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1. Executive Summary 

 Since the first modern solar cell was developed in the 1950s, the adoption of solar power 

has continuously increased [1]. According to the Solar Energy Industries Association (SEIA), 

more solar modules were installed in the United States in the third quarter of 2011 than in all of 

2009 combined [2]. Still, however, photovoltaic technology encompasses only less than 1% of 

the total renewable energy used worldwide, which includes wind, hydropower, biomass, 

geothermal, and other technologies [3]. As total energy consumption continues to increase at a 

rate of 5% per year globally, there remains a large gap between the adoption of solar power and 

continued use of nonrenewable energy, such as that produced from fossil fuels [4]. One of the 

main factors in sustaining this gap is the need for the cost to energy production ratio for solar 

devices to improve over that for conventional sources. In other words, the cost needs to continue 

to be driven down while the power conversion efficiency and other factors that contribute to the 

total energy production capacity need to improve in order for solar power to become a more 

competitive and straightforward substitute in the eyes of consumers. As the cost per watt or cost 

per total power generated for solar power meets that for conventional power supplied by the grid, 

it is considered to be heading towards grid-parity. Grid-parity is a term used for this 

advancement of solar technologies capability. Both increased adoption and grid-parity are major 

goals for solar technology. 

 The challenges that solar technology faces has motivated the team at SDSU to pursue 

research in the area of organic photovoltaics. The team recognized the potential for organic solar 

cells (OSCs) to greatly influence solar power adoption by offering lower cost options as well as 

more design and environmentally friendly options compared to what most conventional solar cell 

technologies offer today. 
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 The team has produced flexible OSCs that feature novel architecture which leads to 

competitive power conversion efficiencies. The team has also designed and fabricated a 

prototype roll-to-roll (R2R) production line (SolarMator I). The production line is capable of 

producing scaled-up versions, up to 36 square inches, of the original 1 square inch solar cells. 

The process consists of printing mechanisms that replace the more costly and time consuming 

spin-coating and photolithography methods that were initially utilized. The scale-up process is 

continuously being improved with a goal of producing commercial grade solar panels with a 

competitive efficiency and price point. In addition, a second production line, called SolarMator II 

is currently in the design stage and will include additional process steps required to make a more 

complete scaled-up device that is even closer to commercialization.  

 With a strong team, a novel design, and evolution of an innovative production line, the 

group has been successful in advancing the research towards the realms of commercialization 

with an opportunity for a start-up company in mind. While competition is intensifying in the 

organic photovoltaic segment as the technology is emerging at a faster rate, the continued market 

demand and growth is promising for a company that can successfully launch a product with 

differentiating qualities in both the organic solar cell design and the fabrication method. Flexible, 

thin, light weight, semi-transparent organic solar panels are ideal for the Building Integrated 

Photovoltaic (BIPV) market, creative architects, off-grid and remote location applications, and 

portable electronics. All of which will be further expanded in this report. 

 1.1 Background   

 Research in OSCs in the MEMS Laboratory at San Diego State University (SDSU) began 

in the fall of 2009. The original team consisted of Dr. Sam Kassegne and a number of core 

students in the engineering graduate and doctoral programs at SDSU. Over the past couple of 
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years the team has expanded to include a few more graduate students as well as several 

undergraduate students who incorporate parts of the research into their senior design projects.  

 With the knowledge and capability to create nano and micro-sized patterns, the team 

initially sought out to explore the effects of manipulating the architecture of a typical OSC found 

in the industry at the time. Intensive research took place to prove several concepts in building the 

solar cell in the lab’s clean room, including material processing, electron-volt levels of electrode 

materials, and the effect of micro-sized pillar architecture in the layers of the materials.  By the 

conclusion of the first year, a 2 x 2 cm
2
 (0.79  x 0.79 in

2
) prototype was fabricated in the lab with 

0.5% power conversion efficiency. With the assurance that a working solar cell could be made in 

the lab, the research quickly progressed to the design of a second generation solar cell. Through 

optimization of the processes and the material architecture, by the summer of 2010, organic solar 

cells were produced in the lab that had efficiencies reaching 6.88% based on the solar simulator 

testing device. This value was one of the highest efficiencies recorded in literature for organic 

solar cells at the time [5].  

 The initial research was funded by the San Diego Foundation and AmoTech Co., Ltd, a 

South Korean-based semi-conductor and electronics company that was interested in the organic 

research for its display technology between 2010 and 2011. With promising results the team 

began to seek additional funding to facilitate progress in the research. In May 2011, the team 

applied to and was accepted to compete in the San Diego Regional Renewable Technology 

Acceleration Program held by the William J. von Liebig Center for Entrepreneurism and 

Technology Advancement at the University of California at San Diego. The program was also 

sponsored by the United States Department of Energy (US DOE). The presentation, given by 

Shanel Miller, to the program’s judging panel, succeeded in attaining the year long fellowship 
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which provided $45,000 in funding to pursue commercialization of the solar cell technology. 

This support and motivation catapulted the team to work vigorously on the project leading to 

advancement in several areas including modification of the design, production of scaled-up 

models, and fabrication of the roll-to-roll production line. Shanel Miller assumed the role of 

project manager during the span of the fellowship. The role encompassed project planning, task 

distribution to the team members, design concept development, design approvals, process 

integration engineering, and delivering project reports to the von Liebig Center and USDOE 

under the supervision of Dr. Sam Kassegne. The team achievements will be discussed in further 

details in subsequent sections.  

 1.2 Objectives 

 This report will focus on the progress that has thus far been made towards 

commercialization since the commencement of the fellowship and will also discuss some of the 

next steps that will be needed to further the progression. Various factors influencing the 

opportunity for a start-up organic solar cell company in today’s photovoltaic market place will 

also be discussed and analyzed. From now on in this report, the potential start-up company will 

be referred to as “ExcitoniX.”   

 ExcitoniX is driven to provide a unique and innovative platform for the cost-effective 

rapid mass-production of flexible organic photovoltaic modules. The team has proven the basic 

feasibility of this approach and has produced organic solar cells with competitive qualities. 

While the majority of existing techniques for making flexible, light weight solar cells depend on 

thin film technologies of mostly inorganic materials and rare metals, the team’s motivation lies 

in the ability to produce all organic polymer-based solar cells that have demonstrated potential to 

surpass reported efficiencies for its existing counterparts. The techniques utilized to fabricate the 
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cells also have potential to further reduce the manufacturing cost compared to what already 

exists in the industry. Ideally, the company would succeed in capturing some of the market share 

that is currently dominated by the silicon and inorganic thin-film technologies. 

 1.3 Mission 

 

 ExcitoniX’s mission is to provide cleaner renewable energy with its innovative organic 

solar cell platform and to significantly contribute to the development of the technology in its 

entirety. A motto for the company, in reference to the novel 3D micro structure design that will 

be further detailed, is presented as follows: 

 “ExcitoniX, contributing to today’s green energy movement millions of microns at a 

time.” 

   

SDSU MEMS Lab 
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2. Device Technology 

 2.1 How do Solar Cells Work?  

 A solar cell, also called a photovoltaic (PV) cell, is a solid state electrical device that 

converts the energy of light into electricity. A solid-state device is one that is built from solid 

materials in which charge carriers are confined entirely within the solid material. The flow of 

electrons, which in turn produces electricity, occurs by photovoltaic effect. This phenomenon 

was first observed by French scientist Alexandre-Edmond Becquerel in 1839
 
and is defined as 

the creation of electric current in a material upon exposure to light [6]. Light is composed of 

photons which have different amounts of energy corresponding to specific wavelengths. When 

the energy packed photons strike a PV cell, they are either reflected, absorbed, or pass right 

through the materials.  Those that are absorbed lead to the generation of electricity.  

 Since the discovery of the photovoltaic effect, the technology has evolved from the 

exploration of photovoltaic materials to the commercialization of several different types of solar 

cells. The first modern solar cell, based on silicon technology, was commercialized in the early 

1950s and developed by Bell Laboratories [6]. This cell converted about 4% of the energy 

provided by the incident light into usable electricity; in other words, it had 4% power conversion 

efficiency. With technologic advances, some solar cells, such as crystalline silicon-based solar 

cells, now have lab efficiencies (not commercial grade) exceeding 20% [7].   

 The market base for solar cells was initially small as the cells were used mainly to power 

small devices and toys.  NASA then utilized the technology for various space applications, such 

as powering satellites [6].  The confidence that NASA demonstrated in PV technology was one 

of the key factors lending to the increase in adoption of solar power in the past several decades.  

Today, solar modules can be found in applications ranging from offshore oilrig equipment to 
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buildings and even in solar power plants that provide electricity to large farms and communities. 

Yet, as stated earlier, photovoltaics still comprises less than 1% of today’s renewable energy 

worldwide. 

 2.2 Types of Solar Cells that Exist Today 

  2.2.1 Silicon Photovoltaic Technology 

 

 While the first modern solar cell consisted of a p-n junction of silicon, the technology is 

now one of several in today’s PV selection [8]. Silicon has, however, remained the dominant 

bulk material used in the industry. The bulk material has several different forms including mono-

crystalline silicon (mono c-Si), polycrystalline silicon (poly c-Si), and ribbon silicon, with c-si 

being the most prevalent material used today [9]. The typical architecture of a c-Si solar cell, as 

depicted by the University of New South Wales (UNSW) can be seen in Figure 1 [10].  

 

 

Figure 1. Typical crystalline silicon solar cell architecture, University of New South Wales 

  

http://techon.nikkeibp.co.jp/article/HONSHI/20101126/187639/?SS=imgview&FD=-754558997
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 While the efficiencies for conventional silicon cells are amongst the highest, the 

applications for these cells are limited by their rigidity and heaviness. They are also relatively 

expensive compared to other types of solar cells that have become available over time. An 

installation of modules that are made up of silicon solar cells can be seen in Figure 2 [11].  

 

Figure 2. Installation of silicon solar cell module 

 

  2.2.2 Thin-film Photovoltaic Technology 

 

 Thin-film solar cells are favorable alternatives to conventional silicon solar cells in terms 

of cost and design capabilities. In comparison to a bulk silicon solar cell, which is typically made 

by encapsulating wafers of refined silicon under rectangular sheets of glass, a thin-film 

photovoltaic cell is made by depositing thin layers of photovoltaic material onto a substrate. The 

thickness range of the layers can vary from a few hundred nanometers to tens of micrometers.  
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Both the layers and the substrate can be designed to be flexible and are inherently lighter in 

weight. Because less material is used, thin-film solar cells are also usually less expensive than 

conventional silicon solar cells. In addition, the manufacturing costs are often reduced due to 

different processing techniques that can be utilized and the versatility of the materials, which will 

be discussed throughout the report.  

 Thin-film solar technology has indeed expanded significantly over the past three to four 

decades. It can be categorized according to the photovoltaic material used: Amorphous silicon 

(a-Si) and other thin-film silicon (TF-Si), Cadmium telluride (CdTe), copper indium gallium 

selenide (CIGS), ruthenium dye-sensitized solar cell (DSSCs), gallium arsenide (GaAs), and 

polymer solar cells. The typical architecture of a CIGS and CdTe based cell is depicted in Figure 

3, obtained from the National Renewable Energy Laboratory (NREL) a national laboratory of the 

U.S. Department of Energy [12]. A third group, in addition to thin-film and silicon based solar 

cells, does exist and involves quantum dot nanocrystals, but this technology is not significant for 

purposes of this report as it is still in an early research stage.  

 

Figure 3. Structure of CIGS and CdTe solar cell, obtained from NREL 
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 The main drawback for thin-film solar cells is that they have a lower efficiency than that 

of bulk silicon solar cells. Nonetheless, the efficiency of these types of solar cells continues to be 

on the rise. Also, the prospect for deeper cuts in cost coupled with the increase in efficiency, will 

allow for a performance factor that is equivalent to or surpasses that of conventional solar cells. 

The performance factor reflects a product’s value; for solar cells, it is generally defined by the 

ratio of cost to power output in watts ($/W). 

  2.2.3 Organic Photovoltaic Technology 

 

 Organic solar cells fall under the thin-film category because the device architecture of a 

typical OSC consists of a few thin layers of material as shown in Figure 4 [13]. It typically 

begins with a planar substrate which will be transparent to allow light to pass and made of a thin 

slide of glass or a flexible plastic, such as polyethylene vinyl acetate (PET). The next layer is 

typically a transparent conductive oxide (TCO) that allows at least 80% of the visible spectrum 

of light to pass through and serves as the anodic component of the device. A common TCO used 

today is Indium Tin Oxide (ITO). The next layer will be a photoactive material, in which the 

photovoltaic effect occurs, followed by a thin metal layer, which serves as the cathode. The 

photoactive layer is typically a conjugated polymer blended with a fullerene derivative, such as 

MDMO-PPV:PCBM. The metal cathode layer will be a low work function metal such as 

aluminum, magnesium, or calcium for compatibility with the TCO anode that will have a higher 

work function. The lower and higher work functions act similarly to the negative and positive 

ends of a battery; they work in conjunction with the photoactive layer where photons are 

absorbed and a current is created through the formation of electron hole pairs. 
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Figure 4. Organic Solar Cell (OSC) architecture 

 

 When the organic photoactive layer absorbs light, electrons will be excited to the lowest 

unoccupied molecular orbital (LUMO) and leave holes in the highest occupied molecular orbital 

(HOMO) forming excitons, or pairs of electrons and holes. The electrons are in essence pulled to 

the positive electrode, the metal, and the holes are pulled to the negative electrode, the TCO. The 

electrical energy is thus created by the work done by the current and voltage that arise from this 

process. 

 As mentioned above, the most common TCO for this device is currently ITO, which is a 

solid solution of In2O3 and SnO2, typically 90% and 10% by weight, respectively. While the 

optical transmission and conductive properties of ITO are advantageous, there are some 

drawbacks to the use of this material.  One of the main concerns about ITO is the cost; although 

the amount of material placed on each cell is small, the cost can become an issue when scaled-

up. The price of the main component, indium, in ITO has also been volatile itself, rising 800% 

from $85/kg in 2002 to $685/kg in 2008 [14]. The price did drop during the recent economic 
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crisis to $300/kg, but as consumer demand has once again risen, the price is back up to $650/kg 

(2010) [14]. Also of concern, Indium is a rare metal on earth. The demand for Indium has 

significantly increased since it is not only used for solar cells but in such applications as LCD 

screens and semiconductors. Reserves have actually been estimated to be used up in 13 years 

[14]. Elemental recovery techniques for rare metals such as Indium are being investigated, but 

the sustainability over several decades is still questionable. Lastly, yet another drawback to ITO 

is that the material requires complex, costly, vacuum-based processes such as physical vapor 

deposition or sputter deposition.  

  2.2.4 Conversion Efficiencies for the Various Thin-Film PV Technologies 

 

 The efficiencies of the various types of thin-film solar cells mentioned above vary 

widely. It is important to note that efficiencies can be given as either “research efficiency” or 

“commercial efficiency”. Research efficiencies are laboratory based values taken from a tested 

cell with an area of at least 1 cm
2
 [15]. Commercial efficiencies are determined from a module 

consisting of several cells and of at least 800 cm
2
 in size [15]. The scaling-up usually results in a 

commercial value that is significantly lower than the research value. For instance, the current 

highest commercial efficiency for a crystalline silicon solar module ranges from 15% to 18% 

while the highest research efficiency is over 25% [7].  

 Within the field of thin-film solar cells, CIGS cells have the highest efficiency with a 

record research efficiency of 20.1%, achieved by ZSW Stuttgart [15]. The top commercial 

efficiency is 11.2%, achieved by Q-Cells [16]. For organic solar cells, the University of 

California, in collaboration with Sumimoto Chemicals, has achieved the highest research 

efficiency thus far of 10.6%, certified by the U.S. Department of Energy’s National Renewable 
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Energy Laboratory (NREL) reported in February of 2012 [17]. However, this cell features a 

tandem structure on an ITO covered glass substrate and is rigid. Polyera has the record certified 

efficiency for a flexible polymer-based organic solar cell of 9.1%, which was reported in 

February of 2012 [18]. Konarka Technologies has commercialized a line of flexible products 

called Power Plastic® with efficiencies around 1.75% based on the data sheets [19]. For an 

organic PV sub-module, larger than a research sized cell but smaller than a commercial grade 

product, the record as of December 29, 2011, is 4.2±0.2%, produced by Sumitomo Chemical. 

The company’s 10 series cell had a designated illumination area of 294.5 cm
2
, which in a square 

configuration would be approximately 6.7 x 6.7 in
2
, a size similar to what ExcitoniX is 

producing today [20]. The designated illumination area refers to the area of the cell or module 

that is actually illuminated during the test, where the major cell components, such as bus-bars, 

are masked and lie outside the illumination zone.  

 Figure 5, obtained from NREL, shows the research based conversion efficiencies 

achieved worldwide from 1976 through 2012 for various photovoltaic technologies [21]. As the 

emerging organic solar cell data points can be seen in the bottom right of the figure, it is apparent 

that organic PV technology has significant room for growth in terms of efficiency. The 

theoretical maximum efficiency for silicon, CdTe, CIGS, and some organic solar cells has been 

calculated by researchers to be between 29 and 30% using a semiconductor band gap model 

published by William Shockley and Hans Queisser in 1961 [22].  
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Figure 5. Best Research-Cell efficiencies NREL, 2012 

 

 

 

 

 

 

 

 

http://upload.wikimedia.org/wikipedia/commons/8/8b/PVeff(rev120209).jpg
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 Table 1 summarizes the comparison of the various PV technologies. 

 

Comparison of Various PV Technologies 

Technology Silicon Solar Cell Thin-film Solar Cell Organic Solar Cell 

Research efficiency 20.4 – 27.6% 12.5 – 20.3% 9 –10.6% 

Commercial efficiency 15 – 18% 11.2% 1.75% 

Substrate/backing Glass/glass Glass/glass, 

glass/polymer, 

polymer/polymer 

Glass/glass, 

polymer/Polymer 

Active layers c-Si Copper, indium, 

gallium, selenium, 

cadmium, tellurium, 

a-Si  

ITO, polymers, non-

rare metals  

Processing Furnace doping, 

chemical vapor 

deposition, 

Czochralski process 

(crystal growth) 

Co-evaporation, 

reactive sputtering, 

ultraviolet laser, 

chemical vapor 

deposition, 

Czochralski process 

(GaAs) 

Co-evaporation, spin-

coating, printing 

Table 1. Comparison of Various PV Technologies 

 

 2.3 Novel 3D Organic Solar Cells  

 

 The uniqueness of ExcitoniX’s organic solar cells lies in the choice of materials, the 

architecture, and the vacuum free, roll-to-roll processing techniques. For the transparent 

conductive oxide layer, the use of Orgacon™ (Agfa-Gevaert Group) is introduced. Orgacon™ is 

a water-based conductive polymer that is available in the form of aqueous or solvent-based ink 

formulations as well as a powder form [23]. The use of this conductive polymer as an anode 

material enables a fundamental advantage of economical automated roll-to-roll high-throughput 

manufacturing by removing expensive vacuum-based sputtering and evaporation deposition 

techniques. The solution can simply be sprayed, slot coated, or spin-coated onto a substrate. The 

active component in Orgacon™ is the dispersion of PEDOT:PSS (polyethylene 
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dioxythiophene:polystyrenesulfonate), which function as the hole collector and is a conductive 

polymer. Orgacon™ is also organic, carbon containing, and does not comprise of any rare metals 

[23]. 

 The novelty of ExcitoniX’s device further lies in the architectural approach. Instead of 

planar layers of material, as described in the previous section, the cell is composed of an array of 

micron-sized pillars, which can be seen in Figure 6. The pillars have a high-aspect ratio typically 

with a diameter of 100 microns and height of 200 to 300 microns. 

 

Figure 6. Electron Micrograph of 3D organic solar cell, SDSU MEMS Lab 

 

 The main concept behind the 3-dimensional architecture presented here is collection of 

energy not just from two planar electrodes, but from numerous cylinder-shaped high aspect-ratio 

micro-electrodes. Figure 7 shows a comparison between the cross-sections of a typical 2-

dimensional architecture utilizing ITO and that for SDSU MEMs Lab 3-dimensional architecture 

utilizing the micro-pillars and Orgacon™. In the innovative 3D design, the Orgacon™ is 

deposited on top of the cylindrical pillars which lie in an array formation on a PET substrate. 
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This conductive layer is followed by a thin layer of photoactive material, P3HT:PCBM, which is 

followed by a thin metal cathode layer, such as Aluminum. 

 

 

Figure 7. Architecture of 3D OPV cell compared to 2D OPV cell, SDSU MEMS Lab 

 

 The pillars effectively increase the surface area available for the absorption of photons 

and exchange of electrons and holes between the materials. Depending on the layout and size of 

the pillars, the surface area available can be increased by as much as 5 times over that of a 2D 

planar layer. This has been shown through experiments in the lab to contribute to a significant 

improvement in the conversion efficiency.  Figure 8 exemplifies how increasing the active 

surface area, scaled as absolute surface area in the graph, consequently increases the efficiency 

of the cells. 
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 Figure 8. Variation of efficiency with absolute surface area (SDSU MEMS Lab) 

 

 Efficiencies in excess of 6%, for a 2 x 2 cm
2
 sample, have been achieved in the SDSU 

MEMS lab using the 3D architecture. In comparison to 2D cells, the efficiency nearly doubles, as 

highlighted in Table 2. When this efficiency was first achieved, during the fall of 2010, it ranked 

amongst the highest research efficiencies reported for OSCs.  

Device Type Imax (mA) Jsc (mA/cm2) Vmax (V) Pmax (mW) FF (%) Efficiency (%) 

2D Glass ITO 4.700 5.740 0.500 2.390 40.420 2.390 

2D PET Orgacon 12.400 37.970 0.100 1.240 54.980 2.490 

3D Glass Orgacon 19.600 17.830 0.319 6.250 83.890 6.250 

3D PET Orgacon 1.600 17.150 0.421 0.688 93.460 6.880 

Table 2.  Summary of Device Performance for Various OSCs (SDSU MEMS Lab) 

 

 The cells are tested in the lab using an AM 1.5 Solar Simulator which replicates the full 

spectrum of light equivalent to natural sunlight. The cell is positioned flat on the illumination 
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platform of the apparatus and the optical beam is transmitted downwards, perpendicularly to the 

cell. The anode and cathode of the solar cell are wired to an Oriel I-V Test Station (Newport 

Solutions) which runs measurements and calculates critical parameters such as maximum output 

power and cell efficiency. As depicted in Figure 7, the light currently reaches the photoactive 

material by first passing through the transparent substrate and semi-transparent conductive 

polymer. This particular side of the cell is used because the cathode layer is opaque and would 

not allow any light to pass. The team is currently investigating the use of a reverse architecture 

which would allow the light to pass through either side of the cell. For example, if the cathode 

material was deposited in a grid formation, rather than a full-coverage layer, light could pass 

through the grid spacing.  

 Further influences that the pillars may have on efficiency are also being studied. One 

concept is that the pillars not only aid in increasing the surface area available, but can take 

advantage of optical reflection, where planar layers lose effectiveness. As depicted in Figure 9, 

when light is directed at the 3D cell at different angles, such as 45° or 135°, the light would 

strike the material layers multiple times as it reflects off of one area to another. For a 2D cell, 

light would only strike the surface once regardless of the incident light angle. The pillars would 

essentially have a light trapping effect allowing for more energy to be absorbed by the materials. 

The efficiency and power output depending on the angle of light is thus being studied. For 

example, it is possible that the efficiency of a cell tested with a different incident light angle will 

be even higher than that for a cell tested with 90° incident light. On the other hand, the efficiency 

may remain the same or be lowered, but ideally would still be higher than that for a 2D cell 

tested with the same incident light angle. If this becomes evident, the 3D cell will have an even 
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greater stance against the 2D cells that are not only organic but of technologies such as CdTe and 

CIGS that significantly lose effectiveness at various incident light angles. 

 

  Figure 9. Incident angle comparison between 2D and 3D PV cells 

  

  

 2.4 Intellectual Property 

 

 In its basic form, the technology developed by the team offers an innovative platform for 

novel 3D organic PV cells as well as organic light emitting diodes (OLEDs) due to the similarity 

in functionality. The manufacturing technology which can lead to a significant increase in 

efficiency and productivity of OLED (as well as PV cells) was patented in 2009. The patent 

encompasses the technology developed in the lab for the 3-dimensionally fabricated electrode 

arrays as well as the unique micro-architectural and multi-layer functional designs of a novel 

photovoltaic cell. The OLED portion of the invention was licensed to AMOTech Co., Ltd of 

South Korea in the fourth quarter of 2009.  The licensing agreement is between AMOTech Co., 

Ltd and San Diego State University Research Foundation, a California 501(c)(3) corporation and 

AMOTech Co., Ltd covered all patent costs which exceeded $100k. This licensing of the 
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technology to an international company strongly demonstrates the commercialization potential of 

the roll-to-roll organic PV technology that will be further described in the next section of this 

report. 

 There is an additional utility patent as well as two provisional patents currently filed. The 

designated countries for the PCTs are U.S.A, Japan, China, Korea, India, and those of the 

European Union. The patent titles and publication/application numbers can be viewed in Table 3. 

Utility Patents Provisional Patents 

1. Organic Photovoltaic Cell and Light 

Emitting Diode with an Array of 3-

Dimensionally Fabricated Electrodes 

 

PCT/US2009/46803 

1. Textured foil electrode 

 

61/489,573 

2. Current Activated Tip-Based Sintering 

 

PCT/US2009/35616 

2. Motion-induced electrostatic Coating 

 

61/414,789 

Table 3. Utility and Provisional Patents 
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3. Manufacturing Process for 3D Organic Solar Cells 

 

 As mentioned earlier, during the second year of research, a majority of the work involved 

deeper investigation into concepts such as optimization of the number and size of the pillars and 

the effect of light incidence angles to improve the efficiency. Since inception of the awarded 

fellowship, the team has focused on scaling up the solar cell and converting the original clean 

room fabrication process to a roll-to-roll process, both of which will now be described. 

 3.1 Original Clean Room Process 

 

 The solar cells developed by the original process that took place in the clean room were 

limited to 1 x 1 in
2
 and were fabricated using methods that did not lend well to low-cost 

manufacturing or roll-to-roll techniques.  

 As an overview of the more detailed information given in Table 4, the first step in the 

clean room was to prepare the substrate that supports the pillars and subsequent material layers. 

The pillars were formed by spin-coating a thin layer of SU-8® structural polymer (MicroChem 

Corp.) onto the substrate, which required the use of a vacuum pump. The spin-coating technique 

inherently limited the size of the substrate to a small size as material would become non-uniform 

on larger substrates. The SU-8® would then be taken through a lengthy photolithography process 

to create the micro pillar pattern requiring UV equipment, a vacuum pump, careful alignment, 

and developing solution. Once the pillars were ready, the Orgacon™ and photoactive materials 

were then deposited using spin-coating once again. After annealing took place, the aluminum 

cathode would then be deposited by thermal evaporation, which also limited the size of the 

substrate that could be used due to the space available in the machine. The thermal evaporation 
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requires a complete vacuum environment as well as a high amount of power. A few of the 

process steps and machines used are shown in Figure 10. 

Original Clean Room Process for Fabrication of 1 x 1 in
2
 Solar Cell 

 

Step Details Specifications 

1. Negative Photolithography   

     1.1 Cut substrate PET 1 x 1 in
2
 slide 

     1.2 Clean substrate IPA, Acetone 2 times 

     1.3 Dehydration Bake Hot plate 45 min., 50 °C 

     1.4 Spin Coat Neg. photoresist SU-8 (10/100)  2000 to 3000 RPM, 45 sec. 

     1.5 Soft Bake Hot plate 65-100 °C, 5 °C intervals, 50 min. 

     1.6 Cool down Hot plate Gradually reduce temp, 15 min. 

     1.7 UV exposure UV lamp 6-8.5 mW/cm
2
, 20 – 40 sec. 

     1.8 Post exposure bake Hot plate 65-100 °C, , 5 °C intervals, 75 min. 

     1.9 Cool down Hot plate Gradually reduce temp, 15 min. 

     1.10 Develop photoresist Developer 10 – 30 sec., fume hood 

     1.11 Rinse and Dry IPA, Air Blow dry with N2 gun 

2. Orgacon™ Deposition   

     2.1 Tape slide* Teflon tape One edge of slide 

     2.2 Spin Coat 1
st
 layer Orgacon™ 550 RPM, 45 sec. 

     2.3 Anneal 1
st
 layer Hot plate 120°C, 3 min. 

     2.4 Spin Coat 2
nd

 layer Orgacon™ 350 RPM, 45 sec. 

     2.5 Anneal 2
nd

 layer Hot plate 120°C, 3 min. 

     2.6 Spin Coat 3
rd

 layer Orgacon™ 350 RPM, 45 sec. 

     2.7 Anneal 3
rd

 layer Hot plate 120°C, 3 min. 

     2.8 Check conductivity Multi-meter Should be between 0.2 – 1 kΩ 

3. P3HT:PCBM Deposition   

     3.1 Spin Coat P3HT:PCBM 350 RPM, 45 sec. 

     3.2 Air dry Dark container 2 hours 

     3.3 Anneal N2 oven 2 – 12 hours 

4. Aluminum Deposition   

     4.1 Tape slide* Teflon tape Remaining sides, and down the middle 

     4.2 Thermal Evaporation TE Machine <40 amperes, 25-30 sec. 

     4.3 Settle particles Vacuum chamber 10 min. 

5. Remove Tape* Manual 1 min. 

Table 4. Original Clean Room Process 
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Figure 10. Cleaning the substrate, dehydration bake, UV exposure machine, developer 

bath, spin coating Orgacon™, spin coating P3HT:PCBM (shown clockwise from top-left) 

 

 Since spin-coating does not allow for selection of deposition area by itself, the process 

also involved using teflon tape between deposition of the layers to avoid contact between 

specific layers, mainly the Orgacon™ and aluminum, in order to prevent a short circuit. Figure 

11 shows a taped version of the solar cell as well as how the final product appeared once all of 

the layers were deposited and the tape removed. 

   

 
Figure 11. Taped slide after P3HT:PCBM deposition, final slide after removal of tape, 

schematic of final slide after removal of tape showing three layers: Orgacon™ (blue), 

P3HT:PCBM (red), and Aluminum (grey) (Shown from left to right). 
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 3.2 New Roll-to-roll Process: SolarMator I 

  

 As the team began to focus not only on scaling up the device but achieving the same 

outcomes in a roll-to-roll (R2R) fashion, it became apparent that the methods had to change 

considerably. With the goal to fabricate 36 square inch devices, the team focused its efforts on 

building a production line that would allow for larger models to be made at a faster rate.  

 The first generation production line prototype, which is called SolarMator I, currently 

consists of 4 chambers and allows for the deposition and annealing of the materials in a R2R and 

vacuum-less environment. The chambers are made of polycarbonate supplied by Ridout in San 

Diego, CA. The fully functional prototype can be seen in  

Figure 12.  

 For a brief overview of the process incorporated into SolarMator I, the first chamber 

houses the deposition system for the Orgacon™, the second is for annealing, the third is for 

deposition of the photoactive layer, and the fourth is again for annealing. The production line 

currently does not have a chamber for deposition of the cathode, but this will be included in the 

second generation production line which is now being designed by the team. Also, the formation 

of the pillars on the substrates is completed prior to processing within the production line. The 

pillar formation process however, has been changed to no longer include spin-coating or 

photolithography and is now suitable for roll-to-roll processing and future addition to the 

production line. 
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Figure 12. First generation production line (SolarMator I) 

 

  3.2.1 PET Stamping 

 

 The pillars are formed on the PET substrates via a stamping technique utilizing a 

hydraulic press located in an engineering lab on the campus of SDSU. Once the substrate is 

ready with the pillars, it is placed on a platform within the first chamber so it can then be taken 

through the printing process. The direction that the substrate moves on the track from chamber to 

chamber is in a unidirectional line, which will be called the x-direction. 

 The creation of the pillars begins with cutting an 8 x 8 in
2
 sheet of PET, which is 180 

micron thick, from a larger roll (Melinex 454, DuPont Teijin Films). The sheet is then aligned 

concentrically on a 10 x 10 in
2
 steel plate. Rectangular brass meshes are then aligned on top of 

the PET where the pillars are desired. The meshes consist of arrays of circular holes, 300 micron 

in diameter with 300 micron spacing and are used in a similar fashion as a mold. As the stack-up 
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is pressed together, the PET flows up into the mesh holes or cavities. The mesh, purchased from 

McMasterCarr, is supplied as a sheet that is then cut depending on the desired pillar layout. For 

example, to form a pattern of alternating 1 inch wide rows of pillars and 0.5 inches of flat areas 

(non-stamped PET) the mesh is cut into 1 inch wide strips and situated on the steel plate 

accordingly, shown in Figure 13. Meshes with different hole sizes can also be obtained. 

   

Figure 13. Supplied brass mesh sheet, brass mesh cut into strips (shown from left to right). 

  

 Once the meshes are positioned, a second 10 x 10 in
2
 steel plate is placed on top of the 

mesh. The entire stack-up, shown in Figure 14, is then placed on the lower platen of an 

automatically operated and heated hydraulic press (Wabash MPI). The steel plates are utilized in 

order to uniformly distribute the pressure on the mesh and PET as the platens are pressed 

together. The platens are much larger and may not be perfectly flat due to wear over time while 

the steel plates can be machined to assure evenness. 

 

  Figure 14. Steel plate, PET, mesh, steel plate stack-up on platen 
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 The temperature of the hydraulic press is then set to begin heating the platens. The 

temperature must be about 68°F or 20°C above the glass transition temperature of the material in 

order to induce flow, which is 415°F for PET. Once thoroughly heated, the top platen is lowered 

until contact is made with the top surface of the steel plate. The pressure is then set to 80 tons 

and held for 5 minutes. After the 5 minutes, the pressure is released so the platens return to their 

original opened position and the machine is then shut off. The entire stack up is then carried, 

using heat protection gloves, to a bucket to be water-cooled using a hose for 5 minutes.  

 After water-cooling, the substrate is then removed from the stack-up and cut down to 6 x 

6 in
2
. The reason for the PET starting out at a larger size of 8 x 8 in

2
 is to help reduce stress in 

the material as it is pressed. When there is very little material left around the outer perimeter of 

the meshes, deformation of the PET occurs. The rippling that would occur in the material can be 

seen in Figure 15.  

 

Figure 15. Rippling of PET substrate after pressing (SDSU MEMS Lab) 

 

 Through examination of the specific deformation in the material, the team speculated that 

starting with a larger sheet would help solve the issue. The larger area around the meshes 
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basically allows an outlet for the stress created in the mesh-pressed area of the material. The 

team also tested for further reduction of deformation by creating several dime sized holes around 

the perimeter of the substrate that is eventually cut away, serving as another source for stress 

dissipation. Together these strategies proved to be a solution for the team as flat textured 

substrates could be created as seen in Figure 16. In the future, steps will be taken to reuse, 

recycle, or reduce the amount of material that is cut. 

 

Figure 16. Reduced rippling in pressed substrate 6 x 6 in
2
 (SDSU MEMS Lab) 

  

 The pillar formation using this process has been assessed using microscopy. The pillars 

are characterized in terms of diameter, height, and spacing. The stamped pillars, seen in Figure 

17, look very similar to those formed with the photolithographic process.  

  

Figure 17. Pillars formed in stamped PET and pillars formed using photolithography 

(shown from left to right, different scales) (SDSU MEMS Lab) 
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 The total time for this process takes about 15 minutes. Further improvements to reduce 

the time and amount of material used are being investigated. A completed 6 x 6 in
2
 substrate with 

strips of textured areas can be seen in Figure 18. Once this process is complete, the substrate is 

taken to the beginning of the production line. The pillar process is summarized in Table 5.  

 

Figure 18. 6 x 6 in
2
 stamped substrate, textured strips (SDSU MEMS Lab) 

 

Pet Stamping Process 

Step Details 

Clean PET Substrate  DI Water, IPA, Acetone  

Create holes on PET substrate  14 holes around perimeter  

Place PET on steel plate  Centered on plate 

Place brass meshes on steel mold   Aligned for desired design 

Place mold onto heat press platen Centered on platen 

Set platen temperature 415°F, allow for temperature ramp up 

Lower platen, Set pressure and time  80 tons @ (20 in
2
), 5 minutes 
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Release Pressure, Turn off machine   User interface 

Water Cool  5 minutes 

Remove & dry sample  Pressured air dry  

Table 5. PET Stamping Process 

 

  3.2.2 Anode and Photoactive Material Deposition 

 

 In order to replace the spin-coating deposition method for the anode and photoactive 

layers, the team designed a printing system for each of the materials. The anode printer is in the 

first chamber of the production line and the photoactive printer is in the third chamber. The 

second and fourth chambers are for annealing the materials. 

 Both of the printers were assembled from various parts including a solenoid, a motor, 

gears, a track system, an airbrush device, and a syringe, which are shown in Figure 19. The 

materials are printed on the substrate by the airbrush and the printing solution is provided by the 

syringe, which functions as a reservoir. A port in the airbrush is connected to an air pump which 

provides the air that the airbrush utilizes to pass liquid through its spraying mechanism. The 

airbrush is activated by a small lever which is pushed back and forth by the solenoid. The 

opening and closing of the airbrush is then controlled through a computer interface. 

 The airbrush makes passes across the substrate to print strips of material in the y-

direction, perpendicular to the movement of the substrate controlled by a pulley and platform 

system. The printing moves in a similar fashion to that of a conventional printer; the main 

difference is that the solution is deposited through the airbrush spray device rather than from an 

ink jet reservoir.   
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Figure 19. Printer components 

  

 In earlier trials of the printing system, the solution held in the syringe was simply gravity-

fed into the airbrush. Improvements needed to be made in order to avoid clogging and to have 

more control over how much of the solution flowed into the airbrush. The system now utilizes a 

flow gauge and control device. 

 The motor, pulley system, and solenoid are each wired to a mother board that is then 

connected to a computer. The majority of the system is operated through the computer interface 

using g-code, which is most commonly used in the computer numerical control (CNC) 

programming language. The speed and distance of the printer’s movement can then be controlled 

using the g-code. The only mechanisms that are not controlled by the g-code and computer 
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interface are the air supply for the airbrush and power switches which are currently turned on 

manually. 

 The Orgacon™ anode is the first layer that will be printed once the substrate is positioned 

on the platform of the pulley system within the first chamber. The g-code is programmed prior to 

this and is set up to produce the desired pattern of solution on the substrate. When the program is 

started, the pulley system moves the substrate underneath the airbrush while the airbrush makes 

passes in a perpendicular direction across the substrate. Early trials of the airbrush printing 

proved to work well as uniform deposition of material around the pillars was observed using 

microscopy; one sample is shown in Figure 20. Another important quality is that similar 

conductivities, or measured resistances, were achieved for printed Orgacon™ in comparison to 

spin-coated Orgacon™, shown in Figure 21. 

 

Figure 20. Microscopic view of Orgacon™ layer on pillars using printing system 

(SDSU MEMS Lab) 



S. Miller Page 40 
 

 

Figure 21. Resistance for various samples, printing vs. spin-coating  

(Data obtained by Kadir Toksoy, SDSU MEMS Lab) 

  

 After the anode is printed onto the substrate, it is passed to the second chamber for 

annealing via the pulley system. After annealing of the anode is completed, the substrate is 

passed to the third chamber that houses the printer for the photoactive material. The photoactive 

layer is printed in the same manner as the anode. Once the photoactive layer is deposited over the 

anode layer, it is passed to the fourth chamber for annealing. The details for the annealing 

chambers will now be described. 
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  3.2.3 Annealing Chambers 

 

 Once the anode is printed onto the substrate it is sent to the annealing chamber, however 

while the g-code moves the substrate underneath the airbrush in the x-direction towards the next 

chamber, it does not currently have the ability to move the substrate all the way into the second 

chamber. The same is true for the movement from the second to third chamber as well as the 

third to the fourth chamber. To remedy this, handles were installed that allow manual 

manipulation of the pulley system when needed for all chambers.  

 In the printer chambers, once the substrate is on the pulley system, as mentioned earlier, 

the g-code moves the substrate underneath the airbrush. When the printing is finished, the 

substrate is transported to the very edge of the pulley system within a chamber by turning the 

handles; it then drops onto the pulley system of the next chamber. Each pulley system is situated 

at least half an inch lower than the previous to facilitate the drop. Once the substrate drops down 

from the printer pulley system to the annealing chamber pulley system, it is moved by the 

handles to its required position in the chamber. The SolarMator I has heat lamps for heating, thus 

the substrate will be positioned directly underneath the bulb in the annealing chamber. The heat 

lamp is turned on and off by a press of a button which can also be rotated to adjust the output 

intensity. 

  3.2.4 Insulation and Access Doors 

 

 Because of the heating that occurs within the annealing chambers and the proximity to 

the printer system, it was necessary to incorporate insulation. Three polycarbonate doors were 

incorporated into the production line and are situated between the first and second chamber, the 

second and third chamber, and the third and fourth chamber. The doors can be drawn upwards 



S. Miller Page 42 
 

manually using handles in order to allow the substrate to pass from chamber to chamber. For 

insulation, the door is dropped downwards to close the chambers when annealing occurs. In the 

closed position the sides and bottom of each door rest against insulating cushioning tape to form 

a pressure seal.  

 The front of the first chamber does not have a door as it was not needed in the process. 

The rear of the fourth chamber has a door that opens by rotating outwards on hinges, similar to 

that of a dishwasher door, and is closed by tightly locking latches. The fourth door allows for the 

substrate to be removed after it has gone through the printing and annealing processes. There are 

also two more doors similar to the one on the fourth chamber that allows for easy access to the 

printers for maintenance purposes. The insulation and access doors can be seen in Figure 22. 

 

Figure 22. Insulation and access doors shown in CAD model (SDSU MEMS Lab) 

 

  3.2.5 Exhaust System and Auxiliary Ports 

 

 An exhaust system has also been incorporated in the production line due to the solvent 

fumes that are released during annealing of the photoactive material. The system consists of a 

duct and fan installed on top of the third chamber. When the fan is turned on, the solvent fumes 
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created during annealing are purged upwards through the valve and transported to the outside via 

a duct pathway.  

 The SolarMator I concludes with these features. The improvements and additions that 

will be included in the second generation, SolarMator II, production line will be discussed in a 

subsequent section. The current roll-to-roll process is summarized in Table 6. 

R2R Process for 6 x 6 in
2
 Solar Cell, SolarMator I 

Step Details Specifications 

1. Stamp Substrate   

     1.1 Cut substrate PET 8 in. x 8 in. sheet, <30 sec. 

     1.2 Prepare stack up PET, meshes, plates Align concentrically 

     1.3 Position stack up on platen Hydraulic Press Center of bottom platen 

     1.4 Set temperature User Interface  415 °F, 10 min. ramp up 

     1.5 Lower platen & set pressure User Interface 80 tons, 5 min. 

     1.6 Release pressure User Interface < 30 sec. 

     1.7 Water cool Water hose Place stack up in bucket, 5 min. 

     1.8 Cut substrate PET, paper cutter 6 in. x 6 in. sheet, <30 sec. 

2. Orgacon™ Deposition   

     2.1 Place substrate on platform Manual Center substrate with guide measurements 

     2.2 Turn on, check devices Computer, Air pump 5 min. 

     2.3 Print Orgacon™ layer Printer, g-code 5 min. 

     2.4 Send substrate to 2
nd

 chamber Manual, track < 30 sec. 

     2.5 Anneal Orgacon™ Heat lamp 120°C, 5 min. 

3.  P3HT:PCBM Deposition   

     3.1 Send substrate to 3
rd

 chamber  Manual, track < 30 sec. 

     3.2 Print P3HT:PCBM layer Printer, g-code 5 min. 

     3.3 Send substrate to 4
th

 chamber Manual, track <30 sec. 

     3.4 Anneal P3HT:PCBM Heat lamp 120°C, 60 min., N2 pump 

4. Metal Deposition In progress In progress 

Table 6. Roll-to-roll Process, SolarMator I 
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 3.3 Time and Equipment Comparison of Clean Room and Roll-to-roll Processes 

 

 There are several advantages that the new process has over the original clean room 

process that contribute to the progress made towards scaling up the device and 

commercialization. First, by replacing the spin-coating and photolithography processes, the 

stamping method drastically reduces the time required to create the pillars on not only a 1 x 1 in
2 

cell but a 6 x 6 in
2
 panel. The new annealing process does not yet contribute to significant time 

reduction since the physical nature of the materials still requires the basic time and temperature 

to be applied, but it is conducive for the roll-to-roll processing. Methods to improve the 

annealing process and reduce the time are being investigated, such as creating a more uniform 

heat distribution, and may be incorporated in the second generation production line. The printing 

system also replaces spin-coating that can only be applied to a single 1 x 1 in
2 

cell at a time in the 

clean room. 

 To summarize the main differences between the original process and the new process, 

Table 7 is provided. It is important to reiterate that not only the time is reduced, but the spin-

coating, U-V lamp, and vacuum pumps are no longer needed. Also, the taping of specific areas is 

no longer needed since the printer controls where the material is deposited and a simple pre-

made screen can be used for further control. In the table, an annealing time of 4 hours is used for 

the photoactive material for both processes; this time may reach up to 12 hours. For the roll-to-

roll process, the cathode has a projected deposition time based on using a screen printing and 

annealing process. Lastly, for the clean room process, the time for thermal evaporation of the 

cathode would actually be greater if the one hour heating time upon start-up of the machine were 

included.  
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Process  Clean Room 

Requirements 

1 x 1 in
2 
cell

 

Total Time 

(min) 

R2R 

Requirements 

6 x 6 in
2 
cell 

Total Time 

(min) 

 

Pillar 

Formation 

Spin-coating, Vacuum 

pump, UV-lamp, Baking 

 

205 Heated Hydraulic 

Press, cool water 

25 

Orgacon™ 

Deposition 

Spin-coating, Vacuum 

pump, hot plate, tape 

 

15 Printer, compressed 

air, heating element 

10 

PCBM:P3HT 

Deposition 

Spin-coating, vacuum 

environment, N2 oven 

245 Printer, compressed 

air, N2 pump, 

heating element 

245 

Aluminum 

Deposition 

Thermal evaporation, high 

current, vacuum 

environment, taping 

12 Screen Printer,  

Heating element 

30 

Table 7. Comparison of Clean Room and Roll-to-roll Processes 

 

 The data for the time consumption listed in Table 7 is also graphed in Figure 23. For 

comparison purposes, the values for the clean room cell were multiplied by a factor of 30 to 

represent about how many cells would be needed to produce a 6 x 6 in
2
 printed panel. 

 

Figure 23. Time comparison for clean room and roll-to-roll processes, 6 x 6 in
2
 panel 
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 Also to note, while at first glance the printing time appears to not differ significantly from 

the spin-coating time in the chart, it is actually significantly reduced when size is considered. In 

total, it took at least 8 hours to produce a single 1 x 1 in
2
 cell in the clean room and it now takes 

about 5 hours using the roll-to-roll process to print a panel that is 50 times larger in area. This 

time will be significantly reduced with further scale-up effects. The new process also allows for 

the substrate to be placed at a single input site once the pillars are formed compared to having to 

transport the substrate to several different stations within the lab during the clean room process. 

 3.4 Cost and Energy Usage Comparison for Clean Room and Roll-to-roll Processes 

 

 A cost analysis was performed to calculate the total energy used, in kwh, to fabricate the 

1 x 1 in
2 

cells in the clean room and the 6 x 6 in
2
 with the roll-to-roll process. For a more 

insightful comparison, the values obtained for the 1 x 1 in
2
 were increased by a factor of 30, 

which would be about how many cells would be needed to create a panel with the same active 

area as the 6 x 6 in
2
 panel. The calculations are based on the cost of materials supplied in bulk 

and the average wattage required to run the various equipment. The results are shown in Table 8. 

 Process Total Energy 

Used (kwh) 

Total  

Cost 

Cost of 

energy 

Cost of 

Materials 

Clean Room  

(30, 1 x 1 in
2
) 

150.62 $305.68  $30.12 $275.84 

Roll-to-roll  

(1, 6 x 6 in
2
): 

4.10 $1.23  $0.82 $0.46 

Table 8. Estimated values for cost to make cells using clean room or roll-to-roll process 

 

 The main assumptions used in the calculations are that the cost of electricity is 20 

cents/kwh. The machines were estimated to run at half power or an average power. Also, the 

metal deposition process was assumed to be the same thermal evaporation method used for the 1 
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x 1 in
2 

cell and increased by a factor of 30. In the future, the 6 x 6 in
2
 panel will have much less 

metal that will deposited in a roll-to-roll fashion, thus further reducing the cost. The amounts of 

Orgacon™ and photoactive material used to make the 6 x 6 in
2
 panel were calculated using an 

over estimation that the layers will be 5 micron thick and will cover the entire panel. These 

layers actually will actually be in the few hundreds of nanometer range and will only cover about 

80 to 90% of the panel depending on the design. Further details of the assumptions made to 

simplify the calculations can be read in Appendix A.  

 As can be seen in Figure 24, the energy consumed during the roll-to-roll process is 

significantly less than that used during the clean room process to make the same size panel. The 

pie chart in Figure 25 depicts the decrease in the cost of materials and energy for the roll-to-roll 

process compared to the clean room process. Based on the calculations it currently costs less than 

$1.30 to produce a 6 x 6 in
2
 panel using the roll-to-roll methods. The cost can be further reduced 

as the process is scaled up to include the new metal deposition method as well as creating pillars 

in a continuous fashion rather than the current method of stamping one substrate at a time. Less 

material will also be used as the techniques become more efficient in applying the material. 

Furthermore, the cost of the materials will go down when orders are purchased in larger bulk 

amounts, taking advantage of economies of scale. 
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Figure 24. Energy used to fabricate 6 x 6 in
2
 panel, Clean Room and Roll-to-Roll processes 

 

 

Figure 25. Cost of energy and materials, clean room process vs. roll-to-roll process 
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 3.5 Second Generation Production Line – SolarMator II 

 

 The Gen II production line is currently in the development stage. It will consist of a new 

construction to house the printers, heating elements, and a cathode deposition mechanism. The 

SolarMator II project is currently being undertaken by a team of 5 undergraduates who are 

collaborating with the rest of the team for design requirements. Fabrication of the production line 

is scheduled to be completed by December of 2012. 

 In terms of improvement, the annealing mechanism will be significantly upgraded. The 

heat lamps that are currently used in the annealing chambers have proved to be insufficient for 

the amount of control that is needed for heating the various materials properly. The heat lamps 

will be replaced with more complex heating elements that allow for greater control over the 

temperature ramp up compared to the simple dimming mechanism of the heat lamps. The 

annealing chambers will also be adjusted to promote more uniform heating and possibly reduce 

the time needed. Improvements will be made to the track and pulley system as well. The goal is 

to fully control the movement of the substrate through the computer interface rather than using 

the handles.  

 In addition, the SolarMator II will include a cathode deposition chamber. Various 

materials and methods for the cathode deposition that are apt for roll-to-roll processes are 

currently being investigated by the team, such as screen printing a grid of metallic paste. 

Research is especially focused on materials that may be utilized to decrease the cost and improve 

the device efficiency as well as the level of transparency. 
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 3.6 Scale-up Progress and Goals 

 

 Up to now the team has tested 3 x 3 in
2
 cells and various sites on a 6 x 6 in

2
 panel that 

have been fabricated with the new printing techniques. The testing capabilities in the lab 

currently do not support an entire 6 x 6 in
2
 surface, which is why test sites were used for the 6 x 

6 in
2
 panel. The results are promising as efficiencies up to 3.89%, or over 50% of the original 

6.88%, have been achieved. A scaled up solar cell can be seen in Figure 26.  

 Scaling-up the device evidently presents many obstacles in achieving the same qualities. 

The team is currently investigating various aspects of the printing and annealing systems and 

photoactive materials available to improve the device efficiency. For example, the deposition 

control of the airbrush system in terms of uniformity and thickness plays an important role in the 

power conversion capability and experiments are currently being conducted to determine the 

optimal settings.  

 

Figure 26. Scaled-up model of solar cell (SDSU MEMS Lab) 
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 The team is also focusing on designing the inter connection of multiple 6 x 6 in
2
 cells to 

create a larger 2 foot by 4 foot panel. The challenge will again lie in maintaining the efficiency 

upon further scale-up. This will require such elements as ultra-high conducting bus bars and 

epoxy agents. In particular, the contact resistance at the Orgacon™ and bus bar interface has 

proven to be an issue; thus materials, such as silver pastes that are designed to lower the contact 

resistance, are being looked into. These materials would also be conducive for roll-to-roll 

processing since they can be screen printed onto the substrate. When selecting new materials, 

processing requirements that may affect the integrity of the other materials within the cell must 

be taken into account, for example curing temperatures must not exceed a specific temperature 

for the photovoltaic layer. 

 There are additional improvements that will be crucial for further scale-up towards 

commercialization. One of which is scaling up the process for stamping the substrate since 

currently only one 6 x 6 in
2
 substrate is made at a time. The process could, for example, involve 

a rolling mechanism that could create the pillar pattern in a continuous manner using a larger 

sheet of PET that would later be cut down to the desired sizes.   

 3.7 Packaging Progress 

  

 The device must be encapsulated not only to protect the materials from physical damage 

but also because the organic materials inherently degrade quickly upon exposure to various 

environmental factors. While silicon solar cells last as long as 20 to 25 years maintaining at least 

80% efficiency by this time, polymer solar cells typically have lifetimes of 1 to 5 years 

depending on the level of encapsulation [24]. The lifetime of CdTe and CIGS is similar to that of 

silicon cells. Although the organic solar cells would need to be replaced more often, the 
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advantage in terms of cost is that the initial investment would be much less. The cost of 

replacement could also be low enough that the overall investment is still less than that for 

conventional silicon solar cells. 

 The main modes of degradation for OSCs are ingress of oxygen and water vapor as well 

as exposure to ultra violet rays. In order to extend the lifetime of the OSC device to over several 

years, the water vapor transmission rate (WVTR) through the packaging materials must not 

exceed 10
−3

 g−m
−2

 day
−1 

and the oxygen transmission rate (OTR) must not exceed 

10
−3

 cm
3
 m

−2
 day

−1
 [24]. The WVTR specification in particular is between that required by 

organic light emitting diodes (10
−6

 g m
−2

 day
−1

) and food packaging (10
−1

 g m
−2

 day
−1

). The low 

WVTR and OTR values required by OSCs currently are not provided by the common barrier 

films used for pharmaceutical, food and beverage packaging [25]. Ultra-barrier encapsulation 

materials are not yet highly available since they are mostly developmental products at various 

companies, such as DuPont [26].  

 Without packaging, the efficiency of OSCs will degrade by 90% within 1 hour of 

exposure to ambient air or after one test using the solar simulator. Some progress has been made 

in the team’s efforts to stabilize the device made in the lab using lamination materials. The 

lamination film used in preliminary testing was a material that is commonly used to laminate 

paper. Although the barrier properties of this material are not near what will be needed in the 

future in terms of WVTR and OTR, promising results were obtained in regards to proof-of-

concept and feasibility of the packaging architecture. The lamination method would also be 

suitable for roll-to-roll processing. 
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The lamination procedure involved placing two of the sheets over the front and back side 

of a 1.5 x 1.5 in
2
 cell. Firm pressure was then used to activate the adhesive and create a seal 

cover the majority of the cell. A portion of the Orgacon™ layer and aluminum layer were left 

exposed for wire contact points. The packaged cell is shown in Figure 27. The cell was then 

tested using the solar simulator equipment and characteristic data was recorded. Table 9 contains 

the efficiency values recorded with testing that took place over a two week period.  

As can be seen in the table, the cell was tested two times on the first day with slightly 

over one minute in between the tests. The efficiency began at 3.49% and reduced to 3.21%, 

maintaining over 90% of its efficiency. In comparison, an unpackaged cell would have shown a 

90% loss in efficiency during the second test (based on previous tests of sample cells). The 

packaged cell was then stored in an opaque black box and vacuum environment for two weeks. 

The cell was taken back to the solar simulator for testing, and the efficiency value obtained was 

actually a slight increase over that from the first day. The scientific reasoning for this is currently 

being investigated. After several more tests were performed on the 14
th

 day, the packaged solar 

cell still maintained over 30% of its efficiency. This was a significant improvement over the 90% 

loss that the unpackaged cell would have experienced after two subsequent tests. Further 

research in this area will include testing with various in time intervals, environment exposures, 

and packaging materials. Also to note, Table 9 only shows the efficiency values, but several 

other values such as fill factor and open circuit voltage will be analyzed during the degradation 

studies.  
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Date Time 

(h:m:s) 

Elapsed Time 

(h:m:s) 

Efficiency 

(%) 

11/16/2011 13:18:32 0:00:00 3.4919 

11/16/2011 13:19:46 0:01:14 3.2102 

11/30/2011 20:31:59 343:13:27 3.8889 

11/30/2011 20:32:28 343:13:56 3.4695 

11/30/2011 20:32:46 343:14:14 3.2756 

11/30/2011 20:32:58 343:14:26 3.1463 

11/30/2011 20:34:47 343:16:15 3.8812 

11/30/2011 20:36:53 343:18:21 2.2018 

11/30/2011 20:43:52 343:25:20 1.4302 

11/30/2011 20:46:09 343:27:37 1.1609 

 Table 9. Degradation of Solar Cell 

 

 

Figure 27. Tested packaged solar cell 
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4. Market Analysis  

 4.1 Macro Market – Photovoltaic Market  

  

  

 The demand for solar electric energy has grown by an average of 30% per annum over 

the past 20 years [27]. This demand is expected to continue to rise as solar market analyst 

Solarbuzz, an NPD Group Company, predicts that the 2014 market will be 5 times the volume of 

the 2009 market [27]. In terms of wattage, the worldwide solar cell production reached 9.86 GW 

in 2009, and increased more than two-fold by 2010 to 20.5 GW (1). According to forecasts 

developed by the International Energy Agency (IEA), PV capacity is expected to reach 200 GW 

by 2020 assuming an average annual market growth rate of 17% in the next decade. Figure 28, 

obtained from the IEA 2010 report, shows the projected PV electricity generation share for 

various scenarios until 2050. The IEA’s ETP BLUE Map scenario assumes the continuation of 

an evolving favorable and balanced policy framework for market deployment and technology 

development in many countries in the longer term, leading to PV accounting for 11% of expected 

global electricity supply [29]. 

 

Figure 28. Global PV power generation and relative share of total electricity generation 
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 In the United States in particular, according to the Solar Energy Industries Association, 

more solar modules were installed in the third quarter of 2011 than in all of 2009 combined [2]. 

The 2011 market figures of the U.S. nearly doubled that of 2010 seeing at least 1.6 GW of newly 

connected systems [30]. With this increase, the U.S. became the world’s fourth-largest solar 

market in 2011 behind Italy, Germany, and China gaining about a 6% share of the international 

market [31]. The pie chart in Figure 29 shows the breakdown of the global PV market in 2011 

[30].  

  

 

Figure 29. Market share of the world's top 10 markets, 2011, EPIA.org 

  

 This U.S. market share is expected to grow to 12% by 2015 [31]. The utility sector 

demand is expected to play a key role in this overall growth if incentives are sustained and the 

right policies are implemented. The U.S. PV market segmentation between the utility, 
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residential, and non-residential sectors for 2009 and the forecast for 2015 can be seen in Figure 

30 [9].  

 

Figure 30. U.S. PV market segmentation, obtained from SEIA and GTM Research 2011 

Report 

 

 The predicted growth in market size is optimistic for PV module companies; however it 

is important to take a closer look at the actual revenues generated in the industry for PV modules 

in particular. According to Sam Wilkinson, Senior Research Analyst at IMS Research 

(Wellingborough, U.K.) 

  “As global demand is forecasted to grow at relatively unremarkable rates for the next 

few years, it is unlikely that revenues and profits will recover to the levels that (we) saw in 2010 

within the next five years.” [32].  

 In 2010, the industry generated $82 billion in global revenues, a 105% increase from the 

$40 billion in 2009 [27]. These values, however, include the sale of the associated equipment and 

installation of solar systems in addition to the modules themselves. For the PV module market 

segment, the 2010 revenues reached about $38 billion [28]. While this was indeed a 74% 
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increase over 2009, the increase was slightly lower than the 105% increase experienced by the 

PV market as a whole. According to the European Photovoltaic Industry Association, 2011 saw 

prices go down rapidly due to increased economies of scale, production efficiency and a strong 

supply overhang compared to demand [30]. Additionally, according to an IMS Research report, 

the average gross margins for PV modules in fact fell by 50% in six months between 2009 and 

2010 [32]. Also, as stated in the report, revenues are not predicted to grow again until 2013 and 

to not return to 2010 levels until after 2015. The drop in revenues is indicative of how necessary 

it has become to manufacture solar products at a much lower cost to allow for sustainable 

margins. This is where ExcitoniX can thrive by offering low-cost options in solar while still 

maintaining a profit. 

 4.2 Micro Market – Thin-Film market  

 

 Silicon-based technology has dominated the PV market. In 2010, the crystalline silicon 

PV market share was at 83%. Further breakdown of the market is depicted in Figure 31, obtained 

from Green Tech Media research company [33]. The thin-film market has experienced 

significant growth since 2006, increasing from 8% to 17% in 2010 [2]. From 2006 to 2010, thin-

film production grew at a Compounded Annual Growth Rate (CAGR) of 105% [2]. This growth 

was jumpstarted by a shortage of silicon in 2006 that caused PV module manufactures to shift 

towards thin-film module technology. Since 2006 thin film technology has accounted for a 

growing share of the PV market and this trend is expected to continue through 2020, with a 

CAGR of 16% between 2010 and 2020, reaching as high as 15 Gigawatts (GW) of production 

[2].  
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Figure 31. Market Share based on Technology obtained from Green Tech Media 

 

 In more recent terms, the thin-film module market generated an estimated 3,213.2 MW in 

2011 and this value is expected to nearly triple to 9,036.6 MW by 2016, with a CAGR of 23.0% 

from 2011 to 2016 [2]. In terms of revenue, according to an analysis by 6Wresearch, the global 

thin film PV market is anticipated to generate $22,357 million by 2016 with an estimated CAGR 

of 27.5% from 2011 to 2016 [34].  

 To further break down the thin-film market, in 2011, a-Si dominated with a 49.8% share 

[34]. That market share is expected to fall to 38.1% by 2016 however, and CdTe, CIS/CIGS, and 

others are expected to grow with a CAGR of 30.5%, 39.8% and 15.0% for the same period, 

respectively [34]. The 15% growth estimated for the remaining technologies, which would 

include organic solar cells, is significant. With deeper cuts in cost and increases in efficiency of 

the modules, it is likely that the organic solar modules will gain even more market share. Lux 
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Research Printed Electronics Intelligence service states that there is a great level of uncertainty 

when projecting the OPV market, but the most likely scenario is $159 million in 2020 and it 

could reach as high as $470 million in a best case scenario [35]. 

 4.3 Target Market – Segmentation 

 

 Compared to crystalline silicon solar and the majority of commercialized thin film 

products, organic solar cells enable unique form factors and portability since they are light-

weight, flexible, colorable, and semi-transparent. Such solar cells can be integrated into clothing, 

briefcases, tents and other products to provide charging capabilities that heavier, rigid solar cells 

have not been suitable for. With the semi-transparent and option for various colors, they can also 

be integrated into windows and building facades with a more aesthetic appeal than the typical 

black or opaque dark blue options. Due to the lower power conversion of organic solar cells the 

applications will be more in niche markets, compared to the more utility scale markets that 

silicon solar cells have dominated, but as discussed earlier such markets would be addressable in 

the future. 

 Given the organic solar cell qualities, the target market for the products will be price 

conscious consumers, businesses, and organizations that want to utilize alternative energy at 

significant cost savings compared to silicon and other thin-film PV modules.  Additionally, 

design and aesthetics oriented consumers would be targeted where cost may not be the main 

driver but the flexibility and semi-transparency is most appealing. More specific examples of 

target markets are listed below. The Building Integrated Photovoltaic (BIPV) and off-grid 

markets are of particular interest and will be discussed in more details in the following sections. 

 



S. Miller Page 61 
 

 Developers of student residence, business, and home buildings (BIPV) 

 Creative architects advocating green energy (BIPV) 

 Home-owners and developers in off-grid, remote locations (off-grid) 

 Third-world developing communities, international organizations (off-grid) 

 Developers of remote emergency and medical facilities 

 The U.S. Army, for charging capabilities in remote locations (off-grid) 

 Creative product designers, suitcases, awnings, tents, sails, backpacks, jackets etc. 

 Portable electronics market, such as cell phones, MP3 Players, PDAs, digital cameras, 

remote controls, GPS navigation systems, etc. for on-the-go students, travelers, and 

professionals 

 

  4.3.1 Building Integrated Photovoltaics (BIPV) Market 

 

 Organic solar cells are suitable for the BIPV market, which entails the incorporation of 

PV products into a wide range of building features in order to generate electricity for that 

specific location. The features include roofing, glazing, shading, cladding, wall integrated 

solution, facades, and windows [36]. The structures include industrial, commercial, and 

residential buildings. The global BIPV market is expected to grow from $4.33 billion in 2009 to 

$12.73 billion in 2016 at a CAGR of 16.9% [36]. Europe is currently leading in terms of 

installation level with a growing number of legislations and incentives in favor of BIPV, and is 

followed by North America and Asia [36].  

 Commercial buildings currently account for the highest share in the total revenue 

generated and residential buildings are the next highest [36]. Organic solar cells could ideally be 
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incorporated directly into roofing materials and low cost siding for houses and commercial 

buildings. Plastic siding has grown in popularity due to the low-cost and the generally low 

maintenance required [36]. The usual wood siding needs treatment every four to nine years 

depending on conditions to which it is exposed to. The organic solar panels would need to be 

replaced every 2 to 5 years depending on the lifespan of the device, but ease of replacement 

could be incorporated into the designs as well as a low replacement cost. Also, as the lifespan of 

the organic solar cell devices improves with technological advancements, the number of years 

between replacements would ideally increase. While conventional silicon solar cells may 

currently last 5 to 10 times longer than organic solar cells, the glass that is used to encapsulate 

such solar cells in order to achieve the lifespan is more costly, heavy, and challenging to work 

with. Additionally, the initial investment for organic solar modules would be lower than that for 

conventional solar cells, potentially even offsetting the cost of replacement to ultimately provide 

power for the same amount of time. The increased aesthetic design capabilities, such as color 

schemes, semi-transparency, and contouring, offered by organic solar cells are yet additional 

benefits that the conventional rigid solar cells do not offer structure and home builders. 

 Industrial buildings account for the least share of revenues in the BIPV market [36]. One 

reason for the lesser level of adoption by industrial buildings is likely the high initial investment 

required for most conventional solar cells. Companies in industrial buildings may want to take 

advantage of the renewable energy tax breaks offered by the government for instance, but it is 

not feasible for them to make the large initial investment.  The lower initial cost of organic solar 

cell modules could essentially take advantage of the gap in revenue generated by the commercial 

and industrial BIPV markets.  At the same time, it has been observed that the adoption level in 

the industrial sector has been gradually growing as the number of awareness campaigns and 
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showcase of developments by the market players has increased [36] and is yet another aspect that 

a company such as ExcitoniX could take part in to gain market share.  

 

  4.3.2 Off-grid Market 

 

 Around one-third of the world’s population has limited access to power grids [37]. While 

these persons reside mostly in less-developed nations, the off-grid PV in certain areas of the 

developed world remains a small, yet addressable market for organic solar cells. Many people 

who live in such remote regions are often there because of their desire for minimal disturbance to 

the natural beauty of the surrounding landscape and the low-key environment. One of the main 

attractions for these potential clients is that PV systems do not create air pollution like diesel 

generators, nor do they carry the risk of fire as do kerosene lamps. The minimal maintenance is 

also appealing, requiring fewer trips into town to buy equipment or more diesel fuel, for 

example. The environmental aspects of the organic solar cells could also to prove to be more 

appealing than other solar technologies that contain rare metals and toxic materials.  

 Another addressable off-grid market in the developed world is the U.S. Army which 

often works in remote locations and requires reliable power sources. The ultra-light weight 

aspect of organic solar cells in particular would be extremely appealing as cargo loads and 

portability play important roles in the Army’s every day activities. According to Lux Research, 

Inc.: 

 “The ease of integrating OPV into certain flexible structures and the ability to pattern it 

could help set it apart for some applications – like integration into tents and even uniforms – and 

allow it to gain some market share.” [35]. 
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 Also, according to Lux Research, analysts predict a defense application market of 

34 MW in 2020, worth around $64 million [38]. These qualities combined with the flexible 

aspect can also be suitable for army tents, backpacks, and other gear to provide charging 

capabilities without significantly expanding the already limited load allowances.  

 An even larger market for off-grid PV is in rural areas of the developing world. These 

rural areas mainly reside in South Asia and Sub-Saharan Africa, but can also be found in South 

America, Central Asia, and Central America [39]. It is estimated, by the World Bank, that 1.6 

billion people in the world lack access to electricity [40]. To further illustrate the gravity of the 

situation, the Alliance for Rural Electrification estimates that over 80% of Africa's rural 

population does not have grid access [41]. The main reason for this is that extending the grid in 

developing nations is prohibitively expensive, as the World Bank estimated in the year 2000 for 

example, the average cost was USD 8,000 to 10,000 per kilometer, and went even as high as 

$22,000 USD per kilometer in difficult terrain areas [42]. The World Bank has also recently 

stated that the number of persons who do not have access to electricity may actually increase in 

the next few decades unless more effective policies are put in place to speed off-grid 

electrification [42]. According to the World Bank, the replacement market for kerosene lighting 

alone is worth over $38 Billion worldwide [43]. 

 The off-grid communities in the developing world could significantly benefit from local 

energy production that is available at the lowest cost possible, which is one of the main drivers 

for ExcitoniX’s organic solar products. Most of the developing world areas typically have 

excellent solar potential which can even be better than many locations in the developed world. 

Nonetheless, only between 500,000 and 1 million persons inhabiting these areas are currently 

utilizing PV technologies [39]. The most common PV system that has become adopted is the 
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small 50 watt home solar system that can power a few lights, fans, and a radio [44]. Other 

examples of uses in these areas could be in fisheries, small-scale welding shops, and in 

processing of agricultural goods, which often provide the main source of income for the families.  

 While one of the main challenges for further adoption of PV power in these areas is due 

to the low incomes [44], it is important that financial strategies that are affordable to potential 

rural clients are developed.  Another hindrance to adoption for this particular market is that the 

upfront cost of traditional PV is often higher than that for diesel generators that have already 

been adopted in such rural areas. Households however do typically spend up to 10% of their 

income on kerosene since they benefit from lighting that allows for more productive time in their 

homes, schools, and businesses [43]. Organic solar cells could offer much lower initial 

investment costs for low-income populations in the developing world to take advantage of the 

technology and replace both the diesel generators and kerosene lamps. In addition, once the 

organic PV system is implemented, the money that they would end up saving by not having to 

purchase diesel or kerosene, could lend to the continued use and investment in the products. 

 4.4 Trends 

   

 The “green movement” is a well-known trend in today’s society which influences the 

adoption of solar power. The green movement may lean towards embracing organic solar cells 

even more as the technology becomes more commercially viable since it has additional 

environmentally friendly qualities than those offered by conventional silicon and thin-film solar 

technology. 

 There are a few other trends that will be discussed in more detail that can greatly 

influence the adoption of solar power as a whole as well organic solar in particular. These 
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include various government policies and the volatility in the prices of both conventional 

nonrenewable and renewable energy resources.  

  4.4.1 Government Influence 

  

 Government policies stimulating PV demand have played a prominent role in the growth 

of solar power. Such policies help the cost of solar power compete with the cost of electricity 

produced by traditional fossil-fuels in many regions. The Investment Tax Credit (ITC), which is 

in effect through December 31, 2016, allows for a reduction in the overall tax liability for 

individuals or businesses that make investments in solar energy generation technology [45]. The 

ITC functions as a 30% uncapped tax credit for residential and commercial solar systems. 

 The Section 1603 Treasury Program, created in 2009, allowed solar and other renewable 

energy developers to receive a direct federal grant in lieu of the Section 48 Investment Tax 

Credit (ITC). The program, originally approved through the end of 2010, was extended for an 

additional year, and expired on December 31, 2011 [46]. The purpose of the 1603 payment was 

to reimburse eligible applicants for a portion of the cost of installing specified energy property 

used in a trade or business or for the production of income [46]. In the two years since its 

enactment, the 1603 Treasury Program has proven to give taxpayers a good return on investment. 

As of February 2012, the program awarded over 4,400 grants totaling $1.98 billion for more than 

22,000 individual solar projects in 47 states and has supported over $4.6 billion in private 

investment [46]. According to a report published by EuPD Research in October a one-year 

extension would result in nearly 2,000 additional megawatts (MW) of solar installations above 

baseline by 2016, enough to power 400,000 homes [47]. Fortunately, the Obama Administration 

has called on Congress to extend the 1603 Treasury Program in its Fiscal Year 2013 budget 

proposal [48]. In addition, the Obama-Biden New Energy for America Plan includes establishing 
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a federal Renewable Portfolio Standard RPS that requires 10% of electricity consumed in the 

U.S. to be derived from clean, sustainable energy sources, including solar, as soon as the end of 

2012 and 25% by 2020 [48]. 

 Aside from the federal level, there are even impacts made at the state level in the U.S. 

Many states, for example, are implementing local goals and initiatives to increase the use of solar 

power with an aim to limit greenhouse gas emissions with Renewable Portfolio Standards 

(RPSs). RPSs ensure that solar constitutes a certain percentage of energy purchased by utilities. 

The target percentage for various states and the time frame to meet that goal can be viewed in 

Table 10 [98]. According to the Database of State Incentives for Renewables and Efficiency 

(DSIRE) provided by North Carolina State University, under NREL subcontract, 29 states as 

well as Washington D.C. and Puerto Rico have RPSs [98]. 

State  AZ  CA  CO  CT  DC  DE  HI  MD  MN  NJ  NM  NV  NY  PA  RI  WA  

Target 

% 
15% 33% 30% 27% 20% 25% 40% 20% 25% 20% 20% 25% 29% 18% 16% 15%  

Target 

Year 
2025 2020 2020 2020 2020 2026 2030 2022 2025 2021 2020 2025 2015 2021 2020 2020  

Table 10. Solar Power Implementation Goals by State, www.dsireusa.org, May 2012 

 

 Another example of a state level initiative is the California Solar Initiative (CSI) which 

California implemented in 2006 [49]. The initiative provides a rebate program for California 

consumers of the investor-owned utilities Pacific Gas and Electric, Southern California Edison, 

and San Diego Gas & Electric. To qualify for cash back incentives, the consumer must have roof 

http://www.dsireusa.org/
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or ground space that receives unobstructed sunlight from 11 a.m. to 6 p.m. year round. The 

incentives are either an upfront lump-sum payment based on expected performance, or a monthly 

payment based on actual performance over five years. The CSI program has a total budget of 

$2.167 billion between 2007 and 2016 and a goal to install approximately 1,940 MW of new 

solar generation capacity [49]. The program is funded by electric ratepayers and overseen by the 

California Public Utilities Commission. 

 It is apparent that government intervention plays an important role in supporting demand 

for solar power. While mostly beneficial, it can be volatile and it is important to monitor changes 

in regulation. In areas where electricity prices are naturally quite high, it is likely that solar will 

have the ability to stand alone even after subsidies begin to phase out, but in other areas the 

outcome could prove to be the opposite. The overall outlook continues to be positive though.  

  4.4.2 Cost of Conventional Energy Resources 

 

According to recent reports released by the U.S. Energy Information Administration 

(EIA), the short term forecast for the costs of natural gas, diesel, and electricity are experiencing 

a slight downward trend, as shown in Figure 32 [52]. Nonetheless, the overall cost of these 

sources can still lend to the further adoption of solar power, which serves as a possible cheaper 

alternative as well as a renewable source. In addition, the volatility in the cost of conventional 

sources has been seen in the past and can greatly influence the movement towards solar power 

installations. For example, even with the current downward trends, it was recently in 2010 that 

households paid a record $1,419 on average for electricity, which was the fifth consecutive 

yearly increase above the inflation rate [50]. Also during this period, at a time when income 

growth had stagnated, electricity consumed a greater share of Americans' after-tax income than 
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at any time since 1996 at about $1.50 of every $100 in income [50]. During such times of 

volatility, solar power that has already been installed would be a stable energy source in terms of 

cost for the users. In addition, in regards to volatility and a more long term outlook, the 

limitations on air-polluting fuels set by state government entities to be met in the next 10 to 15 

years, could cause the cost of electricity to increase at a greater rate at that time. 

 

Figure 32. Price summary of various energy sources, obtained from the U.S. Energy 

Information Administration, May 2012 

 

 For natural gas in particular, the cost heavily influences electricity prices in such regions 

as California, the Northeast, and Texas which have large numbers of gas-fired power plants [51]. 
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Solar power is most likely to reach cost competitiveness in these areas.  California, for example, 

has one of the highest electricity costs in the United States that reaches 36 cents per kilowatt-

hour for residential users [51]. Unsubsidized solar power costs 36 cents per kilowatt-hour and 

with support from the California Solar Initiative, the price customers pay can drop as low as 27 

cents per kilowatt-hour [49]. As the cost of organic solar cell manufacturing decreases and the 

conversion efficiency increases, the adoption of the technology would likely gain a great amount 

of traction in such areas as California that have the highest costs of electricity.  

 

  4.4.3 Cost and Availability of Conventional PV Materials 

 

 Over the next five years, the increasing cost and limited availability of silicon coupled 

with a decreasing cost in thin film will spring thin film forward in the race to the top. Currently, 

silicon wafers account for almost half the cost of silicon PV panels [53]. Although raw silicon is 

the second-most abundant element on Earth, there are a limited number of refineries which 

implies there is consistently a limited supply [53].  

 There are also availability issues involving several of the typical thin-film materials. For 

instance, the production of rare metals such as indium and gallium is currently less than the 

worldwide consumption [14]. Indium is also used for many technologies nowadays, such as flat 

screens. Some analysts report it is likely that indium resources will be consumed within this 

decade [14]. This would affect all CIGS technology and many organic PV technologies that 

utilize indium. Although selenium (in CIGS) and tellurium (in CdTe) are not consumed as much 

as indium, the overall resources of selenium are still limited by 82,000 tons and tellurium by 

43,000 tons [14].  



S. Miller Page 71 
 

 The organic solar cells developed by ExcitoniX do not contain any of these materials and 

are thus immune to these trends that will likely threaten typical thin-film and silicon solar cells in 

the future. As most of the materials are polymer based, there are no rare metals involved and 

large refinery plants are not required. The materials require a relatively low level of processing, 

such as synthesis of chemicals, and the varieties of polymers are basically limitless.  
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5. Industry Analysis 

   

 5.1 PV Value Chain 

 

With the advancement of photovoltaic technology, the PV value chain has lengthened. 

The chain begins with raw materials, such as the extraction of silicon for conventional solar cells 

or cadmium for thin-film solar cells.  The next link is the production of ingots, wafers, and other 

products that are used to manufacture solar cells.  The solar cells are manufactured and then 

integrated to construct panels and modules that are distributed, installed, and serviced.  Many 

companies are vertically integrated in the PV value chain. Solarworld AG, based in the U.S. for 

example, not only researches and develops photovoltaic materials, but manufactures solar cells, 

builds modules, and distributes the modules to retailers [54]. Other companies on the other hand 

are more pure players. For instance, Q-cells, based in Germany, only designs and manufactures 

solar cells that are later distributed [55].  

 5.2 Macro Industry – Competition 

 

While there are hundreds of companies in the PV industry, only about 60 of them are 

thin-film companies; more than half of which are developing thin-film amorphous-silicon (a-Si) 

films on glass [56]. Although the a-Si layer is thin, it must be supported by a rigid substrate in 

order to not break. A few notable start-up thin-film a-Si companies which are particularly 

focusing on allowing for flexibility as well as reducing waste during processing are 1366 

Technologies, AstroWatt, and Twin Creeks Technologies [57]; however, the cutting tools require 

heavy capital, large factories, and extremely high voltages to run, nearing 1.2 million volts [57]. 

Further analysis would need to be made to decipher the energy balance involved in making these 

solar cells.  
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After a-Si, the majority of the remaining companies are producers of CdTe and CIGS. 

The substrate and packaging used for CdTe solar cells are typically glass, due to the high 

temperature processing required, making such modules heavy and inflexible [58]. There is 

research currently taking place in the area of flexible CdTe cells, but such cells have yet to be 

commercialized [58]. One of the highest recently reported efficiencies for a flexible CdTe solar 

cell was 13.8% achieved by a team at EMPA, the Swiss Federal Laboratories for Materials 

Science and Technology lead by Ayodhya N. Tiwari in 2011 [59]. Tiwari’s team utilizes a new 

polyimide film developed by DuPont that enables thinner, light weight, and flexible solar cells as 

well as allowing roll-to-roll manufacturing, but the process does require high temperatures up to 

450 °C. Tiwari’s team also reported the highest flexible CIGS-based solar cell efficiency in 2011 

reaching 18.7% [59]. These cells are also not yet commercialized. 

Global Solar Energy, Inc. is one of the few companies that have put a flexible CIGS-

based solar product on the market [60]. Nanosolar is another company that produces flexible 

CIGS solar cells; however once they are packaged they are rendered inflexible [61]. Both of 

these are still two key players in the CIGS sector that will be further discussed. A key player, that 

produces CdTe modules, First Solar, will also be further discussed in a subsequent section. 

Although the products are not flexible, the company still presents some competitive qualities. 
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 5.2.1 Global Solar and Nanosolar –CIGS (United States) 

 

 Global Solar Energy, Inc., based in Arizona and founded in 1996, began producing its 

CIGS-based flexible thin-film solar panels in July of 2008 [60].  The company has produced a 

combined 75MW of solar power ability based on their PowerFLEX™ technology that is 

delivered in the USA and Germany. The company focuses on the BIPV roofing market and the 

panels have efficiencies between 10.5% and 12.6% [60]. While the proprietary manufacturing is 

roll-to-roll based, it still involves vacuum-based co-evaporation of the materials onto a stainless 

steel foil [60]. The vacuum-less printing techniques that ExcitoniX uses are less costly and less 

energy intensive than that for co-evaporation. Even though the organic solar panels would 

exhibit efficiencies slightly less than the 12.6%, the cost to manufacture would be lower and the 

savings could in-turn transfer to the final cost of the product. For many markets, such as the low-

income communities, a lower cost option could outweigh the difference in efficiency. In 

addition, having a stainless steel foil substrate, these CIGS panels do not have the semi-

transparency that organic solar panels would offer. Organic solar panels could thus permeate the 

BIPV market more than just the roofing sector that Global Solar concentrates on. 

 Nanosolar, based in San Jose, California and founded in 2002 is the second company that 

develops flexible CIGS solar cells. However, as mentioned before, the product is rendered rigid 

once laminated between glass slabs. The median module efficiency is now at 11.5% [62]. The 

company could possibly offer flexible CIGS solar cells in the future though and currently has 

other qualities to consider as possible competition.   

 Nanosolar first publicized its 1GW, 100-feet-per-minute thin-film solar equipment in 

June of 2008 [61]. The process involves producing solar-electric aluminum based foil using roll-
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to-roll equipment without the requirement of a clean room. It also encompasses a printing and 

annealing method that is faster than conventional high vacuum deposition and utilizes the 

company’s proprietary CIGS ink [62]. In addition, Nanosolar has over 300 patents issued, 

licensed, or pending regarding critical aspects of their printing technology. The printed CIGS 

panels are expected to reach efficiencies competitive with crystalline silicon panels in the next 

several years.  

 With similar processing techniques, competitive efficiencies, and several patents, 

Nanosolar could be a direct competitor with its CIGS technology, especially if flexible modules 

were pursued in the future. On the other hand, aside from the lack of transparency, there are 

other drawbacks to CIGS technology that help strengthen the stance for organic solar technology 

even when placed face to face with flexible, higher efficiency CIGS products. The safety concern 

for the cadmium has long been an issue. Classified as the 6
th

 most toxic substance, disposability 

and recyclability remain a challenge in the industry for continued protection of the environment 

and public health [63]. While the use of CIGS on a residential roof does not pose a significant 

risk there is more concern about large utility sized projects and the long term effects. The 

polymer-based materials featured in ExcitoniX’s products would lend to easy recyclability and 

would not pose such a threat to the environment or public health upon scale-up or in the long 

term. 

 5.2.2 First Solar – CdTe (United States) 

 

 First Solar Inc., based in Tempe, Arizona founded in 1999, has three manufacturing 

facilities worldwide and was the largest CdTe thin-film PV manufacturer in 2010 with an 

estimated 1 gigawatt of production [64]. While the CdTe solar cells are produced on glass 
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substrates, the company’s modules have been used in BIPV applications in a number of cases, 

especially in France where the Regulation encourages BIPV applications [64]. To date, more 

than 3.8 gigawatts of First Solar modules have been installed worldwide in both rooftop and 

ground-mount applications [65]. The company’s product portfolio currently does not include 

modules for low voltage or off-grid photovoltaic applications however, which could be a large 

part of ExcitoniX’s product offering. Also, the flexible, semi-transparent organic solar panels 

could be further utilized in more sectors of the BIPV market than just roofing and ground-mount 

applications.  

 The average module efficiency for First Solar reached 11.7% in 2011 and is expected by 

the company to reach 12.7% by the end of 2012. This is only 2.3% above the 10.4% efficiency 

achieved 5 years prior in 2007, which can be seen in Figure 33, obtained from First Solar. This 

rate of increase in efficiency is seemingly much slower than that observed for organic solar cells. 

 

Figure 33. Average Module Efficiency, First Solar 
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 First Solar has a few other offerings that are important to consider. The company 

provides a power output warranty for 25 years subject to terms and conditions as well as a 

materials and workmanship warranty up to 10 years [65]. The company has also developed and 

implemented the industry’s first prefunded Module Collection and Recycling Program [66]. 

Under this program, anyone in possession of First Solar modules can request collection and 

recycling at no additional cost. First Solar will provide the module owner with the necessary 

materials, containers, and instructions for packaging and transport. The module owner’s only 

responsibility is to dismantle and package the modules. The warranties and recycling program 

could give First Solar a great advantage over competing technologies. On the other hand, the 

recycling of these materials could be considerably more difficult and expensive for the company. 

While this program is great, ExcitoniX has the opportunity to provide the same program that 

would most likely be easier and less costly for the company due to the nature of the polymeric 

materials compared to the CdTe materials. 

 An additional factor that strengthens ExcitoniX’s stance against these companies is that 

there are drawbacks to CdTe technology similar to that of CIGS. The safety due to toxicity of 

cadmium, as mentioned earlier, is a known issue in the large scale commercialization of CdTe 

solar panels and there is an even higher percentage of the material in CdTe than in CIGS. As the 

concern increases, future regulations against cadmium could have a heavy impact on the sale of 

these types of thin-film solar panels. In fact, the European Union has already banned the use of 

cadmium in several products, especially in some plastics since they are recycled [67]. There are 

also concerns about the tellurium content in CdTe since it is a fairly rare element on earth. In 

fact, according to Daniel Kammen, director of the Renewable and Appropriate Energy 

Laboratory at the University of California, Berkeley, “the presence of tellurium could limit the 
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total electricity such cells could produce because of its rarity” [68]. Again, ExcitoniX’s organic 

polymer-based cells would not face these issues. 

 5.3 Micro Industry - Competition 

 

 Currently there is only one company in the United States that has commercialized its 

organic solar cells and that is Konarka Technologies, Inc. [19]. Another company in the United 

States that is developing organic solar panels is Solarmer Energy, Inc, but the products have not 

yet been commercialized. There are also a few companies in other countries that are developing 

organic photovoltaic technology or have recently begun commercialization. Konarka will be 

discussed in further details, followed by Solarmer and the non-U.S. companies as well as a 

notable university in the field. 

  5.3.1 Konarka Technologies, Inc. – OPV (United States) 

 

 Konarka Technologies, Inc., based in Lowell, Massachusetts, is the first and leading 

company that has commercialized flexible polymer-based, organic photovoltaic (OPV) cells. 

Founded in 2001, the company opened a roll-to-roll facility in October 2009 with the capacity to 

produce 1 Gigawatt of energy per year by producing excess of 10 million square meters of 

material per year [69].  The facility was previously the location for Polaroid Corporation’s 

printing technologies. 

 Konarka produces it cells which are integrated into panels called Konarka Power 

Plastic®. The panels are offered in several color and transparency options across a wide range of 

sizes [70]. The current product line includes Konarka Power Plastic® 40 series, which is geared 

towards BIPV and large power applications and comes in a standard width of 0.675 m and 

lengths ranging from 0.273 m to 2.407 m, pictured in Figure 34 [70]. The Power Plastic® 20 
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series is geared towards charging batteries for portable electronic devices and comes in a 

standard width of 0.340 m and lengths ranging from 0.273 m to 1.533 m. Lastly, the smallest 

panels in the product line can be integrated into a bag and come in a standard width of 0.254 mm 

and length of 0.346 mm. 

 

Figure 34. Konarka Power Plastic 40 Series (16 V) 

 

 The cells have an inverted architecture that is proprietary information protected under 

several issued patents. The manufacturing process is also proprietary, but the company did 

demonstrate in late 2007 that their solar cells could be made using an ink jet printing technique 

(71).   

 A 6% efficiency was achieved for a small OPV cell in 2008 by Dr. Alan Heeger of the 

University of California at Santa Barbara in partnership with the chief scientist at Konarka [72]. 

In February, 2012, Konarka announced that it achieved a certified world record efficiency of 9% 

for its next generation single junction OPV cell 1 in
2 

in size. To reach this efficiency, the 

company incorporated its new proprietary blue-grey polymer system into the manufacturing 

process [73]. The company has also taken part in a Sunflower project, to develop cells of 12% 

efficiency and produce modules of between 8-10%, with 20-year lifetimes at less than $0.92 per 

watt peak [74]. The current commercialized modules, however, have efficiencies that are less 

than 2% [19].  
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 In February 2012, Konarka announced that its next generation organic cells are also the 

world’s first OPV to pass accelerated lifetime tests based on product aging criteria contained in 

the IEC 61646, the solar industry’s accelerated lifetime testing protocol [72]. The testing was 

performed by TÜV Rheinland, a leading international test institution in Cologne, Germany and 

lamination of the plastic on glass for encapsulation was utilized. Konarka claims that with the 

certification, its partners will be integrating Konarka Power Plastic® into glass BIPV 

applications including curtain walls, windows and other building glass applications. In regards to 

the lifetime of flexible packaged cell, the company has verified that it has operated PV cells on a 

roof for more than a year with little degradation. The cells in flexible packaging have also 

undergone environmental testing by the Energy Research Centre of the Netherlands (ECN) 

which verified the company’s flexible PV cells demonstrate high lifetime under accelerated 

conditions. While this is an advantage for Konarka, it is also positive for ExcitoniX because it 

proves the feasibility of longer lasting OPV cells. ExcitoniX will pursue the same certifications 

in the future as packaging is improved. 

 Konarka expresses that the flexible solar panels are ideal for various large and small scale 

applications including curtain walls, components within windows and other building integrated 

and building applied applications [70]. Power Plastic can be applied to glass, steel, fabrics and 

other construction materials. Additional applications that Konarka mentions for its Power Plastic 

include transit structures, café umbrellas, tents, backpacks, and automobiles with energy-

harvesting rooftops, consumer electronics, and more. In fact, in June, 2011, Konarka announced 

the first semi-transparent BIPV curtain wall installation of its kind [73]. The Power Plastic is also 

installed in both the south and east facing walls in the company’s New Bedford facility. 

Konarka’s solar panels have also been integrated into German-based Neuber’s Energy Sun-Bags 
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and Florida-based SKYShades Powerbrella™ designed for use at outdoor venues; both products 

can be seen in Figure 35 [70]. The company has also begun application development for third-

world communities through an agreement with Environmena Power Systems, a leading 

developer of solar projects in the Middle East and North Africa (MENA) [73].  

 

 

Figure 35. Konarka panels shown in Neuber's Energy Sun-Bags and SKYShades umbrella 

(shown from left to right). 

 

 Additionally, Konarka has entered into several partnerships. One of which, announced in 

September of 2011, is a joint development agreement with ThyssenKrupp Steel Europe, which is 

a leading supplier of steel construction elements in Germany [73]. The partnership involves 

working the Color and Construction Unit of ThyssenKrupp Steel Europe to develop steel roof, 

skylights, and facades for BIPV. Another partnership, announced in January 2011, is with the 

University of Texas at Austin faculty that is supported by energy-related grants from the 

Department of Energy (DOE) and National Science Foundation (NSF). Konarka aims to gain 

insights into the physical potential of plastic solar cell efficiencies to improve the technology. 

Konarka has also entered into various collaboration and strategic investment agreements with 
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Japan-Based Kogent, Inc., Australia-based Nu Energy, Japan-based Konica Minolta Group, to 

yield production and global distribution of the Power Plastic. 

 Konarka has made great progress in increasing its cell efficiency as well as distributing 

the product globally with a focus on BIPV and off-grid third world applications. The company 

has yet to show a commercial product with efficiencies greater than 4% though. ExcitoniX is still 

poised to produce panels with similar if not exceeding Konarka’s efficiencies in the future as the 

scale-up method has shown promising results and the 3D aspect can be further utilized. One of 

ExcitoniX’s main advantages is its patented 3D architecture that leads to the higher efficiencies. 

The architecture may also prove to have a greater efficiency than Konarka’s 2D cells when the 

sun is positioned at different angles in the hemisphere. This is an aspect that will be further 

investigated by the team. There is also great room for ExcitoniX to enhance materials in the 

device and the processing methods.  

  5.3.2 Heliatek – OPV (Germany) 

 

 Heliatek, based in Germany, was founded in 2006 as a spin-off from the Technical 

University of Dresden (IAPP) and the University of Ulm [75]. The company’s first and second 

generation of solar panels consisted of crystalline silicon, CdTe, CIGS, and a-Si technologies, all 

of which gained a relatively small market share over several years [76].  The company is now 

focusing on its third generation OPV solar panels and is in the transitional phase between its 

technology development and future industrial manufacturing. The company’s goal is to mass-

produce organic photovoltaic panels using a rapidly deployable and efficient process and to 

launch its first products in the second half of 2012 [75]. The process that Heliatek is developing 

is roll-to-roll, but it uses vacuum deposition, which ExcitoniX has steered away from seeing it as 

a hindrance to further cost reduction [77].  
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 The company has patented its tandem cell technology, which is described as two solar 

cells stacked on top of each other that have active layers around 500 nm. The cells also feature 

an oligomer (small molecule) broad spectrum absorption approach [77]. In December of 2011, 

Heliatek achieved a world record certified efficiency of 9.8% for a 1.1 cm
2
 tandem OPV cell 

[75], which is picture in Figure 36, obtained from Heliatek [78]. The company also achieved the 

world record efficiency of 8.3% for OPV cells one year prior [38], pictured in Figure 37.  

 

Figure 36. Heliatek 9.8% efficiency cell, Heliatek, Inc. 

 

 Heliatek’s main focus for applications includes the fields of mobile energy, rural 

electricity supply, automotive and transport, building integration, and rooftop solar systems. The 

company has a few partners ranging from physics, to chemistry, to production and engineering. 

The cells will be designed to be flexible, thin, light-weight, semi-transparent, and available in 

various colors.   

http://www.heliatek.com/wp-content/uploads/2011/12/Heliatek_record-cells.jpg
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Figure 37. Organic solar cell with 8.3% efficiency, Heliatek, Inc. 

 

 Heliatek’s competitive edge stems not only from its fundamental patents and continuous 

developments in achieving high in cell efficiencies, but from their claimed potential of producing 

cells with longer lifespan than OPV based on printed polymers due to the oligomer approach. 

The method has already been proven to be a scalable approach producing Organic LEDs 

(OLEDs) devices [74], however, a major challenge for the company still lies in achieving a 

highly repeatable, high-yielding, and low-cost manufacturing scale for its OPV cells. 

ExcitoniX’s advantage is that it does not use costly vacuum deposition processes and it has 

already developed scaled-up models of its OPV cells that have produced promising efficiencies.  
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  5.3.3 Solarmer Energy, Inc. – OPV (United States) 

 

 Solarmer Energy, Inc. based in San Mateo, California was founded in 2006. The 

company licensed OPV technology developed by Professor Yang Yang at the California 

NanoSystems Institute at the University of California, Los Angeles and new semiconducting 

material technology developed at the University of Chicago [79]. The company has established a 

facility in El Monte, California and is developing flexible, transparent plastic solar panels with a 

goal to demonstrate commercial grade devices. 

 The highest research efficiency that Solarmer has achieved so far is 8.13% which was 

reported in July of 2010 [80]. One of Solarmer’s cells from 2009 can be seen in Figure 38 which 

had an efficiency of 7.9% and an area of 0.1 cm
2
 [81]. The company’s larger sub-module had a 

conversion efficiency of 3.5% in 2010 [19]. A 4 x 4 in
2
 cell can be seen in Figure 39 [82].  

 

Figure 38. OPV cell 7.9% efficiency, Solarmer 
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Figure 39. 4 x4 in
2
 cell, Solarmer 

 

 The manufacturing process involves low cost printing techniques and the company 

claims to have the potential to reduce the cost of their renewable energy down to 12-15 

cents/kWh and less than $1/Watt. The cells are made up to 45% transparent in a variety of colors 

due to the polymer active layer that can be colored including red, purple, blue, and dark green 

[83]. ExcitoniX can achieve similar transparency and color options as it also uses a polymer-

based active layer. The cost of ExcitoniX’s scaled-up models has also already been driven down 

significantly ahead of economies of scale. 

 In June of 2010 Solarmer signed a Cooperative Research and Development Agreement 

(CRADA) with the U.S. Department of Energy’s (DOE) National Renewable Energy Laboratory 

(NREL) to collaborate on improving the lifetime of their organic solar cells [84]. Currently the 

cells have a lifetime of 1 to 3 years [83]. The company is also seeking partnerships in several 

areas including polymer material developers, encapsulation technology providers, and thin film 

coating manufacturers.  

http://upload.wikimedia.org/wikipedia/commons/0/0e/4inchcell.jpg


S. Miller Page 87 
 

 The major application areas that Solarmer is targeting according to the website are 

consumer and portable electronics, building-integrated photovoltaics, and smart fabrics. 

Solarmer currently has a strategic partnership with AMREL Group’s Renewable Energy 

Division for the development of hybrid renewable energy systems aimed for low-income 

populations living in off-grid remote areas as well as defense forces who need intelligent power-

management for durable, mobile systems [85]. 

 An advantage that ExcitoniX has over Solarmer is that it currently does not depend on 

any licensed technology from another company or a university. In fact it has licensed some of its 

own technology to another company, the South Korea-based AMOtech Co., Ltd. It would be 

beneficial for ExcitoniX to obtain development partnerships and agreements similar to Solarmer 

and the other companies, especially in regards to the encapsulation and lifespan of the device. 

While Solarmer has developed a sub-module with conversion efficiency over 3%, it has yet to 

demonstrate commercial grade devices. ExcitoniX has also demonstrated scaled-up models with 

efficiencies exceeding 3 % and has proven that the scale-up techniques are promising for even 

higher efficiencies with further optimization. 

  5.3.4 Eight19 – OPV (United Kingdom) 

 

 Eight19 based in the United Kingdom, was founded in 2010 as a spin-out of Cambridge 

University in 2010 [86]. It is developing printed organic solar cells on plastic using roll-to-roll 

techniques in a newly acquired facility at its Cambridge headquarters. In January of 2012 the 

company announced the launch of an approximately $8 million “Series B” funding round that 

will be used to accelerate deployment of the product which is marketed to off-grid developing 
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communities [87]. The company’s goal is to produce its first batch of printed solar film in 2013 

[88]. One of Eight19’s plastic solar cells is shown in Figure 40 [89]. 

 

Figure 40. Plastic Solar Cell, Eight19 

  

 The product that has already been deployed in emerging markets is called IndiGo. The 

system consists of an affordable solar lighting and battery charging device [90]. It utilizes a pay-

as-you-go model where users put credit on their solar cell using secure codes. The users pay for 

the codes using $1 scratch cards validated via text message. The system can then be activated so 

the power from the solar cell charges the battery in the IndiGo box, seen in Figure 41 [87]. The 

2.5 Watt system has outputs for two LED light units and one USB power out for phone charging. 

The product replaces kerosene systems commonly used for lighting and phone charging and is 

available for less than half the cost, safer, and does not leave a carbon footprint.  

http://greenenergyreporter.com/wp-content/uploads/2010/09/Picture-31.png
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Figure 41. IndiGo system 

 

 The product was first launched in Kenya in September of 2011 and the company recently 

announced that it is beginning a mass rollout of more of its IndiGo products with 4,000 units 

scheduled for deployment in the first quarter of 2012. The product will also be deployed in other 

parts of Africa and the Indian sub-continent. Eight19 plans to provide its pay-as-you-go IndiGo 

clean electricity product to 1 billion people.  

 The main advantage that Eight19 has is that it has recently commissioned its roll-to-roll 

commercial scale facility and it has already begun to penetrate the off-grid developing country 

market. This is only one market that ExcitoniX has so far addressed though and the market is still 

relatively large, as discussed earlier. While it is possible that Eight19 will gear its product 

towards other markets in the future, ExcitoniX will need to stay ahead in terms of scale-up 

efficiency and the design of its products to be readily available for integration into a broader 

range of applications.  
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  5.3.5 The University of California at Los Angeles 

 

 Recently, a group of researchers at the UCLA Henry Samueli School of Engineering and 

Applied Science and UCLA’s California Nanosystems Institute (CNSI) have significantly 

enhanced the performance of their organic polymer-based solar cells. This technology has 

surpassed that which was originally licensed to Solarmer Energy, Inc. in 2006. 

 The team, still lead by Professor Yang Yang, has now incorporated an infrared-absorbing 

polymer material provided by Sumitomo Chemical of Japan and achieved a record efficiency of 

10.6%, certified by the NREL, reported in February of 2012 [91]. The effective area of the film 

was measured to be only 0.1 cm
2
 [92]. 

 With the new material, the cell features a tandem structure that consists of a front cell 

with a larger band gap material and a rear cell with a small band gap polymer (Sumimoto’s 

polymer). The tandem device is more efficient than the single-layer devices previously 

developed by the group. The cell architecture is shown in Figure 42 [91]. 

 

Figure 42. Tandem solar cell, University of California - Los Angeles 
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 While this technology is exciting, it is important to note that these cells are not flexible 

because the materials are deposited on a glass substrate. The cells also consist of ITO, the 

drawbacks for which were discussed in Section 2.2.3. In addition, spin-coating is utilized to 

deposit many of the layers and thermal evaporation is used to deposit the silver metal layer.  

ExcitoniX’s has developed methods for not only a small cell but large panels that are more time 

and energy efficient than the spin-coating methods. While Professor Yang Yang anticipates that 

the technology will become commercially viable in the near future and the team hopes to reach 

15% efficiency in the next few years [91], ExcitoniX has an advantage in that it has already 

taken several steps towards scaling-up its device and translating all of the steps to R2R.  

  In summary of the key players in the OPV field that have been discussed, Table 11 

consists of the cell and module types as well as the main technical information for each [19]. 

OPV Developers and Technical Data 

Company/ 

University 

Technology  

Type 

Deposition 

Method 

Efficiency (%) 

Products 

on market 

(Yes/No) 

Konarka 

Technologies 

Polymer bulk-

heterojunction, flexible 

Printing 9.0% (cell); 1.75% 

(Power Plastic 40 

Series) 

Yes 

Solarmer Energy Polymer bulk-

heterojunction, flexible 

Printing 8.13% (cell); 3.5% 

(sub-module) 

No 

Heliatek Oligomer bulk-

heterojunction, flexible 

Evaporation 9.8% (cell)
 

No 

Eight19 Flexible Printing Not found Yes 

UCLA Tandem structure, rigid Spin-coating 10.6% (cell) No 

Table 11. Example OPV cells and modules by developer 
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 5.4 Porter’s Five Forces 

 

  5.4.1 Rivalry among Existing Competitors 

 

 There are few established competitors in the OPV sector since the technology is newly 

emerging. The foremost competition for ExcitoniX would be Konarka Technologies, Inc. as it is 

based in the United States and already has products on the market and an established facility for 

mass production. The company has had the lifespan of their devices tested and verified by the 

NREL and has reached record efficiencies with its small-scale cells. The scaled up models 

however, have not been shown to have a very high efficiency, e.g. less than 2%. It will be 

important for ExcitoniX to produce modules with higher efficiencies since the product offering 

will be similar. Ideally ExcitoniX’s scaled up panels, even larger than 6 x 6 in
2
 will have a higher 

efficiency than Konarka’s panels due to the patented 3D architecture.  

 The company Eight19 poses a lower competitive rivalry. While the company has 

commercialized organic solar cells, the products are currently only integrated with its IndiGo 

system. The company has yet to commercialize larger panels with competitive efficiencies. The 

research and development in regards to device architecture, lifespan, and other aspects also 

seems to be less intensive than that for Konarka and even potential entrants, such as UCLA.  

 With Konarka being the only company that has already commercialized its organic PV 

products on a mass-production scale, there is still clearly a large amount of space available in the 

BIPV, off-grid, and consumer electronic market sectors for OPV. The fact that Konarka and 

Eight19 have successfully launched its products essentially shines light on ExcitoniX’s potential 

by showing that OPV products are desired and are capable of infiltrating various markets. 
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  5.4.2 Threat of New Entrants 

 

 The threat of new entrants is seemingly higher than that presented by the companies that 

have already brought products to the market.  

 Heliatek and Solarmer Energy, Inc. are both performing heavy research and development 

and are making progress towards commercialization. Heliatek could bring more intense 

competition to the table if its oligomer approach proves to in fact lend to improved stability and 

longer lifespan of the devices. Solarmer’s advantage mainly lies in its current collaboration with 

NREL for improvement of the lifespan of its devices and establishment of a large scale facility. 

Both companies have plans to target many of the same markets from BIPV to mobile electronics 

to off-grid communities. In addition, the two companies are ahead of ExcitoniX in terms of 

achieving certified cell efficiencies exceeding 8%. 

 To compete with these potential new entrants, ExcitoniX will need to refocus some of its 

efforts to reach the same high efficiencies with a small-scale cell and subsequently obtain 

certification. As mentioned before, the team reached efficiencies up to 6.88% for a typical 

research sized cell, 1 x 1 in
2
, over a year ago, which was amongst the highest efficiencies at the 

time. The reason why the team has not significantly increased the cell efficiency since then is 

because it has been focusing on producing larger scale models and translating all of the 

manufacture techniques to roll-to-roll processing. ExcitoniX has an advantage in this regard 

since the feasibility of its scaled-up low-cost processing methods and larger device designs have 

already been demonstrated. 

  UCLA is also a potential entrant in the OPV sector with plans to commercialize its 

record efficiency tandem organic technology in the future. The record efficiency is only for a 
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small 0.1 cm
2 

cell though and it has not yet been fabricated with methods suitable for large scale 

roll-to-roll processing. In addition, the cells are rigid with glass substrates and contain ITO. 

ExcitoniX is at the forefront in terms of scaling up its device in a low-cost fashion and in the 

development of light weight, flexible products with competitive efficiencies. 

  5.4.3 Bargaining Power of Suppliers 

  

 Landing early in the value chain, as a solar cell manufacturer, offers significant 

advantages for OPV technology. The process to manufacture the organic cells as presented here 

depend mainly on PET, Orgacon™, and the photoactive material, which are easily obtainable. 

These materials are purchased directly from manufacturers or suppliers and are available for 

immediate application with minimal preparation. Silicon on the other hand experiences a much 

longer supply chain where the raw material must first be harvested from the earth; it is then 

shipped to a production line where it is transformed into high purity poly silicon solid which 

must then be melted to form ingots. The ingots are then cut into individual wafers, which are 

then ready for solar cell manufacturing. Another advantage that ExcitoniX has in terms of 

supplier power is that the team currently develops the majority of its processing equipment in-

house and it does not dependent on complex machines that require tailored orders or heavy 

capital. 

 The Orgacon™ products are currently manufactured and sold by Agfa-Gevaert Group. 

The inks are also available for purchase from Agfa’s distributer, Ito Group, serving North 

America and certain companies in South America, Australia, and South Asia. Although there are 

currently only two suppliers for Orgacon™, it is not likely to become in danger of low 



S. Miller Page 95 
 

availability since it is polymer based. Also, the price of Orgacon™ obeys the traditional 

economies of scale. 

 The rolls of PET sheets are manufactured by DuPont Teijin Films. There are several 

suppliers for DuPont PET and there are also other companies that have developed various grades 

of PET in sheet form. With many companies in the field, the price continues to be driven down 

due to the need for competitive pricing. The price of PET also obeys economies of scale and 

would eventually be purchased in large amounts. The material is highly available even though it 

is in demand by several other industries, such as the food packaging industry, because only two 

steps are required to extrude the sheets from a thermoplastic polymer resin. 

 The photoactive solution that is currently used consists of P3HT and PCBM, which are 

powders, and a commonly used solvent. Several companies supply P3HT and PCBM derivatives, 

such as Sigma Aldrich Corporation and Nano-C, Inc. The manufacture of the materials primarily 

involves synthesis and the chemistry allows for the properties to be tailored for various 

applications. In addition, there are a few companies, such as Polyera Corp. and Plextronics, Inc. 

that are developing organic photovoltaic material that could also be utilized in place of the 

current P3HT:PCBM solution [18]. As more organic photoactive solutions are developed and 

become commercially available, the prices for these will most likely fall.   

 Supplier power is the highest in regards to the availability of packaging materials. 

Currently most packaging products are for silicon based solar cells, CIGS and CdTe, which do 

not require the high barrier properties essential to the lifespan of organic solar cells as discussed 

in section 3.7 of this report. Currently there are no commercialized flexible barrier films that 

reach the required properties for organic devices to last their full potential. There are various 
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companies, such as DuPont in collaboration with the U.S. Department of Energy and Tera-

Barrier Films in Singapore, that are developing ultra-barrier films [26, 93]. These materials are 

not easily obtainable though as they require non-disclosure agreements and are generally only 

supplied in sample or small-scale sizes. As the materials become available commercially, the 

prices would most likely drop due to economies of scale. For now, packaging will rely on the 

largely conventional materials that are available along with packaging methods developed in-

house by the team. 

  5.4.4 Bargaining Power of Buyers 

 

 Since the main goal of solar power is to replace expensive non-renewable sources of 

energy, the price is continuously being driven down by company efforts to reduce manufacturing 

and material costs. The bargaining power of buyers will be relatively high since low-cost options 

will be in demand. The design and architectural options provided by flexible organic solar cells 

can be exploited to reduce the bargaining power of some buyers, such as those that would use the 

product for more extravagant applications. 

  5.4.5 Threat of Substitute Products or Services 

 

 The threat of substitute products is mainly presented by the flexible thin-film products 

that are on the market today that have 30 to 50% higher efficiency and a longer lifespan 

compared to organic solar cells. The companies previously discussed, such as Global Solar and 

Nanosolar, that develop CIGS based panels still face the safety issues though. The use of rare 

metals remains a concern as well and the products can be viewed as less environmentally 

friendly compared to organic solar cells. Also, with the potential for a greater cost to watt output 
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performance factor for organic solar cells, the technology can have a stronger stance against 

potential thin-film substitutes.  

 Overall, in terms of offering a more environmentally friendly and prospective less 

expensive product with more design options, switch over to substitutes would be a low threat 

since organic solar panels exceed in all of these areas. Silicon and other thin-film products would 

primarily be likely substitutes when longer lifespan and higher power outweigh the desire for any 

of the other aforementioned qualities. 

 The level of each force based on the above evaluation is summarized in Figure 43. 

  

Figure 43. Porter's 5 Forces Summary 
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 5.5 SWOT Analysis 

  5.5.1 Strengths 

ExcitoniX’s greatest strengths are its patented 3D electrode technology and the progress 

the team has made towards scaling up the device with low-cost, roll-to-roll techniques. The 3D 

technology has proven to increase the efficiency of the small-scale solar cells and has 

successfully been transferred over to the scaled-up product. The roll-to-roll process is unique to 

ExcitoniX and could be considered as a step ahead of some of the other companies and 

universities developing OSCs. The production line offers several manufacturing advantages such 

as lower energy consumption, lower cost, less material waste, and high speed of deposition. The 

SolarMator I and future SolarMator II serve as prototypes for the larger scale manufacturing 

lines that would be utilized for mass-production in the future. The manufacturing developed in 

the lab also does not require expensive equipment or robotics. It will be important to gain 

additional intellectual property for the processing techniques where applicable.  

 The fact that ExcitoniX’s technology currently does not rely on licensed technology from 

another university or company is also a great strength. Advancements in technology would 

therefore be made by the team and it could then be implemented into the process steps with less 

of a delay compared to having to wait for licensing agreements. With a strong, expanding team, 

ExcitoniX is apt to continue to improve its internal technology and offer OPV products that are 

competitive with both organic solar and other thin-film products. Another remarkable strength is 

that the team has made significant progress with much less capital, only $45,000 provided by the 

fellowship grant, compared to capital amounts in the millions that the other companies have had 

access to. 
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  5.5.2 Weaknesses 

 

 One of the main weaknesses for ExcitoniX is that the cells have not yet been certified. 

This is especially important for the reputation of the company as a viable player. Also, research 

efficiencies of other companies have surpassed the 6.88% efficiency achieved in the lab so far. 

The packaging of the device also needs further development. Fortunately, these are each 

weaknesses that can be overcome by simply redirecting some of the focus of the team.  

 To obtain certification, a cell can be fabricated in the lab and sent to a solar cell 

certification company such as NREL or Newport Corporation, which is local in California. For 

this certification, the cell can be packaged in glass, just for testing purposes, to reduce 

degradation from environmental factors.  

 In regards to improving efficiency and packaging, the team has already begun redirecting 

some of its focus to improving the physics and chemistry of the cell by gaining new team 

members who specialize in these fields. The team has also focused on optimizing the 3D 

architecture for the larger scale device which is important for commercialization, rather than 

restricting the work to small cells like in the past. Fortunately, promising efficiency levels have 

already been observed when testing larger cells and test sites of the 6 x 6 in
2
 panel.  

  5.5.3 Opportunities 

  

 For polymer-based organic solar cells, there is an opportunity to tailor the aesthetics of 

the solar cell products depending on the market it will be intended for. In the future, various 

product lines can be developed with unique form factors and colors readily available for 

purchase or tailored for specific orders. A low-cost or free recycling program could also be 
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developed for the products. In addition, although the organic solar cells do not last as long as 

silicon and other thin-film solar cells, because of the low cost there is an opportunity to offer a 

product replacement program that ensures a greater return of investment (ROI) for the consumer 

even with multiple replacements.   

 Another significant aspect of ExcitoniX’s technology that can be further taken advantage 

of is the 3D architecture. As discussed earlier, the pillars could take advantage of the different 

incident angles of light. The pillars featured in ExcitoniX’s devices will potentially prove to be 

functional for longer hours of the day compared to flat, 2D solar cells. While some 2D solar cells 

may utilize a solar tracking mechanism to help combat the loss in efficiency at various times of 

the day when sun angle changes, trackers are generally costly and the output of modules is 

usually too low to offset tracker capital. The main opportunity for ExcitoniX thus lies in the 3D 

cell’s ability to capture light during more hours of the day without the operation of a solar 

tracker. Further investigation will need to be made in this area. Promising data could especially 

be utilized when comparing to other technologies that only have high efficiencies based on a 

limited light angle range. Such advantages that 3D could have over 2D could be used in 

differentiating marketing tactics.  

  5.5.4 Threats 

 

 One threat that could negatively affect the solar industry as a whole is if solar subsidies 

continue to be scaled back even though interest has increased. It is hopeful, however, that solar 

could sustain itself as prices decrease, despite potential cuts in government support. For OPV in 

particular, the main threats are the potential new entrants introducing competitive price pressure 

and new substitute products with a longer lifespan or higher efficiency. The rise of low cost 
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production abroad could also become a threat, but a low price point holds strong for ExcitoniX. 

Overall the threats are not too alarming as long as the team continues to meet critical milestones. 
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6. Recommended Steps to Take Towards Commercialization in Future 

 

 The team has made phenomenal progress towards commercialization in the past year. 

There are still several imperative steps that need to be taken in the near future to further the 

advancement and maintain a promising position in the industry. The recommendations for the 

steps to focus on will now be discussed.  

 6.1 Improve Efficiency and Lifespan of OSC 

 

 As mentioned before, some focus should be returned to improving the efficiency of the 

small solar cells in order for the devices to be certified. There are many aspects of the device that 

the team can explore in improving the efficiency. For example, a team at the University of 

California at Santa Barbara, including Sung Heum Park and Alan J. Heeger, has claimed to have 

boosted an organic solar cells' overall efficiency by improving the internal efficiency (2). The 

internal efficiency involves making sure that every single photon that gets absorbed by the 

polymers is in turn converted into an electron that can be collected. This is not something that the 

team in MEMS Lab has concentrated on yet. The team can also focus on characterizing the 

quality of the interface between the main component layers in the cell since that greatly 

influences how the electrons travel.  

In regards to improving the life span of the cell, the team can continue to obtain various 

encapsulation materials that are either commercialized or are being developed by various 

companies for flexible OSCs or OLEDs through non-disclosure agreements. Tests can then be 

constructed to determine usability of the materials with the flexible devices and their effect on 

degradation. As the main modes of degradation are due to oxygen and water vapor ingress as 
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well as UV exposure it will be important to obtain materials with barrier properties that 

individually or in combination protect against all of the modes. will need to be focused on. The 

team can also pursue collaboration, such as with NREL or DuPont. 

 6.2 Obtain Certifications and Meet Standards 

 

 Standards are of high importance in the photovoltaic industry especially since the retail 

price is often based on the price per watt output and precise measurement is required. Standards 

in the quality of solar energy production, supply, deployment and use have been established 

since 1981 by the IEC Technical Committee TC82. The team should analyze how the standards 

can be met for the devices in terms of both safety and functionality. The production line would 

also need to meet certain standards which should be kept in mind during the design processes. 

The next generation organic solar cell should be certified within the next 6 months. The fastest 

method would be to send it to the Newport Corporation, located in Irvine, California. The 

Newport Technology and Applications Center’s Photovoltaic (TAC-PV) Lab is accredited by the 

American Association for Laboratory Accreditation (A2LA). Several of the important standards 

and certifications to pursue are listed below: 

 ANSI/UL-1703 photovoltaic module certification 

 IEC-61646 and IEC-61730 standards for the device 

 UL 790 Class A fire rating for reliability and safety. 

 IEC 61215, 61646, 61730 standards related to the production line 
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 6.3 Expand the Team 

 

 Since the onset of the research the team has already gained several members.  While the 

original team consisted of members solely from various engineering disciplines, the team now 

has members with chemistry and physics backgrounds. The chemistry and physics knowledge is 

especially helpful in the areas of understanding and improving the cells’ material properties. One 

of the chemistry team members is also focusing on environmental factors involved in the 

fabrication of the solar cells including the safety and proper handling of the solvents and minor 

fumes that generate during the annealing process. The team would benefit from gaining 1 or 2 

additional members specifically from electrical engineering disciplines that could specialize in 

the wiring of the device and connection of multiple cells, which will all be required for 

commercialization. Additional members to focus on packaging of the device would also be 

beneficial. 

 6.4 Pursue more Funding 

 In order to continue research more funding will be needed to support the cost of materials 

and equipment. The team should take an active role in applying for more funding through federal 

and private organizations. Funding would go towards the design and fabrication of a larger scale 

production line after the second proof of concept, SolarMator II is completed in December 2012. 

Ideally a larger scale production line, or the SolarMator III, would be completed within the 

following year. Also, with proper funding, the team could have an experimental product to test 

market feasibility within 1 year, including panels larger than 6 x 6 in
2
 and more commercial 

viable products within the next 2 years.  
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 6.5 Obtain Additional Intellectual Property 

In addition to creating value through a new market opportunity, ExcitoniX is poised to 

capture value in the generation of intellectual property for emerging photovoltaic technology not 

only related to the architecture of its solar cells but in the low-cost manufacturing processes 

developed by the team. Now that a functional production line has been developed, it is highly 

recommended that team works with the San Diego State University Research Foundation’s 

Technology Transfer Office (TTO) to find out which aspects of the process can be addressed in a 

patent application.  

 6.6 Third Generation Production Line – SolarMator III 

 

 While the SolarMator II, which is planned for completion in December 2012, will feature 

an additional chamber for cathode deposition, improved annealing, and an automated track 

system, it is recommended that the team develop plans for a production line that includes even 

more steps towards creating a complete solar panel such as an additional chamber for application 

of bus-bars and packaging materials. These would all be integrated as a continuation of the roll-

to-roll process. The SolarMator III could also be designed to allow for the fabrication of larger 

products. 
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7. Value Proposition 

 

 7.1 Competitive Edge, Differentiation 

 

 ExcitoniX’s competitive edge will be its flexible, environmentally friendly, recyclable 

solar cells that have competitive efficiencies and are offered at a competitive cost. The team is on 

the right track to be able to offer the cells at one of the lowest costs in the market. With further 

optimization, the 3D architecture promises a higher wattage output for a smaller area panel, thus 

saving space for the consumer. In addition to technical attributes, certifications will be extremely 

important for maintaining a competitive edge and a positive brand image.  

 7.2 Positioning Statement 

 

 ExcitoniX is a developer of low-cost, light weight, flexible, organic solar cells for 

building integrated photovoltaics, portable electronic products, and off-grid power systems.   

 7.3 Marketing Strategy 

 

 The marketing strategy for the organic solar products will include both business-to-

business (B2B) and business-to-consumer (B2C) approaches. For B2B, the panels could be 

marketed to companies that sell bags, clothing, portable electronics, and other products in which 

the panels could be integrated. The sale would then take place at the retail outlet specific to the 

company with which a partnership is formed or a contract is drawn. The team can also display 

the solar panel products at conferences that either feature potential customers, such as the 

aforementioned companies, or emerging solar technologies. For the B2C approach, the panels 

can be sold as ready-to-go products that have the wiring and outputs ports already set up to be 

utilized for various devices. The panels could be purchased in different sizes, colors, and ideally 



S. Miller Page 107 
 

even be tailor made for certain business consumers in the future. Military or industrial buildings 

for example may not require as much of the aesthetics as the maximum power output possible, 

thus the product could be tailored to be less transparent. The initial product line would consist of 

more general panels, such as 3 different size options. The line could then be expanded once the 

initial products have undergone a certain level of adoption. 

 7.4 Pricing Strategy 

  

 The price of solar PV modules has witnessed a downward trend in recent years and the 

price is expected to decline further in the years to come. According to GBI Research, the global 

average solar PV module price witnessed a compound annual growth rate (CAGR) of -16.7% to 

reach $1.8/Watt in 2010 as compared to $4.5/W in 2005 [95]. Cost has become the basis of 

competition in the solar PV module market largely due to the production of low-cost modules by 

Asian producers. As a result of this cost-based competition, the average module price is expected 

to decline further. GBI Research expects the average cost of modules to experience a negative 

growth rate of 5.5% for the forecast period 2011-2020 to reach $1/Watt in 2020 [95].   

 According to Solarbuzz, in February 2012 there were 302 price points below $2.00 per 

watt for solar modules [96]. The lowest thin-film module price is currently $0.84/Watt for a 105 

watt module, which can be seen along with other price points in Table 12, obtained from 

Solarbuzz [96].  
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Table 12. Module Pricing Trends, March 2012, Solarbuzz 

 

 The goal for ExcitoniX is to produce panels that could be sold at less than $1/Watt and 

eventually less than $0.80/Watt.  For simple comparison purposes, currently a 100 watt 

monocrystalline silicon solar panel with approximately 18% efficiency for off-grid applications 

can be purchased from the Home Depot online catalog for $277.00 [97]. This particular solar 

panel thus costs $2.77 per watt power output. The price includes a 10 year warranty on 90% 

power output and a 25 year warranty on 80% power output. The panel weighs about 20 pounds 

and is 1.4 inches thick and 0.5 square meters in surface area.  

 The calculations discussed earlier in this report showed that a 6 x 6 in
2
 panel could be 

produced at a cost around $1.25. Twenty-two panels 6 x 6 in
2
 in size would be needed to create a 

0.5 square meter panel and would cost $27.50 based on the $1.25 value. To calculate the wattage 

output, a value of 1000W/m
2
 for solar radiation from the sun at solar noon is commonly used. 

The wattage is then calculated by multiplying the solar radiation value by the efficiency and area 
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of the panel. An organic solar panel 0.5 m
2
 in area with 6.5% efficiency would then produce 32.5 

W and would cost $0.85 per watt.  

 To obtain a more realistic estimation of what a 0.5 m
2
 panel created by ExcitoniX would 

cost per watt, the values would need to be slightly altered. For example, with further scale-up, 

the cost of materials will be driven down due to economies of scale. In addition, the cost of 

energy per printed area would be driven down significantly as the panels are printed more 

continuously. Also, the cost of energy actually turned out to be about 65% of the total cost. The 

cost could ideally be reduced by 50% to contribute less to the cost. Using this 50% reduction in 

cost of materials, a 30% reduction in cost of materials, and a more realistic module efficiency of 

3.5%, a 0.5 m
2
 panel created by ExcitoniX would cost $0.91/watt. For ExcitoniX to produce 

panels that are less than $0.80/watt with a 3.5% module efficiency, the cost of materials and 

energy will need to be kept below $28 per square meter. This efficiency and cost are feasible for 

ExcitoniX to achieve in the future based on previous estimations and data obtained.  

 While a 0.5 m
2
 OSC panel with 3.5% efficiency would produce only 17.5 Watts, 

compared to the silicon solar panel of the same size producing 100 W, the cost per watt is 

reduced by a factor of nearly 3.5. Also, comparing other factors, the weight of the example 

silicon panel was about 20 pounds and 1.5 inches thick where an OSC panel would weigh less 

than a few pounds and would be less than a quarter inch thick. The panel would also be flexible, 

rivaling the rigid glass, and semi-transparent compared to a typical dark opaque color. Also to 

note, while the organic solar panel would potentially last up to only 2 years at this time, with 4 

replacements it would last 8 years and the cost of the product would still not significantly exceed 

the cost of the silicon panel. Furthermore, with the current goal to reach a 5 year OSC device 

lifespan, the panels could be replaced only 3 times and then last up to 15 years in the future. The 
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cost for re-installation would come into play, thus it will be important for the company to 

develop a strategy to mitigate the cost as much as possible as well as provide a convenient 

replacement program. Ultimately, the OSC panels will likely be less expensive to recycle due to 

the materials involved and less expensive to transport because they are flexible, take up less 

space, and weigh less. 

8. Conclusion 

 

 The team in the MEMS Lab at SDSU has made significant progress in taking its organic 

solar cell technology from the research stage to the verge of commercialization. In less than one 

year and with only a $45,000 budget, the team met strict milestones for scaling-up the 1 x 1 in
2
 

solar cells to 6 x 6 
2 
panels, which included completely changing and translating all of the clean 

room manufacturing steps to techniques suitable for roll-to-roll processing outside of a clean 

room. The innovative production line, SolarMator I, was built by the team from scratch with a 

budget of less than $2000 and remarkably allows for the manufacture of cells over 30 times in 

size in less than 2% of the time it would have taken with the clean room processes. Also, at even 

such an early stage in advancement towards technology, the total cost to produce the cells, 

including both the material and energy costs, was significantly reduced to a value estimated to be 

at least 1/5
th

 the cost of many solar products on the market. With further optimization, enhanced 

utilization of materials, and the purchasing of materials in cheaper bulk orders, this cost will 

reduce even more.  

 The aesthetic appeal, environmental friendliness, competitive cost and efficiency, and 

vital intellectual property will be keys to the success of this organic solar product in today’s PV 

marketplace. All in all, the team is driven by a deep concern for the environment and feels 
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fortunate to be developing clean energy alternatives with incredibly talented and 

multidisciplinary members at San Diego State University and their mentor, Dr. Sam Kassegne. It 

is a rare opportunity not always available to researchers to take part in the important steps 

required to bring a product to the market. 
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11. Appendix  

 

 A. Cost Analysis 

 

MATERIAL Value Unit Supplier/How supplied 

PET 0.00933 $/sq in Supply-fly, DuPont/Roll 

SU-8(100) 0.916 $/ml Microchem/500 ml 

Developer 0.03 $/ml Microchem/500 ml 

Orgacon™ (S305 liq.) 0.455 $/ml Ito America Corp/1 L 

PCBM 0.325 $/mg Nano-c Inc./1 g 

P3HT 0.45 $/mg Rieke Metals Inc./1 g 

Dichlorobenzene 0.45 $/ml Sigma Aldrich/100 ml 

PV material total 

(1:1 weight PCBM: P3HT, 34mg/ml) 

13.625 $/ml  

Al Oxide Target 938 $/cubic in 2 in. dia. x .125 in target 

    EQUIPMENT Watts kwh 

 Spin coater 350 0.35 
 

N2 Oven 750 0.75 
 

Hot plate  1110 1.11 
 

Vacuum Pump 1190 1.19 
 

Thermal evaporator 3000 3 
 

UV Lamp 350 0.35 
 

Hydraulic Press 4600 4.6 
 

Computer & Monitor 300 0.3 

 Printer 40 0.04 

 Air compressor 900 0.9 

  

Assumptions:  

1. 20 cents/kwh 

2. N2 oven turns on and off throughout annealing time, runs at full power 15% of the time, 

half power 50% of the time, and is off the rest of the time.  

3. Hot plate runs at full power for first 5 minutes for temperature ramp up, then half power 

for the rest of the time 

4. The printer runs at 40 Watts, average usage 

5. 1 hour of heating the thermal evaporator is not included, assuming mid-process where the 

machine is already heated. 

6. Assuming that the air compressor starts at 1850 Watts, and runs at 900 Watts 
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7. Overnight magnetic mixing of the PV material not included 

8. Assuming 50 nm thickness for metal 

9. Hydraulic Heat assumed to use 50% of max watts  

10. Assumed same method of metal deposition for 6 x 6 in
2 

panel, although it will ideally be 

a cheaper roll-to-roll process, such as screen printing. Also assumed material application 

of 30 times a typical 1 x 1 in
2 

cell for consistency, although the panel will ideally have 

much less metal.  

11. Assuming minimal wastage of Orgacon™ and PV materials and over estimation of 

volume based on full area of panel and 1 micron thickness estimation for each layer. Such 

material wastage cannot be avoided with spin-coating method used in clean room 

process.  

Clean Room Process, 1" x 1" cell 

Process/Material Usage Energy (kwh) Cost ($) 

PET 1 in
2 

 0.009 

SU-8 1 ml  0.916 

Spin Coat SU-8 45 sec. 0.0193 0.004 

Bake SU-8 50 min. 0.5088 0.102 

Expose UV 30 sec. 0.0029 0.001 

Post expose Bake 60 min. 0.6013 0.120 

Develop 3 ml  0.090 

Orgacon  3 ml  1.365 

Spin Coat Org  135 sec. 0.0578 0.012 

Anneal Org (3x@3min.) 9 min. 0.1665 0.033 

PV Material 0.5 ml  6.813 

Spin Coat PV 45 sec. 0.0193 0.004 

Anneal PV 12 hrs 3.6000 0.720 

Al Target 1.97E-06 in
3 

 0.002 

Thermal Evaporation 30 sec 0.0250 0.005 

Vacuum Environment 10 min. 0.0198 0.004 

  Total: 5.0205 10.189 

R2R Process, 6" x 6" panel 

Process/Material Usage Energy (kwh) Cost ($) 

PET 6 in
2 

 0.056 

Stamp PET 5 min. 0.1917 0.038 

Orgacon 0.025 ml  0.011 

Spray Orgacon 5 min. 0.1033 0.021 

Anneal  3 min. 0.0555 0.011 

PV Material 0.025 ml  0.341 

Spray PV Material 5 min. 0.1033 0.021 

Anneal  12 hours 3.6000 0.720 

Al target 5.91E-05 in
3 

 16.603 
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Thermal Evaporation 30 sec 0.0250 0.005 

Vacuum Environment 10 min. 0.1983 0.004 

  Total: 4.0987 1.227 

 

 

 Process Total Energy 

Used (kwh) 

Total  

Cost 

Cost of 

energy 

Cost of 

Materials 

Clean Room 

(30, 1 x 1 in
2
) 

150.62 $305.68  $30.12 $275.84 

Roll-to-roll 

(1, 6 x 6 in
2
): 

4.10 $1.23  $0.82 $0.46 

 

 

 

 


