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ABSTRACT OF THE THESIS 

by 

Kadir Toksoy 

Master of Science in Mechanical Engineering 

San Diego State University, 2012 

Scaling-up of New Generation of 3D Flexible Organic Solar Cells 

 In this research, we investigate the fundamental sciences and challenges that need to be 

addressed in scaling up the production of Organic Solar Cell (OSC) from cleanroom 

environment to large-scale production. The major focuses of the study, therefore, are the 

determination of optimized conditions and processes for depositing the photoactive layer, anodic 

layer, and metal cathodic layer. Along with, this research investigates and solves the engineering 

and production-scale problems associated with the prototyping system. These consist of 

improved airbrush system, a new inert gas supply, new masking system for patterned deposition, 

a syringe pump for controlled flow rate of photoactive and anodic material, and a new digital 

pressure regulator system.  

 

 

 

 

 



vi 

 

 

TABLE OF CONTENTS 

1 INTRODUCTION .............................................................................................1 

1.1 Background ........................................................................................................2 

1.2 Organization of Thesis .......................................................................................4 

2 LITERATURE SURVEY ..................................................................................6 

2.1 Basic Device Physics of Solar Cells ..................................................................6 

2.2 Types of Solar Cells that Exist Today ...............................................................7 

2.2.1 Silicon Photovoltaic Technology ...........................................................7 

2.2.2 Thin-film Photovoltaic Technology .......................................................8 

2.2.3 Organic Photovoltaic Technology .........................................................9 

3 DESCRIPTION OF SCALED UP FABRICATION .......................................13 

3.1 Original Clean-Room Process..........................................................................13 

3.2 First Generation R2R Prototype System, SolarMator-I ...................................16 

3.2.1 Substrate Manufacturing ......................................................................17 

3.2.2 Anode and Photoactive Material Deposition .......................................22 

3.2.3 Annealing Chambers ............................................................................25 

3.2.4 Insulation and Access Doors ................................................................26 

3.2.5 Exhaust System and Auxiliary Ports....................................................27 

3.3 Time and Equipment Comparison of Cleanroom and Roll-to-roll Processes ..28 

3.4 Second Generation Production Line – SolarMator-II ......................................30 

3.5 Modification of SolarMator-I – Towards SolarMator-II .................................31 

3.5.1 Replacement of Air Brush ...................................................................31 

3.5.2 Replacement of Gravity Feed with Syringe Pump ..............................34 

3.5.3 Adding Pressure Regulator ..................................................................35 

3.5.4 Optimization of Air Brush Height .......................................................35 

3.5.5 Replacing Compressed Air in the Orgacon™ and PV Chambers 

with Nitrogen .........................................................................................................36 

3.5.6 Use of Improved Printing Mask ...........................................................37 

3.5.7 Upgrading the Conveyor System .........................................................39 

4 CHARACTERIZATION & DISCUSSION ....................................................41 



vii 

 

 

4.1 Manufacturing and Characterization of PET substrate with features ..............41 

4.1.1 Pillar Height .........................................................................................41 

4.1.2 Pressing Temperature...........................................................................44 

4.1.3 Pressing Pressure .................................................................................46 

4.1.4 Optimized Size of the Panels ...............................................................47 

4.1.5 PET Location and Placing ...................................................................49 

4.2 Anodic Layer Scaling-up & Optimization .......................................................50 

4.2.1 Orgacon™ S305 & S305Plus ..............................................................50 

4.2.2 Optimization of Orgacon™ Spraying Chamber ..................................52 

4.3 Photoactive Layer Scaling-up & Optimization ................................................56 

4.3.1 Optimization of Photoactive Material Spraying Chamber...................56 

4.3.2 Experimental Results ...........................................................................57 

4.4 Metallization Scaling-up & Bus-bar Design & Optimization..........................68 

4.4.1 Bosphorus & Marmara Design ............................................................68 

4.4.2 Metallization Methods .........................................................................75 

5 CONCLUSION ................................................................................................77 

A TITLE OF APPENDIX................................................................................................82 

 



viii 

 

 

LIST OF TABLES 

Table 1 Comparison of Various PV Technologies ..................................................................12 

Table 2 Original Cleanroom Process .......................................................................................15 

Table 3 Dimension of Aluminum Plates ..................................................................................17 

Table 4 Specifications of Brass Sheet Metal ...........................................................................18 

Table 5 PET Stamping Process ................................................................................................22 

Table 6 Roll-to-Roll Process, SolarMator-I .............................................................................28 

Table 7 Comparison of Cleanroom and Roll-to-roll Processes ...............................................29 

Table 8 Overview of improvements to SolarMator-I ..............................................................40 

Table 9 Characterization of Stamped PET substrate ...............................................................44 

Table 10 Characterization of Temperature vs Height ..............................................................45 

Table 11 Characterization of Pressure vs Height .....................................................................47 

Table 12 Orgacon™ S305 and S305 Plus Specifications [22] ................................................50 

Table 13 Resistance vs. Stability for S305 and S305plus [24] ................................................51 

Table 14 Spin coating procedure of Orgacon™ and approximate conductivity .....................52 

Table 15 Gravity feed spray optimization ...............................................................................53 

Table 16 Syringe pump feed spray Orgacon™ optimization I ................................................54 

Table 17 Syringe pump feed Orgacon™ optimization II ........................................................55 

Table 18 Syringe pump feed spray photoactive material optimization ...................................57 

Table 19 Organization of cell during spraying process ...........................................................58 

Table 20 Control chips Orgacon™ characterization ...............................................................58 

Table 21 Electrical characterization of Orgacon
TM  

(M: Machine controlled sprayed, H: 

Hand sprayed) ..............................................................................................................59 

Table 22 Efficiency of control cells .........................................................................................60 

Table 23 Efficiency of machine sprayed 3D cells ...................................................................61 

Table 24 Efficiency of machine sprayed 2D cells ...................................................................62 

Table 25 Efficiency of hand sprayed 2D cells .........................................................................63 

Table 26 Efficiency of hand sprayed 3D cells .........................................................................64 

Table 27 Electrical characterization of Orgacon™..................................................................66 

Table 28 Metal layer architecture change and effect on efficiency .........................................68 



ix 

 

 

Table 29 Metallization design change and effect on overall efficiency ..................................74 

Table 30 Sputtering thickness and resistance ..........................................................................76 



x 

 

 

 LIST OF FIGURES 

Figure 1.1 Research road-map, Kassegne ..................................................................................4 

Figure 2.1 Typical crystalline silicon solar cell architecture, University of New South 

Wales..............................................................................................................................7 

Figure 2.2 Installation of silicon solar cell module ....................................................................8 

Figure 2.3 Structure of CIGS and CdTe solar cell, obtained from NREL [13] .........................9 

Figure 2.4 Organic Solar Cell (OSC) Architecture [14] ..........................................................10 

Figure 2.5 Best Research-Cell efficiencies NREL, 2012 [13]. ................................................11 

Figure 3.1 Cleaning the substrate, dehydration bake, UV exposure machine, developer 

bath, spin coating Orgacon™, spin coating P3HT:PCBM (shown clockwise from 

top-left) ........................................................................................................................15 

Figure 3.2 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). ...........16 

Figure 3.3 First generation production line (SolarMator-I) .....................................................17 

Figure 3.4 Supplied brass mesh sheet, brass mesh cut into strips (shown from left to right) ..18 

Figure 3.5 Aluminum plate stack-up .......................................................................................19 

Figure 3.6 Rippling of PET substrate after pressing (SDSU MEMS Lab) ..............................20 

Figure 3.7 Reduced rippling in pressed substrate 6 x 6 in
2
 (SDSU MEMS Lab) ....................20 

Figure 3.8 Pillars formed in stamped PET and pillars formed using photolithography 

(shown from left to right, different scales) (SDSU MEMS Lab) ................................21 

Figure 3.9 6 x 6 in
2
 stamped substrate, textured strips (SDSU MEMS Lab) ..........................21 

Figure 3.10 Printer Components ..............................................................................................23 

Figure 3.11 Microscopic view of Orgacon™ layer on pillars using printing system ..............24 

Figure 3.12 Resistance for various samples, printing vs. spin-coating ....................................25 

Figure 3.13 SolarMator-I and access doors shown in CAD model (SDSU MEMS Lab) .......27 

Figure 3.14 Time comparison for Cleanroom and roll-to-roll processes, 6 x 6 in
2
 panel .......30 

Figure 3.15 Old Printer Components .......................................................................................32 

Figure 3.16 New Printer Components .....................................................................................33 

Figure 3.17 Controlled and uncontrolled flow rate and material deposition ...........................33 

Figure 3.18 Syringe pump placement instead of gravity feed system for material 

deposition .....................................................................................................................34 



xi 

 

 

Figure 3.19 Digital pressure gauge and analog pressure gauge ...............................................35 

Figure 3.20 Air compressor is replaced with Nitrogen tank ....................................................36 

Figure 3.21 Digital pressure gauges and filter system .............................................................37 

Figure 3.22 Solidworks design of spraying mask for Bosphorus model (4" long 5 strips) .....37 

Figure 3.23 Orgacon™ layer deposition with mask ................................................................38 

Figure 3.24 Photoactive layer deposition with mask – Top view ............................................39 

Figure 3.25 Mask and deposited substrate - Bottom view .......................................................39 

Figure 3.26 Conveyor bands, conveyor plate and alignment bars ...........................................40 

Figure 4.1 Active Surface area & Light Conversion Efficiency Relation [20] .......................42 

Figure 4.2 Micropillars on PET Substrate (X 200) ..................................................................42 

Figure 4.3 Micropillars on PET Substrate (X 400) ..................................................................43 

Figure 4.4 SEM characterization of hot stamped PET pillar ...................................................43 

Figure 4.5 SEM characterization of hot stamped PET pillar ...................................................44 

Figure 4.6 PEN (on the left) vs PET (on the right) film comparison .......................................45 

Figure 4.7 Details of sample "XB" showing pillars .................................................................46 

Figure 4.8 Damaged Sample and PET filled brass mesh .........................................................46 

Figure 4.9 Four different size samples .....................................................................................48 

Figure 4.10 Closer view of sample 1 (right) and Sample 2 (left) ............................................49 

Figure 4.11 Stamped substrates with no pinning down ...........................................................49 

Figure 4.12 Orgacon™ S305 and S305 Plus ...........................................................................51 

Figure 4.13 Excess deposition of Orgacon™ on the left .........................................................54 

Figure 4.14 Sprayed 5 strips and conductivity testing sections ...............................................55 

Figure 4.15 Spray coating vs spin coating resistance values ...................................................56 

Figure 4.16 Machine sprayed Orgacon™ conductivity across the cell ...................................59 

Figure 4.17 Hand sprayed conductivity across the cell ...........................................................60 

Figure 4.18 Machine sprayed 3D and 2D samples efficiency comparison ..............................65 

Figure 4.19 Hand sprayed 3D and 2D samples efficiency comparison ...................................65 

Figure 4.20 3D and 2D control cells with metallization layer .................................................66 

Figure 4.21 Marmara design and bus-bar architecture ............................................................69 

Figure 4.22 Side view of masking order and dimension of Marmara design ..........................69 

Figure 4.23 Marmara design mask...........................................................................................70 

Figure 4.24 Bosphorus design material deposition mask ........................................................71 



xii 

 

 

Figure 4.25 Bosphorus design and bus-bar architecture ..........................................................72 

Figure 4.26 Metallization masks (White one is prototype product 880 µm thick, bright 

one is hand crafted PET, 180 µm thick) ......................................................................72 

Figure 4.27 16"x6" big solar panel and 2 individual cells .......................................................75 

 

 



xiii 

 

 

ACKNOWLEDGEMENTS 

 I would like to sincerely thank to “hocam” Dr. Sam Kassegne, not only for being my 

thesis advisor and my mentor, but also being a brother, a friend, a family to me. I will never be 

able repay him for his guidance, support, constant encouragement throughout this research. 

Also, I would like to thank Dr. Steven Barlow for providing me access to the Thermal 

Evaporation and Scanning Electron Microscope facilities in his lab.  

And I would like to thank to MEMS Research group at San Diego State University for 

their contribution and assistance to this thesis.  

 



1 

 

CHAPTER 1 

1 INTRODUCTION 

 In recent years, there has been a significant increase in interest in various forms of 

renewable energy sources, which are seen as the key to long-term weaning from strict reliance on 

fossil fuels such as oil, coal and natural gas [1, 2]. Among these, solar energy conversion is 

perhaps the most appealing since the energy source is readily available and practically 

inexhaustible. So far, silicon photovoltaic (PV) cells with an efficiency of around 25% have 

demonstrated [1].  However, bulk-silicon solar cells with high efficiency are expensive for mass 

production. That results in today’s commercial solar cells to have typical efficiency of around 

14-17% [2]. 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 [3]. 

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 [4]. 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 [5]. 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 
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more design and environmentally friendly options compared to what most conventional solar cell 

technologies offer today. 

 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 in
2
, of the original 1 in

2 
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 thesis. 

1.1 BACKGROUND   

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

in the fall of 2009. Figure 1.1 shows the research road map in solar cell research in the lab. 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 Cleanroom, 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% 
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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 [6].  

 In this research, we investigate the fundamental sciences and challenges that need to be 

addressed in scaling up the production of Organic Solar Cell (OSC) from cleanroom 

environment to large-scale production. The major focuses of the study, therefore, are the 

determination of optimized conditions and processes for depositing the photoactive layer, anodic 

layer, and metal cathodic layer. Along with, this research investigates and solves the engineering 

and production-scale problems associated with the prototyping system. These consist of 

improved airbrush system, a new inert gas supply, new masking system for patterned deposition, 

a syringe pump for controlled flow rate of photoactive and anodic material, and a new digital 

pressure regulator system.  
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Figure 1.1 Research road-map, Kassegne 

1.2 ORGANIZATION OF THESIS 

This thesis is organized in the following sequence: Chapter 1 presents a basic 

introduction to this research; Chapter 2 summarizes the literature survey including the 

significance of flexible organic solar cells over the conventional solar cells; Chapter 3 describes 

the design of scaled up fabrication procedure of the micro-pillars on flexible substrate followed 

by material deposition to form a fully functional 3D organic solar cell and modifications that is 

made to current fabrication procedure towards future prototyping system; Chapter 4 includes the 

experimental results and discussion for geometric and I-V characterizations of the scaled-up 3D 

organic solar cells; Chapter 4 presents a detailed discussion on the results; Chapter 5 provides the 

essential conclusions drawn from this research, and future research work. 
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CHAPTER 2 

2 LITERATURE SURVEY 

2.1 BASIC DEVICE PHYSICS OF SOLAR CELLS  

 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 [7]. 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 [7]. 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% [8].   

 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 [7].  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 

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. 
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2.2  TYPES OF SOLAR CELLS THAT EXIST TODAY 

 This section summarizes the recent developments in polymer science for solar cells and 

conductive polymers. 

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 [9]. 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 [10]. The typical architecture of a c-Si solar cell, as 

depicted by the University of New South Wales (UNSW) can be seen in Figure 2.1 [11].  

 

 

Figure 2.1 Typical crystalline silicon solar cell architecture, University of New South Wales 

 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 2.2 [12].  

http://techon.nikkeibp.co.jp/article/HONSHI/20101126/187639/?SS=imgview&FD=-754558997
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Figure 2.2 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.  

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

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

the U.S. Department of Energy [13]. 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 2.3 Structure of CIGS and CdTe solar cell, obtained from NREL [13] 

 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 2.4 [14]. 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 
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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. 

 

Figure 2.4 Organic Solar Cell (OSC) Architecture [14] 

 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-
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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 [15]. The price did drop during the recent economic 

crisis to $300/kg, but as consumer demand has once again risen, the price is back up to $650/kg 

(2010) [15]. 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 

[15]. 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.  

 

Figure 2.5 Best Research-Cell efficiencies NREL, 2012 [13]. 

 Figure 2.5, obtained from NREL, shows the research based conversion efficiencies 

achieved worldwide from 1976 through 2012 for various photovoltaic technologies [16]. As the 

http://upload.wikimedia.org/wikipedia/commons/8/8b/PVeff(rev120209).jpg
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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 [17].  

 

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 

 Table 1 shows a comparison of the 3 emerging solar PV technologies. Organic solar cell 

has the lowest energy conversion efficiency compared to silicon and thin-film solar PV 

technologies. However that shows, there is a huge room to improve the efficiency number. 
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CHAPTER 3 

3 DESCRIPTION OF SCALED UP FABRICATION 

This chapter explains the technology of fabricating micro-pillars on a larger scale flexible 

substrates. Previous manufacturing of 3D pillars on organic solar cell was done by using photo-

lithography procedure in Class 100 MEMS Clean-room facility at San Diego State University 

[18]. Photolithography technique is successful in creating 3D features on 1"x1" chip. However 

this method takes too much time and it is an expensive method, since it has to be done in a 

Clean-room environment. There are several limitations of this technique such as applicable area, 

manufacturing time, sensitive environmental conditions, and extreme limitations make it harder 

to apply this method and utilize for larger scale solar cell fabrication.  

 

3.1 ORIGINAL CLEAN-ROOM PROCESS 

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

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

cost manufacturing or roll-to-roll (R2R) techniques.  

 As an overview of the more detailed information given in Table 2, the first step in the 

Cleanroom 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.) [19] onto the substrate, this 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 
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thermal evaporation 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 3.1. 

 

Original Cleanroom Process for Fabrication of 1 x 1 in
2
 Solar Cell [1] 

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 
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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 2 Original Cleanroom Process 

 

 
Figure 3.1 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 

3.2 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. 
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Figure 3.2 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). 

3.2 FIRST GENERATION R2R PROTOTYPE SYSTEM, SOLARMATOR-I  

 As the research in the lab 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 of fabricating 36 in
2
 devices, the research effort has then 

focused 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 3.3.   

 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 3.3 First generation production line (SolarMator-I) 

3.2.1 Substrate Manufacturing 

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. 

 

 Bottom Plate Top Plate 

Thickness (inch) 1 0.5 

Length (inch) 9 7 

Width (inch) 9.5 7 

Table 3 Dimension of Aluminum Plates 

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 9 x9.5 in
2
 aluminum plate. Aluminum plate dimensions can be seen on Table 

3.   

Anode Spray 

Chamber 

Anode Anneal 

Chamber 

Photoactive Anneal 

Chamber 

Photoactive Spray 

Chamber 

Exhaust 

System 
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Rectangular brass meshes are then aligned on top of the PET where the pillars are 

desired. The meshes consist of arrays of micro circular holes, and are used in a similar fashion as 

a mold. See Table 4 for dimensions of brass mesh. As the stack-up is pressed together, the PET 

flows up into the mesh holes or cavities. The mesh, purchased from McMaster Carr, is supplied 

as a sheet that is then cut depending on the desired pillar layout.  

 

Material Alloy 260 Brass 

Hole number per in
2
 1444 

Hole diameter (µm) 406.4 

Metal Sheet Thickness (µm) 406.4 

Center-to-Center spacing (µm) 606.4 

Open Area %30 

Table 4 Specifications of Brass Sheet Metal 

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

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

accordingly, shown in Figure 3.4. Meshes with different hole sizes can also be obtained. 

 

 

Figure 3.4 Supplied brass mesh sheet, brass mesh cut into strips (shown from left to right)  

Once the meshes are positioned, top plate is placed on top of the mesh. The entire stack-

up, shown in Figure 3.5, is then placed on the lower platen of an automatically operated and 

heated hydraulic press (Wabash MPI). The aluminum plates are utilized in order to uniformly 
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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 aluminum plates can 

be machined to assure evenness. 

 

 

Figure 3.5 Aluminum plate stack-up 

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 aluminum plate. The pressure is then set to 60 

tons and held till thermometer reads 415°F. When desired temperature is reached, 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 allow material flow 

through the micro holes located on brass mesh. When there is very little material left around the 

outer perimeter of the meshes, height of the pillar formation seems to stay at lower levels. The 

rippling that would occur in the material can be seen in Figure 3.6.  



20 

 

 

 

Figure 3.6 Rippling of PET substrate after pressing (SDSU MEMS Lab) 

During the substrate fabrication, rippling of the PET substrate is occurred. Through 

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

material under stretching condition during hot pressing would help solve the issue. Stretching 

condition during pressing basically allows material to stay even and rippling free during hot 

pressing and cooling process.  This strategy proved to be a solution as flat, textured PET 

substrate as seen in Figure 3.7. In the future, steps will be taken to reuse, recycle, or reduce the 

amount of material that is cut. 

 

 

Figure 3.7 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 

3.8, look very similar to those formed with the photolithographic process.  
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Figure 3.8 Pillars formed in stamped PET and pillars formed using photolithography 

(shown from left to right, different scales) (SDSU MEMS Lab) 

 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 3.9. 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 3.9 6 x 6 in
2
 stamped substrate, textured strips (SDSU MEMS Lab) 
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PET Stamping Process 

Step Details 

Clean PET Substrate  DI Water, IPA, Acetone  

Create holes on PET substrate  14 holes around perimeter  

Place PET on aluminum plate Centered on plate 

Place brass meshes on aluminum mold  Aligned for desired design 

Place mold onto heat press platen Centered on platen 

Set platen temperature 420°F, allow for temperature ramp up 

Lower platen, Set pressure and time  60 tons max @ (20 in
2
), ~2, 3 minutes 

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 3.10. 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. 
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 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.   

 

 

Figure 3.10 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 
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using the g-code. The only mechanisms that are not controlled by the g-code and computer 

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 3.11. Another important quality is that similar 

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

spin-coated Orgacon™, shown in Figure 3.12. 

 

 

Figure 3.11 Microscopic view of Orgacon™ layer on pillars using printing system 

(SDSU MEMS Lab) 
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Figure 3.12 Resistance for various samples, printing vs. spin-coating  

 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. 

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.  
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 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 

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 3.13. 
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Figure 3.13 SolarMator-I 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 

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. 
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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 60 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 

3.3 TIME AND EQUIPMENT COMPARISON OF CLEANROOM AND ROLL-TO-ROLL PROCESSES 

 There are several advantages that the new process has over the original Cleanroom 

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 

Cleanroom. 
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 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 Cleanroom 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.  

 

Process  Cleanroom 

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 Cleanroom and Roll-to-roll Processes 
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 The data for the time consumption listed in Table 7 is also graphed in Figure 3.14. For 

comparison purposes, the values for the Cleanroom 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 3.14 Time comparison for Cleanroom and roll-to-roll processes, 6 x 6 in

2
 panel 

 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 Cleanroom 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 Cleanroom process. 

3.4 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 
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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. 

3.5 MODIFICATION OF SOLARMATOR-I – TOWARDS SOLARMATOR-II 

In this section, we will discuss in detail the modifications made to the first-generation 

prototype builder. The improvements documented in this research are implemented in the 

improved second-generation generation prototype system, known as SolarMator-II.  

3.5.1 Replacement of Air Brush 

 The initial solar research team at Kassegne’s MEMS Research lab at SDSU had used air 

brush method for deposition of organic material. In this method it is possible to have a fine spray 

of deposited material. However, in this method it is crucial to have a good control on the 

airbrush. To overcome that, one of the improvements introduced in this thesis is replacing the 

airbrush. Previously used air bush was dual action air brush which was not easy to control 

opening of the needle at the tip of the air brush. See Figure 3.15. After replacement of the air 

brush with a single action type, opening of the needle at the tip was controlled. The only 

operation that has been available with single action air brush is letting pressurized gas run 
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through the nozzle. However with dual action air brush it is possible to change the flow rate of 

the material as well as gas flow rate with one switch.  So it is an unknown how much deposition 

material is running through the nozzle. 

 

 

Figure 3.15 Old Printer Components 

 Once the solenoid moves forward, dual action switch can move Y and Z direction which 

results in uncontrolled flow rate of deposition layer. Smaller change in deposition material flow 

rate would change many settings such as; airbrush feed rate, the airbrush nozzle scanning time 

over the substrate, etc.  
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Figure 3.16 New Printer Components 

 New airbrush system results in precise control on only gas flow rate Figure 3.16. Flow 

rate of the material is controlled with syringe pump which will be discussed in detail in the next 

section.  

 

Figure 3.17 Controlled and uncontrolled flow rate and material deposition 
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 Figure 3.17 shows excess material deposition on sample results in little material pool on 

substrate which results in material deposition unevenly and unwanted locations. On the other 

hand, second sample has even and clear material deposition on the desired locations. 

3.5.2 Replacement of Gravity Feed with Syringe Pump  

 The previous set up (SolarMator-I) had a syringe that has a little hole on top end so that 

air could flow through and it feed the material with gravitational force. With this set up, there is 

some material wastage due to dripping in addition to no control in flow rate. Figure 3.18 shows a 

red type to close and open the hole so that material stops dripping when it is on close position. 

That was not the best way to control the flow rate as it was. So a syringe pump as seen in Figure 

3.18 is adopted instead of gravity feed system. Not all materials are suitable for gravity feed 

applications such as Orgacon™, (anodic layer) is easily clocking the nozzle which results in 

uneven material flow and that leads to uneven deposition. With the usage of syringe pump it is 

available to have continues material flow, so that Orgacon™ will not clog the tip of the nozzle 

and would have a controlled flow rate. However, using a syringe pump will result in full control 

of the flow rate at a precise level and create more flexibility to play with feed rate as well. 

 

 

 

 

 

 

 

 

 

  

Figure 3.18 Syringe pump placement instead of gravity feed system for material deposition 
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3.5.3 Adding Pressure Regulator 

 Pressure is effective on material deposition as well. If sprayed pressure is high then 

material tend to flow to the edge of the sprayed locations and that leads to have more material on 

the edges compare to mid sections of the sprayed samples, which means having uneven 

deposition and different resistivity on different locations.  

 That is why it is crucial to optimize working pressure condition and read exact the same 

pressure reading every procedure. To do so, an analog pressure gauge has been replaced with 

digital pressure gauge. See figure Figure 3.19. 

 

 

Figure 3.19 Digital pressure gauge and analog pressure gauge 

3.5.4 Optimization of Air Brush Height 

 The distance between deposition layer and airbrush tip is an important parameter for 

deposition as well. Distance is directly connected with pressure of the gas coming through nozzle 

and also atomization at the tip of the nozzle. Lower pressures are good for not moving deposited 

material on surface, but on the other hand having less gas pressure will result in bad atomization 

of the material and will lead to have big droplets instead small.  

 After running many different experiments and doing literature survey, an optimized 

process protocol is created at Kassegne’s MEMS Research lab at SDSU which is tabulated in 

following chapter in detail. In Orgacon™ spraying chamber the distance between nozzle and the 

substrate is around 3.1". In the photoactive layer deposition chamber distance between nozzle 
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and substrate is 3.5". Both of the nozzle tips were able to spray 0.5" fine lines. 1" strip would 

take a 2 round spraying and each round spraying nozzle would scan half of the strip 10 times. 

3.5.5 Replacing Compressed Air in the Orgacon™ and PV Chambers with Nitrogen 

 During spraying process after several experiments, samples have shown small white 

holes on the deposition layer due to water droplets or small dots which are small particles that 

come from air compressor throughout non-filtered gas line. Also P3HT:PCBM which is the 

photoactive material and Orgacon™ (anodic polymer layer) are air sensitive materials. Due to 

sensitive materials, working conditions are vacuum environment or inert environment.  

 

 

Figure 3.20 Air compressor is replaced with Nitrogen tank 

 To overcome expensive cleanroom environment and bring the fabrication procedure to 

industry environment conditions, first of all nitrogen tank is introduced in order to spray 

materials at inert environment instead of air compressor system. See Figure 3.20. Also through 

the gas line a filtering system has been placed to absorb humidity and all type of particles that 

might go through the gas line. Such improvements resulted in better looking sprayed samples 

due to even and controlled material deposition. 
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Figure 3.21 Digital pressure gauges and filter system 

 Some other work in the literature also suggests usage of inert environment with the same 

type of set up such as airbrush spraying deposition of P3HT:PCBM and Orgacon™ [20].  

3.5.6 Use of Improved Printing Mask 

 Airbrush spraying requires us to create a mask to deposit material on desired locations. 

The process lets us deposit material nicely, but on the other hand location control was not good. 

Our design as seen on Figure 3.22 has 5, 4" strips with 0.25" apart from each other. Eventually 

just to deposit material on these strips but keep rest of the PET material clean, a mask is designed 

and machined at the machine shop of San Diego State University.  

 

 

Figure 3.22 Solidworks design of spraying mask for Bosphorus model (4" long 5 strips) 
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 Figure 3.22 shows the masking for spraying process. On that mask there are 3 different 

holes for changing the location of the mask while substrate stays constant at the same place on 

top of the bottom plate. As seen in Figure 3.23, first hole locations are for the anodic layer 

deposition.  

 

   
Figure 3.23 Orgacon™ layer deposition with mask 

 After Orgacon™ deposition and annealing of Orgacon™, mask slides onto second holes 

to pin down while sample remains the same location so that later on Orgacon™ layer access is 

available for testing finished solar cell with solar simulator. Figure 3.24 clearly shows that mask 

is moved and after relocation of the mask, photoactive material deposition has been done. After 

this step, sample gets in the oven for annealing for 12 hours at 110 
o
C. Annealing is a very 

important procedure and it is necessary for organic solar cell to work and create voltage.  
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Figure 3.24 Photoactive layer deposition with mask – Top view 

 Figure 3.24 shows the Orgacon™ access point within the red box. Later this Orgacon™ 

connections are being used to test organic solar cell.  

 

Figure 3.25 Mask and deposited substrate - Bottom view 

3.5.7 Upgrading the Conveyor System 

 Printing systems for both chambers are conserved from regular ink-jet printers. These 

printers have only conveyor bands on two rods that tries to move the whole stack-up during 

spraying process. See Figure 3.26. However, whole stack-up is too heavy for these conveyor 

bands. Reason for both of the plates are relatively heavy is that they are made of aluminum. 

Hence forth during annealing procedure heat will not affect plates shape or order. Bottom and 

Mask 
Sealing material 
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top plate have to be made from heat resistant materials and according to that conveyor system 

has to be durable enough to hold this weight.  

 Also during spraying process servo motors that move the spraying nozzle as well as plate 

are creating vibrations and that leads the whole stack-up to change its path. To avoid that also 2 

alignment arms have been machined at the machine shop of San Diego State University.  

 

 

Figure 3.26 Conveyor bands, conveyor plate and alignment bars 

 Table 8 summarizes the improvements that are made to SolarMator-I towards 

SolarMator-II in terms of equipment. Also there are other improvements are made such as 

airbrush distance to deposition layer.  

 

FEATURE SOLARMATOR-I SOLARMATOR-II 

Airbrush Selection Dual Action Single Action 

Material Feed Method Gravity Feed Syringe Pump 

Pressure Regulator Analog Digital 

Spraying Gas Air N2 

Masking Mask Improved Mask 

Conveyor System Rubber Bands Metal plate 

Table 8 Overview of improvements to SolarMator-I 
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CHAPTER 4 

4 CHARACTERIZATION & DISCUSSION 

In this chapter, we will discuss the characterization of deposited layers such as anodic 

layer, photoactive layer, and cathodic layers in addition to the modifications made to the 

automated Roll-to-Roll (R2R) prototyping system. The first R2R prototyping system is 

henceforth referred to as SolarMator-I. A second generation version called SolarMator-II is now 

being built and the contribution from this thesis goes towards building this latest version.  

4.1 MANUFACTURING AND CHARACTERIZATION OF PET SUBSTRATE WITH FEATURES 

The process of R2R prototyping starts with the introduction of 3-dimensional features on 

a flexible substrate such as PET (poly(ethylene terephthalate)). This stage requires optimization 

of the process as it has significant effect on the photo conversion and light trapping mechanism 

[18]. Here, we discuss the different parameters that were optimized as well as introduced as an 

improvement to SolarMator-I prototype system. 

Among these, the major conditions considered are: pillar height, pressing temperature, 

PET layer thickness, pressure, spacing, cooling method (air vs water). These are further 

explained below.  

4.1.1 Pillar Height 

 Previous research in our lab has shown that there is direct connection between pillars 

height versus light conversion efficiency. Tall Pillars tend to give higher efficiency numbers 

[18].  Because of the fact that increasing the height of the pillars results in an increase in the 

active surface area where light is trapped. This will in turn increase the efficiency of the organic 

photovoltaic cells as summarized in Figure 4.1. 
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Figure 4.1 Active Surface area & Light Conversion Efficiency Relation [21]  

 After manufacturing the 3D features on substrate, as seen on Figure 4.2 the samples are 

characterized under a 3D optical microscope (Hirox). Figure 4.4 and Figure 4.5 are Scanning 

Electron Microscope (SEM) characterization of heat pressed 3D features. As seen on Figure 4.4, 

heights of the pillars range between 30µm to 60 µm. In some cases 100 µm and 200 µm height 

pillars were manufactured as seen on Figure 4.5. However, having shorter micro-pillars, results 

in higher transparency through the substrate. 

 

 

Figure 4.2 Micropillars on PET Substrate (X 200) 
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Figure 4.3 Micropillars on PET Substrate (X 400)  

 Figure 4.3 shows 180µm thick PET substrate with 45 to 50µm height PET pillars which 

were achieved through hot stamping. There is some variation in height because of a larger area 

and uneven pressure distribution during hot stamping. However, in general for 6"x6" panel, the 

numbers are similar or close.  

 

   
Figure 4.4 SEM characterization of hot stamped PET pillar 
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Figure 4.5 SEM characterization of hot stamped PET pillar 

Table 9 shows the geometric characterization of heat pressed PET samples. Since one type of 

brass mesh is used, that limits the differentiation of size of the pillars.  

  

Material PET 

Hole number per in
2
 1444 

Hole diameter (µm) ~400 

Center-to-Center spacing (µm) ~600 

Table 9 Characterization of Stamped PET substrate 

4.1.2 Pressing Temperature 

 In terms of manufacturing flexible photovoltaic, number different materials have been 

considered as substrate material. One of these material is PEN (polyethylene naphthalate) and the 

other one is PET (poly(ethylene terephthalate)). In this research PET is selected as flexible 

substrate material. It is cheap and widely available. PET has a glass transition temperature (Tg) 

of 230 ºF versus PEN that has a glass transition temperature of 311 ºF [22]. Comparing the 

materials, PET was considered as a better option in terms of lower working temperature and also 

higher transparency. 
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Figure 4.6 PEN (on the left) vs PET (on the right) film comparison 

 As shown in Figure 4.6, PET has a better transparency and clearer look. Considering PET 

glass transition temperature, starting value for stamping temperature was around 350 ºF and goes 

up to around 500 ºF which is the melting point for PET material. In Table 10, we summarize the 

types and geometries of substrates used and the height of the pillars produced using hot press.  

Sample Substrate Area (in
2
) Temperature (ºF) Height (µm) 

A 36 250 0 

B 36 280 0 

C 36 300 0 

XK 36 430 20~25 

55 36 440 11~27 

XB 36 440 20~45 

A1 36 440 ~15 

XL 36 450 10~20 

XX 9 440 70~80 

A4 20 450 25~40 

S1 20 450 25~35 

S2 20 430 20~30 

Z 20 420 17~25 

FINALIZED  20 420 15~40 

    

Table 10 Characterization of Temperature vs Height 
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Figure 4.7 Details of sample "XB" showing pillars 

4.1.3 Pressing Pressure 

 Pressure is an important parameter in terms of forming pillars on PET substrate which is 

in connection with contact surface and as well as temperature. Pressure also plays a crucial role 

in the look and feel of the substrate. Applying higher pressure can definitely help getting higher 

pillars but also because of high pressure brass mesh cuts through PET substrate. Figure 4.8 

shows damaged sample due to too high pressure. 

 

Figure 4.8 Damaged Sample and PET filled brass mesh 

 Higher pressure also damages brass mesh due to filling micro holes with PET material 

and that leads to tears on sample as well as unusable mesh. At the Solar Fab Facilities at SDSU, 
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we have now optimized the procedure for heat pressing procedure which is seen on Table 11 and 

it is now possible to use the same mesh over and over again. 

 

Sample Substrate Area (in
2
) Pressure (tons) Sample Look/Quality 

A 36 20 0 

B 36 40 0 

C 36 60 0 

XK 36 150 Mesh cuts through PET 

55 36 120 Mesh cuts through PET 

XB 36 177 Mesh cuts through PET 

A1 36 150 Mesh cuts through PET 

XL 36 150 PET stays in mesh 

XX 9 150 PET stays in mesh 

A4 20 150 PET stays in mesh 

S1 20 150 PET stays in mesh 

S2 20 100 Mesh cuts through PET 

Z 20 80 Some cuts on PET 

FINALIZED  20 60~65 All clear look, no cut 

Table 11 Characterization of Pressure vs Height 

 Some of the samples have wears because of high pressure resulting in tearing of the 

substrate. Some of the samples have no pillar formation because the pressure was not enough to 

form 3D pillar on substrate surface. 

4.1.4 Optimized Size of the Panels 

During stamping procedure, we observed that larger scale area is hard to press and create 

3D features on the sample. Initial starting size is desired to be 6"x6" area. After some 

experiments and trials size has been reduced to 4"x6".  
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Figure 4.9 Four different size samples 

Figure 4.9 shows 4 different samples with different results in terms of look and pillar size 

as well. Sample-1 is 6"x6" substrate and as seen in Figure 4.9, it does not have good formation of 

pillars and as well as first strip is over pressed which resulted in deformation on strip size and 

substrate thickness. Sample-2 is 6"x6" substrate which has some good formation of pillars but 

PET seems to be over-heated due this seems to have affected the transparency of the substrate 

and also specifications of PET material. After stamping this sample at high temperature, 

substrate turned out to be non-flexible (brittle). Figure 4.10 shows a closer view of sample-1 and 

sample-2. Sample-3 has been pinned down to keep it under stretching conditions; however big 

stamping area results in very little formation of pillars or no formation at all. Sample 4 has been 

pinned down and reduced the size to 4"x6" which helped to create pillars on substrate. Pinning 

down the substrate seemed to help keep sample clear and straight.   



49 

 

 

 

Figure 4.10 Closer view of sample 1 (right) and Sample 2 (left) 

4.1.5 PET Location and Placing 

 After a few trial and experiments, location and the placement of PET is a very important 

parameter in terms of having a transparent sample and good formation of pillars. As it is seen in 

Figure 4.9, pinning down PET helps to keep sample straight. Also Figure 3.4 shows clearly how 

to place PET and where to place mesh to create pillars. Figure 4.11 also shows some more 

samples that are stamped without pinning down and results.  

 

Figure 4.11 Stamped substrates with no pinning down 
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4.2 ANODIC LAYER SCALING-UP & OPTIMIZATION  

 In this section, we discuss in detail the optimization of the anodic layer conductivity. 

Previously solar cells that were fabricated at Kassegne’s MEMS Research lab at SDSU were 

made in cleanroom environment and took as many as 20 hours to fabricate 1"x1" organic solar 

cell. On the hand since the scale was very small, spin coating technique was suitable for such 

size fabrication of solar cell. 

 Scaling up solar cells and fabricating bigger than 1"x1" solar cell, spraying technique has 

been decided. For that specific procedure, suitable anodic material is needed.  For that purpose 2 

slightly different type of Orgacon™ (PEDOT-PSS) is used.  

  

4.2.1 Orgacon™ S305 & S305Plus 

 As anodic layer, Orgacon™ S305 and also S305 plus is gave good results for the spin 

coating procedure. Both of the solutions are formulated from PEDOT/PSS and both are 

transparent. Table 12 shows Orgacon™ S305 and Orgacon™ S305 plus specifications which are 

water based electronic conductive polymers. According to Agfa, S305 plus includes additives for 

improved environmental stability [23]. 

 

Table 12 Orgacon™ S305 and S305 Plus Specifications [23] 

 S305 is used in ITO-free OPV applications as a highly conductive hole transport layer.  It 

is also used for optical films, touch screen displays, flexible LCDs, and e-paper applications [24]. 

In our case it has been used for OPV application.  
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Figure 4.12 Orgacon™ S305 and S305 Plus 

 S305 plus is also highly conductive transparent hole transport layer. The beneficial side 

of the S305 plus is with enhanced stability [25]. Even though S305 Plus has better stability 

during different temperature and humidity conditions S305 has a better conductivity and hole 

mobility. Due to higher hole mobility during our researches, we were able to achieve lower 

resistance numbers with Orgacon™ S305. 

 

 

Table 13 Resistance vs. Stability for S305 and S305plus [25] 

 As seen on Table 13, due to lower resistance numbers which results in higher efficiency 

numbers, Orgacon S305 is used for further optimization procedure.  
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4.2.2 Optimization of Orgacon™ Spraying Chamber 

 Through previous researches at Kassegne’s MEMS Research lab at SDSU a working 

protocol has been made using spin coating [18]. Since spin coating is not suitable for larger scale 

fabrication, a protocol has been made for spray coating method.  

 Table 14 shows the spin coating procedure which is used and worked for previous results 

at Dr. Kassegne’s MEMS Lab at San Diego State University [18]. These results and initial 

parameters will be control samples for spraying process optimization. 

 

 
SPIN COATING OF ORGACON™ 

 
CONTROL CHIP 1 CONTROL CHIP 2 

 

First 

Layer 

Second 

Layer 

Third 

Layer 

First 

Layer 

Second 

Layer 

Third 

Layer 

Fourth 

Layer 

SPIN RATE 
550 

RPM 
350 RPM 

350 

RPM 

550 

RPM 
350 RPM 350 RPM 350 RPM 

SPINNING 

TIME 
45 SEC 45 SEC 45 SEC 45 SEC 45 SEC 45 SEC 45 SEC 

ANNEALING 

TEMP. 
120 C 120 C 120 C 120 C 120 C 120 C 120 C 

ANNEALING 

TIME 
3 MIN 3 MIN 3 MIN 3 MIN 3 MIN 3 MIN 3 MIN 

ANNEALING 

EQUIP. 

Hot 

Plate 

Hot 

Plate 

Hot 

Plate 

Hot 

Plate 

Hot 

Plate 

Hot 

Plate 

Hot 

Plate 

  
 

EQUIPMENT 

USED 
Multi Meter 

RESISTANCE 
 

1.5 kΩ 300 Ω 
 

0.6 kΩ 0.5 kΩ 0.3 kΩ 

Table 14 Spin coating procedure of Orgacon™ and approximate conductivity 

 As seen on Table 14, spin coating is taking long time and also requires working back and 

forth between hot plate and spin coating stations, which is not suitable for commercialization and 

time consuming. 

 However, with the spraying method, after deposition of the Orgacon™ only one time 

annealing is enough to reach the same or even better conductivity regions for a larger scale 

surface area. 
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 To optimize the spraying procedure, all modifications to SolarMator-I/II have been 

considered, tested and optimized to get the best results. Gravity feed spraying and syringe pump 

feed spraying are one of these considerations. 

  

 

GRAVITY FEED SPRAY COATING OF ORGACON™ 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 RUN 6 RUN 7 

FEED METHOD GRAVITY GRAVITY GRAVITY GRAVITY GRAVITY GRAVITY GRAVITY 

NEEDLE 

OPENING 

3 FULL 

TURN 

3 FULL 

TURN 

3 FULL 

TURN 

3.2 FULL 

TURN 

3.5 FULL 

TURN 

3.1 FULL 

TURN 

3.1 FULL 

TURN 

FLOW RATE 

(ul/s) 
4.15 4.15 4.15 3.8 4.5 4.15 4.15 

FEED RATE 

(cm/s) 
2.17 2.17 2.17 2.17 2.17 2.17 2.17 

DISTANCE (inch) 

Nozzle-substrate 
3.5 3.5 3.5 3.5 3.5 3.5 3.5 

ANNEALING 

TEMP. 

(Celsius – ˚C ) 

120 115 115 115 115 115 115 

ANNEALING 

TIME 

(min) 

3 3 3 3 3 3 3 

ANNEALING 

EQUIP. 
OVEN OVEN OVEN OVEN OVEN OVEN OVEN 

AIR PRESSURE 

(psi) 
10 10 10 10 10 10 10 

SPRAYING 

RUNS 

(times) 

8 12 12 18 20 10 22 

EQUIPMENT 

USED 
4 Point Probe Station 

RESISTANCE 

distance 3.5" 
0.5 kOhm 0.6 kOhm 0.6 kOhm 

0.65 - 0.7 

kOhm 

0.6 

kOhm 

1.2 - 1.3 

kOhm 
0.7 - 0.8 kOhm 

Table 15 Gravity feed spray optimization 

 Table 15 shows gravity feed spray deposition of Orgacon™. “Run 1” has the best 

conductivity number. There are a few reasons to that. One of them is annealing temperature is 

higher in “Run1”. In normal conditions, Orgacon™ is supposed to be cured at 130 ºC. Due to 

substrate, 120 ºC is our temperature limit.  

 The experimental runs that are followed, extra material have been deposited by scanning 

the substrate surface with spraying nozzle. It is clear that, during experiment “Run 5”, depositing 

more material did not really affect the conductivity. Moreover adding more material on substrate 

is changing the look of the deposited layer. As seen on Figure 4.13 the deposition layer seems to 

be darker and more importantly surface looks cracked. 
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Figure 4.13 Excess deposition of Orgacon™ on the left 

 However, “Run 6” has a high resistance due to less material deposition and relatively low 

curing temperature. When we compare all this results, it seems to be the most effective protocol 

would be “Run 1”. But flow rate is not precise.  Flow rate has been calculated through sprayed 

amount of material during spraying. That calculation also should consider drippings between 

starting and stopping the process which actually has been neglected. That is why when we 

consider all these parameters, spraying flow rate cannot be known precisely via gravity feed. 

Utilizing syringe pump feed spray, optimization has been done. Table 16 shows optimization and 

final protocol for spraying procedure. 

 
 

SYRINGE FEED SPRAY COATING OF ORGACON™ 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 

FEED METHOD SYRINGE SYRINGE SYRINGE SYRINGE SYRINGE 

NEEDLE OPENING 3 FULL TURN 2 FULL TURN 2 FULL TURN 1 FULL TURN 2 FULL TURN 

FLOW RATE (ul/s) 4.5 4.5 4.5 4.5 4.5 

FEED RATE (cm/s) 2.17 2.17 2.17 2.17 2.17 

DISTANCE (inch) 
Nozzle-substrate 

3.5 3.5 3.5 3.5 3.5 

ANNEALING T. 
(celcius – C ) 

115 115 120 120 115 

ANNEALING EQUIP. OVEN OVEN OVEN OVEN OVEN 

AIR PRESSURE (psi) 10 5 -6 5-6 5-6 5-6 

SPRAYING RUNS 
(times) 

16 20 18 18 20 

ANNEALING TIME 
(min) 

5 4 4 3 10 10 10 10 10 10 

Table 16 Syringe pump feed spray Orgacon™ optimization I 
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Figure 4.14 Sprayed 5 strips and conductivity testing sections 

 As seen on Figure 4.14, “sample 1” has a very transparent look and also good 

conductivity. If annealing time, visual appearance, and conductivity are considered, “sample 1” 

seems to be the most promising sample. Reducing gas flow pressure will eliminate excess 

material on the edge of the sprayed path as well. Therefore working protocol pressure is between 

8 and 10 psi for 3.5" distance. 

 

 RESISTANCE (kΩ) 
EQUIPMENT USED 4 POINT PROBE STATION 

RUN NUMBER 1 2 3 4 5 

SECTION 1 
(First Hit) 

0.26 4-8 0.4 0.25 0.30 0.26 0.32 0.28 0.45-0.34 0.36-0.31 

SECTION 2 
(Mid-Range) 

0.2 4-8 0.4 0.28 0.31 0.26 0.32 0.28 0.3 0.29 

SECTION 3 
(End) 

0.26 4 - 8 0.4 0.28 0.31 0.25 0.32 0.28 0.40-0.36 0.28-0.24 

Table 17 Syringe pump feed Orgacon™ optimization II 
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 Table 17 shows that spraying protocol is capable of reaching almost the same results as 

spin coating procedure does. With this protocol, it is available to achieve even conductivity along 

the strip. Figure 4.15 shows plotted comparison of spin and spray coating. 

 

 

Figure 4.15 Spray coating vs spin coating resistance values 

4.3 PHOTOACTIVE LAYER SCALING-UP & OPTIMIZATION  

In this section, we discuss in detail the optimization of the PV layer. It is very important 

to have a uniform layer through the sample to collect electrons and holes that are excited by 

photons. In order to do so, spray deposition of photoactive material has to be optimized.  

4.3.1 Optimization of Photoactive Material Spraying Chamber 

 Initially, almost the same set up is used for photoactive material spraying chamber as 

Orgacon™ set up. After a few trials, scanning speed of the airbrush over substrate is increased. 

That increase in the speed also required an increase in the flow rate of the photoactive material as 

well. Increased flow rate resulted in a decrease on photoactive material usage compared to 

slower feed rate and deposition of photoactive material in lesser time. Also P3HT:PCBM is 

highly degradable, that is another reason speed has been increased to avoid contact with air and 

light during deposition.  
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SYRINGE FEED SPRAY COATING OF P3HT:PCBM 

RUN 1 RUN 2 RUN 3 RUN 4 RUN 5 

FEED METHOD SYRINGE SYRINGE SYRINGE SYRINGE SYRINGE 

NEEDLE OPENING 3 FULL TURN 2 FULL TURN 2 FULL TURN 2.6 TURN 2.6 TURN 

FLOW RATE (ul/s) 4.5 9 9 9 9 

FEED RATE (cm/s) 2.17 10 12 13.2 13.2 

DISTANCE (inch) 
Nozzle-substrate 

3 3 3 3 3 

ANNEALING T. 
(Celsius – ˚C ) 

110 110 110 110 110 

ANNEALING EQUIP. OVEN OVEN OVEN OVEN OVEN 

AIR PRESSURE (psi) 10 8 8 8 8 

SPRAYING RUNS 
(times) 

16 8 8 10 10 

ANNEALING TIME 
(hours) 

12 12 12 12 12 

Table 18 Syringe pump feed spray photoactive material optimization 

 Table 18 shows the optimization steps of the spraying chamber. First we started with 

Orgacon™ settings. Photoactive material deposition was not good enough with that speed. There 

was not enough material coming out of the nozzle. Flow rate is increased and according to that 

speed of the airbrush is increased as well. First initial speed was not fast enough, which resulted 

in material waste due to excess deposition. Speed is increased a little more and also needle 

opening at the tip is increased as well because material start dripping because of too much 

pressure in the material tubing. By increasing the needle opening at the tip, dripping has stopped 

at the material inlet of the airbrush. Finally keeping speed and flow rate constant and spraying 

runs are changed. After all this optimizations working protocol is “Run5”. 

4.3.2 Experimental Results 

 Following experiments have been done using the final protocol which is “run5” for 

photoactive material and “Run1” for Orgacon™ deposition chamber.  

 During this experiment, 2 control chips are fabricated in cleanroom environment with 

spin coating method. 16 chips are produced by spraying method as well. 8 of them have 3D 

features and 8 of them are 2D chips. 4 of the first 3D chips are sprayed by hand and the rest is 
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sprayed by machine. 4 of the first 2D chips are sprayed by hand and the rest is sprayed by 

machine. Table 19 clearly shows chip types, and deposition method. 

 

2D 3D 

Machine 

Sprayed 

Hand 

Sprayed 

Machine 

Sprayed 

Hand 

Sprayed 

1M 1H 1M 1H 

2M 2H 2M 2H 

3M 3H 3M 3H 

4M 4H 4M 4H 

Table 19 Organization of cell during spraying process 

 After hot stamping and cleaning procedure, first Orgacon™ deposition has been made. It 

is important to have a good deposition since this layer will be collecting the holes. 

 

 

ORGACON™ 

CONDUCTIVITY (Ω) 
IMAGE 

 
TOP BOTTOM ACROSS  

3D 

CONTROL 

210 200 225 

 
    

2D 

CONTROL 
140 140 140 

 
Table 20 Control chips Orgacon™ characterization 

 Table 20 shows image of the control chips and their conductivity characterization. Across 

conductivity measurement means, basically the conductivity readings from top left corner to 

bottom right corner or the other way around.  
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  ORGACON™ CONDUCTIVITY 
(ohm) IMAGE 

  
TOP BOTTOM ACROSS 

3D 

1M 150 100 130 

 

2M 120 130 140 

3M 124 160 140 

4M 144 160 160 

1H 180 140 135 

2H 130 150 135 

3H 160 150 152 

4H 150 135 120 

2D 

1M 125 105 110 

2M 130 125 140 

3M 115 115 110 

4M 120 106 110 

1H 150 115 140 

2H 140 160 150 

3H 160 150 180 

4H 140 120 135 

Table 21 Electrical characterization of Orgacon
TM  

(M: Machine controlled sprayed, H: 

Hand sprayed) 

 As seen in Table 21 sprayed samples have the same or even better conductivity as control 

chips. Two graphs are plotted to see the range of electrical conductivity. Figure 4.16 show a 

machine sprayed Orgacon™ conductivity values.  

 

 

Figure 4.16 Machine sprayed Orgacon™ conductivity across the cell 
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Figure 4.17 Hand sprayed conductivity across the cell 

 After that step next step will be deposition of photoactive material and then annealing. 

First 2D and 3D control chips are deposited with photoactive material via spin coating technique. 

Then all 2D and 3D chips are deposited with photoactive material via spray coating method.  

 

SPIN COATED CONTROL CELLS 

Measurement Fill Factor Efficiency R at Voc R at Isc IMAGE 

REFERENCE CELL 74.67 14.15 0.41 3337 

 

Control 2D 

2012-06-08 13-59-38 
29.00 0.0001 39554 274402 

 

Control 3D 

2012-06-08 13-46-17 
24.33 0 72873 71473 

 

Table 22 Efficiency of control cells 
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 Table 22 shows that control cells have some current flowing through the cells but because 

of the high sheet resistance, efficiency turns out to be a very low number, which is almost zero. 

When reference cell numbers are considered, it is clear that Voc and Isc resistances are quite low 

numbers compared to control cells. Even though efficiency is almost zero, results still prove that, 

spin coating method is working and there is some current producing throughout the organic solar 

cell. Due to current generated, it is clear that photoactive material is able to produce excitons. 

Since Orgacon™ conductivity has proven to be within the desired range, in that case metal layer 

of the cell requires some more investigation and understanding, which will be investigated in 

detail and optimized in the following pages. 

 

MACHINE SPRAYED 3D SAMPLES 

Measurement Fill Factor Efficiency R at Voc R at Isc IMAGE 

REFERENCE CELL 74.67 14.15 0.41 3337 

 

3D   1M 

2012-06-08 14-24-39 
24.64 0 159436 162882 

 

3D   2M 

2012-06-08 17-24-09 
10.84 0.0004 236959 22053 

 

3D   3M 

2012-06-08 14-35-20 
20.93 0.0001 216743 175444 

 

3D   4M 

2012-06-08 17-34-51 
11.54 0.0007 87213 7354 

 

Table 23 Efficiency of machine sprayed 3D cells 
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 It is clearly shown on Table 23, machine sprayed 3D cells also have current generated 

and the same issue has seen on these samples as well, which indicates that the photoactive 

material deposition is successful. 

  

MACHINE SPRAYED 2D SAMPLES 

Measurement Fill Factor Efficiency R at Voc R at Isc IMAGE 

REFERENCE CELL 74.67 14.15 0.41 3337 

 

2D   1M 

2012-06-08 16-04-08 
33.64 0.0001 191931 283373 

 

2D   2M 

2012-06-08 17-46-56 
12.99 0.0004 161550 29198 

 

2D   3M 

2012-06-08 15-46-16 
29.85 0.0001 134278 587326 

 

2D   4M 

2012-06-08 17-56-58 
11.67 0.0003 314666 38992 

 

Table 24 Efficiency of machine sprayed 2D cells 

 Table 24 has the same results as Table 23, which also proves that photoactive material 

deposition is successful and current is being generated throughout the cells. However, due to the 

high sheet resistance, efficiency cannot be carried out.  

 

 The same flow rate and photoactive material concentration has been used for next batch 

of samples. This time the photoactive material deposition has been done by hand instead of 
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machine controlled system. Rest of the procedure such as annealing the pv material deposition is 

the same. 

 

HAND SPRAYED 2D SAMPLES 

Measurement Fill Factor Efficiency R at Voc R at Isc IMAGE 

REFERENCE CELL 74.6714 14.1519 0.415225 3337.79  

2D   1H 

2012-06-08 16-18-00 
27.59 0.0001 129456 550007 

 

2D   2H 

2012-06-08 18-19-19 
13.96 0.0001 959236 179178 

 

2D   3H 

2012-06-08 16-31-52 
NaN NaN 25820 26061 

 

2D   4H 

2012-06-08 18-11-36 
13.89 0.0001 1343854 222541 

 

Table 25 Efficiency of hand sprayed 2D cells 

 Samples on Table 25 are hand sprayed samples and belong to the same batch that has 

been sprayed via machine procedure. Photoactive material is exactly the same concentration. I 

would like to take attention to resistance on these samples as well. Due to high resistance the 

current that being producing cannot be carry out. That is why the efficiency is significantly low. 

But that also shows us that photoactive deposition is still successful. When we compare both 

machine and hand sprayed samples, machine sprayed samples have higher efficiency relative to 

hand sprayed samples. That proves the deposition made by machine sprayed is even and better 

along the samples. The same conclusion can be made for 3D hand sprayed samples which is 

shown on Table 26. 
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HAND SPRAYED 3D SAMPLES 

Measurement Fill Factor Efficiency R at Voc R at Isc IMAGE 

REFERENCE CELL 74.67 14.15 0.41 3337.79  

3D   1H 

2012-06-08 16-42-01 
22.11 0 723069 663604 

 

3D   2H 

2012-06-08 17-13-10 
12.92 0.0002 544848 78428 

 

3D   3H 

2012-06-08 16-52-24 
26.60 0 741286 8576426 

 

3D   4H 

2012-06-08 17-04-03 
NaN NaN 2202 2202 

 

Table 26 Efficiency of hand sprayed 3D cells 

 Table 26 clearly shows that hand spraying is not a reliable and right procedure compared 

to machine sprayed samples results. When a sample can give some number, the other one cannot 

produce any current. To better understand the quality of these 2 methods, Error! Reference 

ource not found. and Error! Reference source not found. are plotted. Figure 4.18 is showing 

efficiency of machine sprayed samples. It can be seen that machine sprayed samples have better 

efficiency compared to hand sprayed samples.  
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Figure 4.18 Machine sprayed 3D and 2D samples efficiency comparison 

 Figure 4.19 is plotted for hand sprayed samples. As seen below, 4 samples out of 8 hand-

sprayed samples either don’t have any efficiency or “0” efficiency, which means it is so small 

that software gives that value. 

 

 

Figure 4.19 Hand sprayed 3D and 2D samples efficiency comparison 
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Figure 4.20 3D and 2D control cells with metallization layer 

 After comparison of all this samples, it is found that metallization layer needs further 

investigation and experiment results. In this next experiment, samples are fabricated by 

following exact fabrication procedure and with metal layer architecture. Right after first testing, 

metal layer architecture is decided to change. Initially whole surface is deposited with metal 

(aluminum) everywhere, then cells are partially cut into 2 pieces to divide metal layer. In both 

situations, testing is done via solar simulator. Efficiency has seen to go higher values even after 

exposing the cell 3 or 4 times in a row. It is important to consider that photoactive material is 

sensitive to UV light which kills the cell efficiency. So if initial characterization was done with 

divided metal layer architecture, in that case efficiency results would be higher than what is read 

after exposing cells to UV light 2-3 times during this experiment.   

 

 Table 27 shows electrical conductivity of sprayed Orgacon™ layer. This stage is done 

exactly the same way as previous experiment.  

 

 ORGACON™ CONDUCTIVITY (ohm) 

2
D

 C
EL

LS
 

 TOP BOTTOM ACROSS 

1M 100 120 130 

2M 150 170 170 

3M 170 165 180 

4M 140 130 120 

2H 190 160 200 

4H 190 190 210 

Table 27 Electrical characterization of Orgacon™ 
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 Table 28 shows change in the metal layer architecture and its effects on efficiency 

change. When the metal layer divided into 2, resistance of the cathode (metal layer) decreases 

significantly. Due to the decrease in resistance, current being generated through the cell is more 

available to collect which shows an increase in the overall efficiency.  

 

Measurement Fill Factor Efficiency R at Voc R at Isc Metal layer IMAGE 

reference cell 

2012-06-14 

21-55-07 

74.34 14.00 0.44 681 
 

 
2H 

2012-06-14 

23-24-38 

67.87 3.91 4.55 2578 

Metal layer 

divided into 2 

 

2H 

2012-06-14 

23-25-04 

83.05 3.62 3.30 1279 

4M 

2012-06-14 

22-49-10 

34.12 3.42 6.26 14 

Metal layer 

divided into 2 

 

4M 

2012-06-14 

22-49-38 

31.10 2.57 7.66 50 

1M 

2012-06-14 

22-13-23 

23.12 1.50 8.4 5.74 

Metal layer 

divided into 2 

 

1M 

2012-06-14 

22-13-56 

24.24 1.67 7.44 5.31 

4H 

2012-06-14 

23-41-04 

12.97 0.0003 100595 13605 

whole surface 

covered by 

metal layer 

 

4H AFTER 

CUT 

2012-06-14 

23-44-16 

138.65 0.34 106 3535 

Metal layer 

divided into 2 

 

4H AFTER 

CUT 

2012-06-14 

23-46-07 

16.90 0.48 1174 2164 

4H AFTER 

CUT 

2012-06-14 

23-47-15 

19.65 0.86 632 927.11 

4H AFTER 10.52 0.80 1587 1574 
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CUT 

2012-06-14 

23-47-35 

3M 
2012-06-14 

23-03-57 
11.26 0.0014 14117 2560 

whole surface 

covered by 

metal layer 

 

3M AFTER CUT 
2012-06-14 

23-10-01 
137 0.50 0.96 484 

Metal layer 

divided into 2 

 
Table 28 Metal layer architecture change and effect on efficiency 

4.4 METALLIZATION SCALING-UP & BUS-BAR DESIGN & OPTIMIZATION  

 In this section, we discuss in detail the design of bus-bars and scale up architecture. 

4.4.1 Bosphorus & Marmara Design 

 Next step is to increase the length of the cell and scaling up the organic cell size. In order 

to do so, 2 designs have been considered. Each of them has a specific name (i.e. Marmara & 

Bosphorus are name of the two seas near Istanbul, Turkey) and a specific connection between 

each small cell. Next sections will talk about this 2 architecture and their design. 

4.4.1.1 MARMARA DESIGN 

 Marmara design is the first initial concept that is suggesting each individual small cell to 

connect in series along each strip. Then each strip connects to each other through a parallel 

connection via using bus-bars as seen on Figure 4.21.  
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Figure 4.21 Marmara design and bus-bar architecture 

 Figure 4.22 shows a side view of three layer deposition on each other. What are shown in 

the picture actually 3 masking layers for each material deposition process. The blue layer 

represents Orgacon™ layer (anodic layer) and red layer represents photoactive material. 

 

 

Figure 4.22 Side view of masking order and dimension of Marmara design 

 As seen on Figure 4.22, photoactive layer is slightly off-set in order to have access to 

Orgacon™ layer at each cell. Third layer represents cathode which is metal layer. To increase the 

transparency cathode layer is slightly off-set as well. On the other hand to increase the active 
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area so that efficiency as well, it could cover more space on photoactive material. But in this 

case, design requires very precise manufacturing tools, preferably at micro level.  

 Basically the first three layer group is one organic solar cell. To connect each individual 

cell, first cell’s cathode layer (metal layer) is connecting to second cell’s anodic layer 

(Orgacon™ layer). This makes the serial connection through the strip. In this design we were 

able to fit 4 small cells. However with more advanced techniques and manufacturing tools, the 

same design can fit more cells along the strip.  

 It is important to remember that, at San Diego State University machine shop, due to 

limited machinery availability, 4" long strips were able to make. In case of using a hot roll, or 

similar machinery, it can be possible to have longer strips which will allow more space to fit 

individual cells. 

 

Figure 4.23 Marmara design mask 

 Figure 4.23 shows Marmara design mask. Right two columns are cleaned from sealing 

material that has been applied in the back of the mask, which is applied to avoid material sipping 

underneath the mask to neighbor cells. Left three columns are not cleaned and there is some 

excess sealant material exists. After cleaning of this sealant, mask is ready to use. The same 

mask can be seen on Table 21 as well.  

4.4.1.2 BOSPHORUS DESIGN 

 Bosphorus design is the second concept which is slightly easier to fabricate compare to 

Marmara design which is explained in previous section. In this design all 4" long strip is covered 

with Orgacon™ (anodic) layer, then photoactive layer which is second layer is deposited. Finally 
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the metallization layer is deposited. Previous experiments showed that overall efficiency is 

significantly increasing when the metallization layer is divided in to pieces. Therefore, in that 

design metallization layer decided to have 4 metal strips instead only 2 metal strips. Also it is 

possible to increase number of metallization strips and collect electrons locally and more 

efficiently. Due to fabrication limitations and also to understand the concept better, initially 4 

strips design is fabricated as individual strips. That fabrication and results will be discussed in 

details in next pages.    

 

 

Figure 4.24 Bosphorus design material deposition mask 

 As seen on Figure 4.24 Bosphorus design material deposition mask, the picture on the left 

is initial placement for deposition of Orgacon™ material. After Orgacon™ is deposited and 

annealed, mask is moved forward to sit on second pin holes (right figure), therefore after 

photoactive material is deposited, Orgacon™ access will be available.  
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Figure 4.25 Bosphorus design and bus-bar architecture 

 Above Figure 4.25 shows the Bosphorus design. To deposit each layer via using airbrush, 

individual masks are needed. For the first Orgacon™ and photoactive material layers, the same 

mask is used. For the metal layer another mask is printed via using prototyping machine at San 

Diego State University machine shop. Especially for the metallization layer, the thickness of the 

mask is very important. During metal evaporation process, it is more available to deposit 

evaporated metal on desired areas, if the thickness of the mask is smaller. Basically the thinner 

the mask is better. It is available to print an 880 µm thick mask with 3D prototyping machine at 

San Diego State University machine shop. On the other hand best results are achieved via a mask 

that has been cut by hand from PET material, which is180 µm thick. 

 

 

Figure 4.26 Metallization masks (White one is prototype product 880 µm thick, bright one 

is hand crafted PET, 180 µm thick) 
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 Experimental results on Bosphorus design metallization and some of the cell images are 

interesting. In this experiment, the same material concentration and the same techniques are 

used. The only difference this time is the metallization mask design.  

 

 3 different strips are fabricated. Due to offsetting the masks during material deposition, 

3" long 3 cells are made. Last strip due to bad metallization is cut to 1" long size and then tested.  

As seen on Table 29, 2 out of 3, 3" long strips are giving efficiencies of around 1%. Last sample 

is able to give an efficiency of 1.5. Moreover it is important to consider that, during 

characterization process Orgacon™ connection should be a solid connection as well. However 

Orgacon™ layer is very sensitive and fragile that can easily be scratched during testing by 

alligator testing clips. As an example on Table 29, “strip 2” has 0.96 and also 0.24 efficiencies. 

The reason to that is not having a solid connection to Orgacon™ or as well as metal layer during 

testing. To minimize the error due to bad connection at anode layer, a multimeter is utilized to 

screen Orgacon™ conductivity at the clips that are connected to anode layer. 
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Measurement Area (cm2) Fill Factor Efficiency I-V Curve Image 

strip 1 
3" long 

2012-06-29 15-20-16 
3 78.932 1.02 

 

 
 

strip 1 
3" long 

2012-06-29 15-22-35 
3 41.4 0.83 

 

strip 2 
3" long 

2012-06-29 15-25-38 
2.4 58.4 0.96 

 

 

 

strip 2 
3" long 

2012-06-29 15-26-19 
2.4 39.6 0.24 

 

strip 3 
1" long 

mid lines 
2012-06-29 12-23-57 

1 20.6 1.53 

 

 

strip 3 
1" long 

mid lines 
2012-06-29 12-24-20 

1 22.25 1.56 

 

Table 29 Metallization design change and effect on overall efficiency 

 Eventually final step is to connect all little individual cells to create a bigger panel, which 

will create electric. Below Figure 4.27 shows a big 3D flexible organic solar panel. That big 

panel is consisted of 4, 4"x6" individually fabricated panels. Each panel is connected via bus-bar 

connection. Due to fabrication limitation, this big panel is not capable of producing current as 

much as each cell that is shown on Table 29. Although this panel is tested under sun light and 

micro amp numbers has seen and recorded on video. That proves there is a conductive path 

throughout the panel. Basically with better machinery and fabrication facilities, it is possible to 

fabricate working big panels by utilizing airbrush method. 
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Figure 4.27 16"x6" big solar panel and 2 individual cells 

 

4.4.2 Metallization Methods 

 Research showed that the metallization design is a crucial parameter in gaining a higher 

overall efficiency. The metallization method and the thickness of metal applied are parameters 

that directly affect the overall efficiency. In this section we will talk about evaporation and 

sputtering method, and thickness of the deposited metal layer.  

 Experiments showed that samples with evaporated metal layer have higher efficiencies 

compared to sputtered ones. Due to evaporation chamber’s model and set up, it is not possible to 

control evaporated metal the thickness during metallization.  

 On the other hand with sputtering machine it is highly and precisely available to control 

the thickness of the metallization layer. Table 30 shows the thickness and the resistance values 

for each thickness.  
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Method Metal Distance (inch) Thickness (nm)  Resistance (ohm)  

Sp
u

tt
er

in
g 

A
lu

m
in

u
m

 

1.5 20 20 

1.5 25 17 

1.5 30 12 

1.5 35 10~12 

1.5 45 7~8 

1.5 60 4~ 5 

Table 30 Sputtering thickness and resistance 

 Desired resistance for metal layer is as low as 0.1Ω. Table 30 clearly shows that within 

the thickness range of 4~5 Ω, it is not possible to reach higher efficiency numbers. Reference 

cell on the cathode layer has a resistance of approximately 0.4Ω. Therefore evaporation chamber 

is giving higher numbers, which has thicker material and better conductivity. Due to machinery 

limitation, material thickness that is deposited via evaporation chamber is not available.  
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CHAPTER 5 

5 CONCLUSION  

This research investigates the implementation and optimization of the first scaled-up 

prototyping system for fabrication of scaled-up new generation of 3D flexible organic solar cell. 

The outcomes of the research have been summarized below: 

 

1. In order to fabricate micro-pillars on a larger scale substrate, a hot stamping procedure 

has been optimized and replaced at the San Diego State University machine shop. This 

process replaces a photolithography procedure that takes place in an expensive and time 

consuming clean-room environment. Therefore fabrication time significantly cut down by 

introducing this procedure. This stamping procedure also replaces fragile SU-8 pillars 

with PET micro pillars that are extruded from substrate itself.   

 

2. The Scaled-up fabrication procedure was repeated several times to nail it down to obtain 

working 3D organic solar cell on a larger scale. As a result, an optimized protocol has 

been developed for the first scaled-up prototyping system for fabricating new generation 

of 3D flexible organic solar cell for each layer. This optimization involves such as air-

brush replacement, inert gas implementation, upgrading conveyor system, designing and 

fabricating special masking for anode and pv material deposition, introducing syringe 

pump for controlled material flow rate. 

 

3. It is clear that the efficiency of 3D organic solar cell is directly related to deposition 

quality of each layer and the design. Orgacon (anodic) layer deposition is optimized in 

order to achieve resistance within the range of 200 Ω so that sheet resistance would be 

smaller. Photo active layer deposition is also optimized in order to absorb photons and 

collect electrons and holes. It is also proven that the metallization layer design has a 

significant effect on the resistance. This resistance is directly correlated with the overall 

efficiency of the 3D organic solar cell. 
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4. A novel architecture has been proposed for metallization layer in order to reduce bulk 

resistance and increase efficiency of the 3D organic solar cell. In this design, strips of 

metal layers are proposed instead of covering whole layer with metal material. 

Experimental results also shown that metal thickness has effect on cathode layer 

resistance.  

 

5. Bus-bar connection is introduced and utilized in order to ease the access to cathode and 

anode layer for the first time.  
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