of the 

2.5-D photoactive layer. The red region shows the higher concentration and the blue region is 

the lower concentration. Figure 4.24 is an illustration of the carrier charge concentration for 

electrons and holes across the cross-section of the active layer.  

 
Figure 4.22. Electron concentration across the 2.5-D 
photoactive layer and electrodes. 

The electric potential is shown in Figure 4.25 with red color depicting the higher 

potential and blue color is the lower potential. Figure 4.26 is an illustration of the electric 

potential ramp across the cross-section of the photoactive layer. 
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Figure 4.23. Hole concentration across the 2.5-D 
photoactive layer and electrodes. 

 

 
Figure 4.24. Illustration of concentration of holes and electrons across the 2.5-D 
photoactive layer with electrodes. 
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Figure 4.25. Electric potential across the 2.5-D 
photoactive layer and electrodes. 

 

 
Figure 4.26. Illustration of electric potential across the 2.5-D photoactive  
layer with electrodes. 
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For the electric field the derivative is taken for the electric potential and plotted across 

the photoactive layer. Figure 4.27 shows the model for the electric field and Figure 4.28 is 

the plot for it across the cross-section. 

 
Figure 4.27. Electric field across the 2.5-D photoactive 
layer and electrodes. 

4.2 3D MODEL 

 A 3D model was derived from the 2.5D model by providing depth for the active layer 

as well as the electrodes. It can be considered as a stack of 2.5D models. The model is 

capable of estimating carrier concentration, electric field and electric potential across the 

cross section of the model. As shown in Figure 4.29 and Figure 4.30 the hole concentration is 

found to be maximum at cathode and minimum at anode and vice-versa for the electrons and 

the plot is shown in Figure 4.31. 

The electric potential is shown in Figure 4.32 with red color depicting the higher 

potential and blue color is the lower potential. Figure 4.33 is an illustration of the electric 

potential ramp across the cross-section of the photoactive layer. 

For the electric field the derivative is taken for the electric potential and plotted across 

the photoactive layer. Figure 4.34 shows the model for the electric field and Figure 4.35 is 

the plot for it across the cross-section. 
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Figure 4.28. Illustration of electric field across the 2.5-D photoactive layer 
with electrodes. 

 
 

 
Figure 4.29. Electron concentration across the 3D photoactive 
layer and electrodes. 
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Figure 4.30. Hole concentration across the 3D photoactive 
layer and electrodes. 

 

 
Figure 4.31. Illustration concentration of holes and electrons across the 3-D 
photoactive layer with electrodes. 
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Figure 4.32. Electric potential across the 3D photoactive layer and electrodes. 

 

 
Figure 4.33. Illustration of electric potential across the 3-D photoactive layer  
with electrodes. 
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Figure 4.34. Electric field across the 3D photoactive layer and electrodes. 

 

 
Figure 4.35. Illustration of electric field across the 3-D photoactive 
layer with electrodes. 
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CHAPTER 5 

DEVICE FABRICATION 

This chapter focuses on 3D electrode architecture for Organic solar cells adding 

dimensions to the traditional planar (2D) organic photovoltaic, which are 2.5D and 3D PV 

architecture. Following device fabrication, sections will include fabrication methods of 

traditional planar OPV and the new 2.5D and 3D concepts.  

5.1 2D SOLAR CELL FABRICATION 

For 2D OPV device fabrication, we use the following materials: ITO coated glass, 

PEDOT:PSS, P3HT, PCBM and aluminum from daily use aluminum foils. The construction 

of 2D organic solar cell is shown in Figure 5.1 [79]. 

 
Figure 5.1. Layers of 2D OPV. Source: G. Ozturk, “3D Solar Cell Architecture with UV 
Patternable Conductive Polymer,” San Diego State University, San Diego, CA, 2010. 
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Before the fabrication is started, a D/A blend is made with a 1:1 weight ratio of P3HT 

with PCBM. This blend is agitated in a shaker for 50 hrs mixed with dichlorobenzene 

solution with two percent weight. After this process, ITO glass with dimension 25mm by 

25mm is cleansed with IPA. Filtering of PEDOT:PSS is the next process with a pore size 

0.2µm. The ITO glass is covered with tape providing an area for anode contact. PEDOT:PSS 

is applied on the surface from the filter, enough to make a film on the whole surface, as 

shown in Figure 5.2(a) and 5.2(b) [79]. The thickness for PEDOT:PSS is kept around 40nm 

[79]. 

 
Figure 5.2. Depositing PEDOT:PSS through filter (a) and fully deposited surface before 
spin-coating (b) Source: G. Ozturk, “3D Solar Cell Architecture with UV Patternable 
Conductive Polymer,” San Diego State University, San Diego, CA, 2010. 

Spin coating the PEDOT:PSS at 4000RPM for 1 minute is completed. Dispensing 

during the spin-coating is demonstrated in Figure 5.3 [79]. 

Post spin-coating, annealing is done at 140°C by placing it on a  level hot plate. The 

next and one of the major step is to deposit the photo active layer comprising of 

P3HT/PCBM.  

The pre-prepared P3HT/PCBM solution is deposited over the PEDOT:PSS layer as 

shown in Figure 5.4 [79]. The desired thickness for better performance of P3HT/PCBM layer  

(b)(a) 
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Figure 5.3. Continuous feed of PEDOT:PSS during the spin-
coating. Source: G. Ozturk, “3D Solar Cell Architecture with UV 
Patternable Conductive Polymer,” San Diego State University, 
San Diego, CA, 2010.. 

 

 
Figure 5.4. Annealing of PEDOT:PSS (a) and annealing of P3HT/PCBM (b) Source: 
G. Ozturk, “3D Solar Cell Architecture with UV Patternable Conductive Polymer,” 
San Diego State University, San Diego, CA, 2010.. 

 

 

(b)(a) 
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is around 100nm which is achieved by spin coating done at 1500 RPM for 1 minute. The 

above process is demonstrated in Figure 5.5(a), 5.5(b) [79] and 5.6 [79]. 

 
Figure 5.5. Depositing P3HT/PCBM (a) and fully deposited surface (b) Source: G. 
Ozturk, “3D Solar Cell Architecture with UV Patternable Conductive Polymer,” 
San Diego State University, San Diego, CA, 2010. 

 
Figure 5.6. Continuous feed of P3HT/PCBM during the spin-coating. Source: G. 
Ozturk, “3D Solar Cell Architecture with UV Patternable Conductive Polymer,” 
San Diego State University, San Diego, CA, 2010. 

 

(b)(a) 
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The procedures carried out for the PEDOT:PSS layer are repeated for  P3HT/PCBM 

coated substrate as well. For evaporation aluminum foil is an evaporant. Tungsten baskets are 

being used as the source of evaporation shown in Figure 5.7(a) and 5.7(b) [79]. In the end to 

avoid short circuits between ITO and aluminum the P3HT/PCBM is masked with tape and is 

later placed inside the chamber. Evaporation is performed at a vacuum of 10-5 to 10-6 Torr 

[79]. 

 
Figure 5.7. Aluminum coated sample with masked tapes (a) and with masking tapes 
removed (b) Source: G. Ozturk, “3D Solar Cell Architecture with UV Patternable 
Conductive Polymer,” San Diego State University, San Diego, CA, 2010. 

5.2 2.5D SOLAR CELL FABRICATION 

2.5D Organic Solar Cell as the name suggests is a design which is midway for 2D and 

3D architectures. In this version the electrodes are planer like 2D and the layering 

architecture is also the same. However the substrate consists of small pillars that help in 

absorbing extra incident sunlight with this increase in surface area, as shown in Figure 5.8 

[79]. The surface area is now actually 1.5 times more than the planar surface area. The only 

drawback is the shadows blocking the sunlight when at an angle. The shadow effect now 

introduced as a hindrance but still the exposed area is still 75 percent greater than 2D solar 

cells. One more advantage that in addition to the increase in exposed area is the multiple 

reflection phenomena due to the posts, the total absorption reaches of the incident light 

reaches nearly 100 percent [79].  

(b)(a) 
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Figure 5.8. Architecture and layer distribution of 2.5D OPV. Source: G. Ozturk, “3D 
Solar Cell Architecture with UV Patternable Conductive Polymer,” San Diego State 
University, San Diego, CA, 2010. 

Fabrication steps of 2.5D OPV mainly consists of: micro-fabrication of high aspect 

ratio micro posts and the rest is the same as for 2D OPV. To create high aspect ratio posts, 

the substrate used is silicon due because of it photo-lithographical benefits. Negative 

photoresist SU-8 is used to create these structures. The silicon wafer is diced to a soze of  

25mm by 25mm. This substrate is covered with SU-8 and placed on the spin-coater. The SU 

-8 is spin coated at 2000RPM for 60 seconds. For the formation of the poles the substrate is 

placed on the mask alignment stage and the specific mask. UV light is focused on the SU-8 

coated substrate for 75 seconds under 15 mW/cm2 light intensity. Now to initiate crosslinking 

of the exposed area the substrate is placed on the hot-plate for post exposure baking. The 

substrate is now immersed in the developer for the uncrosslinked SU-8 parts to dissolve. 

Finally the SU-8 cylinders can be seen after this photo-lithography processing. These high 

aspect ratio SU-8 cylinders can be seen in Figure 5.9 [79]. 



 

 

47

 
Figure 5.9. SEM image of high aspect ratio SU-8 posts. Source: G. Ozturk, “3D Solar 
Cell Architecture with UV Patternable Conductive Polymer,” San Diego State 
University, San Diego, CA, 2010. 

The complete process discussed above is the only major difference in developing a 2.5 D 

OPV. All the processes that follow now are the same as 2D substrate from coating the 

substrate to evaporation. 

5.3 3D SOLAR CELL FABRICATION 

The main concept behind the 3D electrode architecture is to use the cylindrical 

shaped electrodes to collect the energy as well. The benefits of 3D cells over the 2D cells, is 

the same as for 2.5D cells. The only difference between the 2.5D and 3D architecture is the 

direction and mechanism of the charge collection. 2D and 2.5D architectures have the same 

layer configuration, which is perpendicular manner of charge collection. However, for the 3D 

model, the charge collection acts in a parallel manner to the substrate between cylindrical 

electrode posts. Figure 5.10 [79] shows the construction of 3D architecture which consists of 

silver/SU-8 as the structural material. PEDOT:PSS, silver/SU-8 composite provide the 

electrode a positive affinity to act as the anode. Anode and cathode rows are facing each 

other with cathodes being coated by aluminum. The photoactive material P3HT/PCBM 

covers the whole area being the active layer which absorbs the solar energy [79]. 
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Figure 5.10. 3D OPV with silver anode concept representation. 
Source: G. Ozturk, “3D Solar Cell Architecture with UV Patternable 
Conductive Polymer,” San Diego State University, San Diego, CA, 
2010. 

A modification has been proposed in addition to the current concept of the 3D solar 

cell. For this addition, an anode made of a silver/SU-8 composite, with high conductive 

property and a work function of 5eV. The architecture of 3D solar cell consists of developing 

the electrode posts and their connector traces. For accomplishing this task double layer 

photolithography is required as shown in Figure 5.11. The first layer is used to pattern the 

connector traces and bump pads, the second layer comprises of cylindrical electrodes [79]. 

PEDOT:PSS and aluminium cannot be deposited selectively, hence the design have 

not been fully executed in fabrication. Figure 5.12(a) and 5.12(b) [79] demonstrates the 

P3HT/PCBM coating of silver/SU-8 composite structure and the fabricated device.  

5.4 PHOTOVOLTAIC CHARACTERIZATION 

In order to explain the working of the OPV, characterization on these cells were 

performed. As moving on to the 3-D technology the characteristics of the 2D OPV’s and 2.5 

OPV’s were dwelled upon by a number of experiments. 
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Figure 5.11. SEM image of silver/SU-8 for 3D OPV 
structure. Source: G. Ozturk, “3D Solar Cell Architecture 
with UV Patternable Conductive Polymer,” San Diego State 
University, San Diego, CA, 2010. 

 
Figure 5.12. SEM image of P3HT/PCBM coated silver/SU-8 composite electrodes 
(a) and fabricated device (b) Source: G. Ozturk, “3D Solar Cell Architecture with 
UV Patternable Conductive Polymer,” San Diego State University, San Diego, 
CA, 2010. 

5.4.1 2D OPV 

The electrical characterization is done just after the fabrication. As the OPV can 

degrade fast after the fabrication, the electrical measurements comprising of current, voltage, 

and resistance are carried out. The cells is exposed to sunlight and then the readings for 

voltage and current are taken. Resistance is measured before exposing the cell to light. The 

(b)(a) 
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results are data logged and then compared with previous investigations. Figure 5.13 shows 

the current measurement in process. 

 
Figure 5.13. Demonstration of current reading of 2D OPV under sun 
light. Source: G. Ozturk, “3D Solar Cell Architecture with UV 
Patternable Conductive Polymer,” San Diego State University, 2010. 

After recording the electrical characteristics of the cell, SEM imaging is done to 

understand and correlate the results only if the results are found to be satisfactory. As an 

example, an inspection is made on the cell for the P3HT:PCBM layer and for the aluminum 

deposition as shown in Figure 5.14 so that there are no detachments at the layers due to the 

removal of the masking tape [79].  

5.4.2 2.5D OPV  

The experiments are performed in the same way as they are done for 2D 

characterization. Right after the fabrication the 2.5D experiments are performed. Only 

resistance measurements are performed for this model. The spin-coating process has different 

effect on the cylindrical shaped posts. This irregularity in the coating could result in short-

circuits.  

The uniformity in the coatings is examined by X-ray characteristics from the side 

walls of 3D pillars. The evaporation of ITO affects the resistance, which has a detrimental  
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Figure 5.14. SEM inspection of fabricated 2D OPV. Source: G. Ozturk, 
“3D Solar Cell Architecture with UV Patternable Conductive Polymer,” 
San Diego State University, San Diego, CA, 2010. 

effect on the generation of current. The ITO evaporated glass portion under different 

conditions is shown in Figure 5.15 [79]. 

 
Figure 5.15. ITO evaporated glass samples. Source: G. Ozturk, “3D Solar 
Cell Architecture with UV Patternable Conductive Polymer,” San Diego 
State University, San Diego, CA,  2010. 

Now the SEM imaging is done for the characteristics of the layers, after the electrical 

characterization is performed as shown in Figure 5.16 [79]. For the 2.5D OPV cell the 3D 

electrodes are inspected to coating, defects and dimensions [79]. 
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Figure 5.16. X-ray analysis of the evaporated ITO at the sidewalls of the 
cylindrical posts. Source: G. Ozturk, “3D Solar Cell Architecture with 
UV Patternable Conductive Polymer,” San Diego State University, San 
Diego, CA, 2010. 
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CHAPTER 6 

CONCLUSION 

In this thesis, we have demonstrated a new generation of ‘all-polymer’ three-

dimensional photovoltaic cells made of a large array of high-aspect ratio charge-collecting 

carbon electrodes surrounded by a matrix of polymer photoactive material. This application 

essentially takes the technology of Organic-MEMS one step further where the unique 

advantages of carbon coupled with patterneability through micro and nanofabrication 

technologies offer a unique opportunity for meshing it with organic PV cell technology. The 

ensuing most fundamental significance enabled by this marriage of two technologies is the  

3-D architecture involving high aspect-ratio carbon posts where the diffusion length for 

charge carriers is minimized while offering large enough optical depth for absorbing incident 

light. 

This numerical model for this device investigates a number of physical phenomena 

and mass equilibrium reactions that govern the transportation and accumulation of charge 

carriers and also provides an insight to the losses occurred. This comprehensive numerical 

model is expected to offer a useful tool in understanding the complex electrostatic and mass 

equilibrium reactions that occur in the 3D configuration of the organic solar cell. The 

outcomes of this research can be summarized as below: 

1. The mathematical model developed here consists of (i) electrostatic system,  
(ii) convection mechanism, (iii) diffusion. Taken together, these equations developed 
describe the complex electrostatics, charge carrier migration and losses that occur in 
OPV. 

2. A new architecture have been researched on to simulate the device to obtain a 
summary of the phenomenon’s taking place and the scope of improvement before 
taking it to the manufacturing process. 

3. The steps involved in conduction mechanism have been studied. The model helps in 
simulation the photon absorption, electron-hole pair generation, e-h pair diffusion, e-h 
separation and migration of charge carriers towards the electrodes. 

4. The Possion’s Equation was solved to obtain the Electric Field & Voltage 
distribution. Whereas Nernst Planck equation was solved for the charge transfer 
phenomenon. 
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5. The study demonstrates the behavior of the solar cell under short-circuit and open-
circuit conditions. An Equivalent circuit diagram has been solved for the electrical 
study for the OPV. The ECD is designed to study the electrical phenomenons using 
the configuration of electrical components. 
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