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ABSTRACT OF THE THESIS 

Geometric Characterization and Optimization of 3D Organic 
Flexible Solar Cells 

by 
Ashish K. Gaikwad 

Master of Science in Mechanical Engineering 
San Diego State University, 2011 

 
 This study investigates the 3D active surface area of flexible organic solar cells, 
micro-fabricated using novel microfabrication procedures. A fully functional 3D organic 
solar cell is first micro-fabricated using negative photolithography procedure followed by the 
deposition of orgacon, P3HT:PCBM and aluminum layers. We then characterize the 3D solar 
cell in terms of the total available surface area, and workable efficiency. Moreover, the 
dependence of spacing between the adjacent micro-pillars on surface area and efficiency of 
the 3D organic solar cell is further analyzed. Novel photolithography procedures have been 
designed to achieve micro-pillars with varying aspect ratios, with spacing as low as 10µm 
between the adjacent pillars.  
 Keywords: Photolithography, Aspect Ratio, I-V Characterization, Thermal 
Evaporation, Solar Cell Efficiency, Fill Factor,  Active Surface Area. 
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CHAPTER 1 

INTRODUCTION 

 Organic solar cell research has seen rapid advancement in the past few years owing to 

increasing scientific and economic interest, and the increase in power conversion efficiencies 

(~ 3%). This has been made possible by the introduction of new materials, improved 

engineering methods for materials, and more sophisticated equipment, discussed later in this 

thesis [1]. In addition, cheaper manufacturing procedures, based on roll-to-roll processes, 

have led to the development of organic photovoltaic devices in a dynamic way. The organic 

solar cell industry has profited from the development of organic light emitting diodes based 

on similar technologies, which have been recently introduced into the market.  In general, the 

standard form of an organic photovoltaic cell is based on sandwiching a thin semiconducting 

organic layer between two conducting layers having different work functions [1]. See Figure 

1.1. Gold and ITO are the higher work function conductors, whereas aluminum or calcium 

are the low work function conductors.  

 
Figure 1.1. Introduction of 3D organic solar 
cell (SEM image). 

 At present, inorganic solar cells based on silicon semiconductors have found market 

for small scale devices such as solar panels, pocket calculators and water pumps due to their 

relatively higher power conversion efficiencies of ~24%. See Figure 1.2. 
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Figure 1.2. Monocrystalline silicon-based 
solar panels. 

 However, the production of these cells requires many energy intensive processes at 

higher temperatures of 400-1400°C, and high vacuum conditions with relatively costlier 

manufacturing process. In comparison, organic solar cells require simpler processing at much 

lower temperature of around 20-200°C. Another alternative is the use of semiconducting 

polymers electronic properties of conventional semiconductors with the mechanical 

properties of polymeric (plastic) materials [2]. These can be manufactured on flexible 

substrates using simple and comparatively cheaper material deposition methods at room 

temperature. The advantage of polymeric photovoltaic cells in comparison to electrochemical 

cells is the absence of a liquid electrolyte which causes sealing against air, and the production 

of large area devices on flexible substrates. See Figure 1.3. 

 
Figure 1.3. Polymer solar cells. 
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 In conventional inorganic solar cells, the holes and electrons are generated together in 

the same phase of the material, and the photo-induced chemical potential gradient tends to 

drive them in the same direction [3]. Also, the built-in electric potential of inorganic devices 

brings about the separation and flow of holes and electrons. On the other hand, in organic 

heterojunction devices, excitons dissociate at the interfaces, due to which the holes are 

generated in one phase (donor phase), while the electron is generated in the other phase 

(acceptor phase). As a result, the free carriers are spatially separated in different phases, and 

are driven in opposite directions by the chemical potential gradient. See Figure 1.4 [3]. 

 
Figure 1.4. Illustration of the differences in carrier generation 
between conventional and organic solar cells. Source: Benanti, 
Travis, and D. Venkataraman. “Organic Solar Cells: An 
Overview Focusing on Active Layer Morphology.” Department 
of Chemistry, University of Massachusetts, 87 (2005): 73-81. 

 Photovoltaic effect involves the formation of an electric current in a material when 

exposed to light. This is different from photoelectric effect in which electrons are released 

from the surface of a material when exposed to light. On the contrary, in photovoltaic effect, 

the electrons are transferred from the valence to the conduction bands within the material, 

which results in a build-up of material between two electrodes [4].  

 A solar cell is a semiconductor device consisting of a p-n junction. Then the p-n 

junction is exposed to sunlight, electrons and holes are created. The electrons move to the n-

region, while the holes move to the p-region, and when the circuit is closed, due to the 
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motion of charges, electricity is produced which flows naturally through the closed circuit 

[5]. See Figure 1.5 [5]. 

 
Figure 1.5. Photovoltaic effect. Source: Sunnywin 
Energy C. C. “Functional Principle of a Solar 
Cell.” Accessed April 21, 2011. http://sunny 
winenergy.com/en/AboutSun_02_en.htm. 

 In case of the proposed 3D organic solar cell, the electrons flow to the Aluminum 

layer and holes move to the Orgacon polymer layer.  

 This research also explains the significance of spacing between adjacent micro-pillars 

on flexible substrates, height of micro-pillars, 3D active surface area characterization of the 

3D organic solar cells, efficiency of the 3D organic solar cells. A fully functional 3D organic 

solar cell is first micro-fabricated using negative photolithography procedure followed by 

deposition of P3HT:PCBM, Orgacon, and Aluminum layers. Aluminum acts as the cathode 

and orgacon is the anode. The solar cell is then characterized in terms of the total available 

surface area, and workable efficiency. Moreover, the dependence of spacing between the 

adjacent micro-pillars on surface area and efficiency of the 3D organic solar cell is further 

analyzed. See Figure 1.6. 

1.1 MOTIVATION FOR RESEARCH 
 3D Flexible Organic Solar Cell constitutes a significant area of research carried out at 

Kassegne’s MEMS Research lab at SDSU. Figure 1.7 illustrates the research work being 

carried out. 
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Figure 1.6. Thin film solar cell. 

 
Figure 1.7. Research road-map. 
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 The organic solar cell research in Kassegne’s MEMS lab is highly dynamic and 

innovative. Since the past 3 years, the lab has been repetitively producing excellent results in 

micro-fabricating 3D organic solar cells on flexible substrates. After analyzing, I realized 

there is plenty of room for further research in the geometric characterization of these organic 

solar cells. Therefore, to take this research one step forward, minimizing the spacing between 

the micro-pillars was my first line of thought, and at the same time, achieving a spacing of as 

low as 10µm seemed challenging. Also, to develop a deeper understanding and to prove, for 

the first time in literature, the role and dependence of surface area on efficiency of 3D 

flexible organic solar cells was the main motivation for my research.  

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 and micro-fabrication procedures of the micro-pillars on flexible 

substrates followed by material deposition to form a fully functional 3D organic solar cell; 

Chapter 4 includes the results obtained for geometric and I-V characterizations of the micro-

fabricated 3D organic solar cells; Chapter 5 presents a detailed discussion on the results; 

Chapter 6 provides the essential conclusions drawn from this research, and future research 

work. 
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CHAPTER 2 

LITERATURE SURVEY 

 As petroleum-based energy prices increase, along with concerns over the 

environment, interest in new sources of natural energy is on the rise. Solar energy, radiant 

light and heat from the sun have been harnessed since ancient times using a range of ever-

evolving technologies. Solar light represents the only inexhaustible source of energy for 

mankind, and is the most important source of hydroelectricity, wind power, biomass and 

wave power. In general, the annual energy input of solar irradiation on earth exceeds the 

world’s annual energy consumption by several thousand times [6]. This means that only a 

miniscule fraction of the available solar energy is used. However, the direct conversion of 

solar energy into electrical energy in photovoltaic cells is one of the most promising 

implementation in present times. See Figure 2.1 

 
Figure 2.1. Solar panels. 

 Figure 2.2 [6] illustrates the efficiency of different photovoltaic solar cell materials 

under sunlight illumination. 

 According to this graph, photovoltaic devices based on polymeric organic compounds 

as active solar cell components, have power conversion efficiencies of only 0.5%. In 

comparison, organic solar cells have made remarkable progress in a relatively short time-

span in terms of efficiency, which in the early 1970s was as low as 10-5%. 
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Figure 2.2. Power conversion efficiencies of solar 
cells. E-single crystalline silicon; P-polycrystalline 
silicon; A-amorphous silicon; O-organic solar cell. 
For each case, both the laboratory (left) and the 
commercial status (right) are shown. Source: 
Wohrle, Dieter, and Dieter Meissner. “Organic 
Solar Cells.” Advanced Materials 3 (1991): 129-132. 

 In the race to renewable energy, organic solar cells are starting to take off. They have 

several advantages like they can be manufactured easily and at a low energy cost. Moreover, 

organic materials have low environmental impact, and since they are compatible with 

flexible substrates they can be used in a variety of applications ranging from packaging, 

clothing, and flexible screens to even charging cell phones and laptops [7]. These organic 

solar cells can also be deposited and coated on flexible substrates like steel and plastic films, 

which make them light and flexible enough to be used in unique and challenging applications 

[8]. See Figure 2.3. In the long term, organic solar cells are believed to enable photovoltaic 

conversion of solar energy. Commercially available organic solar cells have shown a power 

conversion efficiency of less than 3%, and the ability to be the underlying architecture for 

future organic photovoltaic solar cells [9]. 
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Figure 2.3. Flexible organic solar cell. 

2.1 POTENTIAL MARKET 
 According to the global analyst firm, Frost & Sullivan, the market for building 

integrated solar panels based on organic solar cell technology is expected to be worth $430 

million by 2013 [8]. The forecasts suggest that by 2013, the global building integrated 

photovoltaic (BIPV) market will have an installed capacity of 10.5GWp. For this to 

materialize, several cooperative projects, partnerships, and investments between OPV 

developers and suppliers to the construction industry should ensure that the organic solar cell 

technologies based on organic, polymer and dye solar cell chemistries should be able to 

exploit the potential of BIPV in the coming years. 

 According to a report by a leading industry analyst firm, NanoMarkets, the sales of 

materials for both pure organic solar cells (OPV) and hybrid organic/inorganic dye-sensitized 

solar cells (DSC) are estimated to reach around $600 by 2016 [10]. See Figure 2.4 [10]. 

 A worldwide organic and printed electronic industry, OE-A (Organic Electronics 

Association), has designed a road-map to fix time lines for the application and technology of 

organic solar cells, illustrated in Figure 2.5 [11]. 

 According to NanoMarkets, the growth of organic solar cells into the existing and 

future PV market will depend on 4 basic factors: (a) Cost, in $/Wp and $/m2 of product and 

power availability (kWh/Wp/annum); (b) technical and environmental profile; (c) added 

value for consumers and architects; (d) Ease of production at economical scales [10]. Organic 

solar cells have a disadvantage of low conversion efficiency as compared to the inorganic 

semiconductor cells, and they can succeed in markets where their substrate flexibility and 

ability to perform in dim or variable light gives them a competitive advantage [10]. 
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Figure 2.4. Worldwide market for pure and hybrid organic 
solar cells. Source: NanoMarkets. “Organic Photovoltaic 
Markets.” Accessed January 12, 2011. http://www.nanomar 
kets.net/site/search2/af4618170e7928771ed5346fda140b1e/. 

 
Figure 2.5. OE-a roadmap for organic photovoltaics. Source: 
Large-area Organic & Printed Electronics. “Organic 
Photovoltaics Nearing Mass Production.” Accessed January 
15, 2011. http://www.azonano.com/news.aspx?news 
ID=15066. 

2.2 CURRENT RESEARCH WORK 
 Organic photovoltaics is a rapidly emerging solar cell technology based on 

conductive plastic materials like polymers. This field is making steady technical progress as 

many OPV technologies are being developed in industrial and academic research and project-
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based partnerships [7]. Several new researches are coming up and scientists are continuously 

working on improving the quality and throughput of organic solar cells. See Table 2.1 [7]. 

Table 2.1. The Current Research Work going on in Organic Solar Cells 

Name of 
Research 

Researchers Brief Description Image 

New 
Technology 
for 
Manufacturing 
Flexible Solar 
Cells (2007) 

Erten Eser 
(Associate 
Scientist), 
Shannon Fields 
(Research 
Associate); 
Institute of 
Energy 
Conversion 
(IEC), 
Univeristy of 
Delaware 

Solar cells are fabricated by 
depositing copper-indium-
gallium-diselinide (CIGS), 
and are manufactured into 
long sheets using roll-to-roll 
reactors. This provides 
lightweight and flexible 
solar cell panels space and 
military applications. 
Currently, CIGS solar cells 
are the only thin-film 
technology that have 
achieved efficiencies close 
to those of the silicon solar 
cells 

 

 

Electricity 
from a Thin 
Film Organic 
Solar Cell 
(2008) 

Fraunhofer 
Institute for 
Solar Energy 
Systems (ISE), 
Freiburg 

The Fraunhofer experts have 
presented a flexible solar 
module as small as the page 
of a book, by 
interconnecting a poorly 
conductive transparent 
polymer electrode, with a 
highly conductive metal 
layer on the rear side of the 
solar cell.  

 

Dramatically 
Improving the 
Lifetime of 
Organic Solar 
Cells (2008) 

IMEC/IMOME
C, Hasselt 
University 

IMEC has introduced new 
conjugated polymers to 
stabilize the 
nanomorphology of the 
organic solar cells, which 
have shown a life-time 
improvement of a factor of 
10. These cells can 
withstand phase segregation 
unfer prolonged operation, 
which depends on the 
mobility of the organic 
layer.  

 

 

(table continues) 
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Table 2.1. (continued) 

Environmental 
Impact of 
Organic Solar 
Cells (2010) 

Brian landi, 
Annick Anctil, 
Rochester 
Institute of 
technology 

The research team 
calculated the total energy 
consumption and 
environmental impact of 
material collection, 
fabrication and mass 
production of organic solar 
cells through a 
comprehensive life-cycle 
assessment of the 
technology, and suggests 
that solar energy could be a 
central alternative to 
petroleum-based energy 
production.  

 

Quantum Dot 
Polymer 
Hybrids as 
Photoactive 
Material in 
Solar Cells 
(2010) 

Department for 
Microsystems 
Engineering 
(IMTEK) & 
Freiburg 
Research 
Center (FMK) 

Scientists have succeeded in 
developing a method for 
treating the surface of the 
photoactive layer of hybrid 
solar cells which consists of 
a mixture of inorganic 
nanoparticles and an organic 
layer. Researchers have 
used “quantum dots” made 
up of cadmium selenide, and 
this has known to greatly 
improve the efficiency for 
hybrid solar cells.  

 

 

Bio-inspired 
Organic Solar 
Cell (2011) 

US Department 
of Energy, Oak 
Ridge 
Laboratory 

Researchers have 
discovered the potential of 
bacteria in solar cells for 
harvesting low-level light, 
by mimicking the fact that 
an organic solar cell can 
collect sunlight for 
conversion to energy, even 
in low-light conditions [12]. 

 

 

Source: Science Daily. “Renewable Energies: The Promise of Organic Solar Cells.” Accessed February 22, 2011. 
http://www.sciencedaily.com/releases/2009/04/090409151444. Htm. 
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CHAPTER 3 

DESIGN & MICROFABRICATION OF 3D 

ORGANIC PHOTOVOLTAIC CELL 

 This chapter explains the basic design and fabrication of micro-pillars on a flexible 

substrate with different spacing between the pillars using negative photolithography. 

Different materials are then deposited on each developed substrate (with specific spacing 

dimension) based on a newly designed architecture. In this design, these layers are 

PEDOT:PSS  which works as the anode ; P3HT:PCBM which is the Bulk Heterojunction 

material and Aluminum which functions as the cathode. By using Class 100 MEMS Clean-

room facility at San Diego State University, the complete solar cell is fabricated. See Figure 

3.1. In order to provide more surface area for the charge transfer and to have the reflection of 

photons, the micropillars are fabricated. The increase in the absolute surface area is about 

200 percent i.e. 1 time more than the plane surface area of the substrate. 

 
Figure 3.1. Performing microfabrication procedure in SDSU-MEMS cleanroom. 

 The working principle of organic solar cell consists of four steps. Absorption of 

incident photons is the initial step and depends on the macroscopic surface property. The 

next step involves the formation of electron-hole pairs, which is determined by the band 
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structure of the material. In the next step, pairs are separated, which is determined by the 

distribution of the charge inside the cell. Lastly, the generated charge is collected at the 

electrodes, which in this case are orgacon (anode) and aluminum (cathode) layers. 

3.1 WORKING OF SOLAR CELL 
 This section explains the steps involved in the operation of an organic solar cell, as 

well as the various macroscopic factors like short-circuit ISC, open circuit voltage VOC, fill 

factor, and resistance. See Figure 3.2 [13]. 

 
Figure 3.2. Working principle of organic solar cell. Source: 
Kietzke, Thomas. “Recent Advances in Organic Solar Cells.” 
Advances in OptoElectronics 2007 (2007): 1-10. 

3.1.1 Exciton Generation 
 Light falling on an organic solar cell consists of photons, whose energy Eg equals the 

difference in the energies of lowest unoccupied molecular orbital (LUMO) and the highest 

unoccupied molecular orbital (HUMO) [14]. Due to this, an electron in the valence band gets 

excited and jumps to the conducting band, leaving a hole in the valence band. This electron-

hole pair is called an exciton. An efficient solar cell should have a wide absorption spectrum, 

so as to create as many excitons as possible. See Figure 3.3. 
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Figure 3.3. Illustration of single and 
multiple exciton generation. 

3.1.2 Exciton Separation 
 This step differentiates the different kinds of solar cell materials, ranging from 

semiconductors, dye-sensitized materials to organic polymers. Organic polymeric materials 

have very low dielectric constants, which shifts the absorption spectrum to longer 

wavelengths, but makes it difficult to separate the excitons. For the separation of excitons, 

the electric field should lie within their diffusion range, < 20nm. See Figure 3.4. 

 
Figure 3.4. Exciton creation; 2. Electron transfer. 

 When two dissimilar layers are in contact a heterojunction is formed, which has 

properties like super-injection which increases the number of carriers, and window effect 

which prevents photon absorption at surface defects. Heterojunction structures consist of a 

bilayer of a donor and an acceptor, and the exciton is separated when the charge carrier 
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moves from the LUMO of a donor to the LUMO of an acceptor. However, this is inefficient 

for the solar cell on the whole, due to a short diffusion range [15]. This has been resolved by 

the introduction of a bulk junction structure in place of a bilayer so as to increase the surface 

area between the donor and the acceptor. In bulk heterojunction materials, there is a lower 

driving force from the polymer to acceptor, as compared to a bilayer where charge layers are 

built. Bulk heterojunction materials therefore help to increase the percentage of exciton 

separation, in terms of charge mobility and collection efficiency [16]. See Figure 3.5. 

 
Figure 3.5. Organic solar cell. 

3.1.3 Exciton Collection 
 This can be done by decreasing the surface resistivity, using inorganic materials like 

PCBM, which are characterized by a higher hole mobility [17]. However, a more efficient 

charge collection involves the use of thin films of partially oxidized carbon nanotubes which 

facilitate hole extraction [18]. 

3.2 NEGATIVE PHOTORESIST  
 The micro-fabrication procedure is based on negative photolithography using 

negative photoresists, SU-8(10) and SU-8(100). See Figure 3.6. SU-8 has a U.V. maximum 

absorption at a wavelength of 365nm, and SU-8 is highly transparent in the ultraviolet region 

which enables processing of thick films of up to 2mm. When exposed to U.V. light, cross- 
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Figure 3.6. Negative photoresist pillars. 

linking occurs between the SU-8 molecular chains through formation of a strong acid during 

the exposure process, followed by the acid-initiated epoxy cross-linking, which usually 

occurs in the post-baking step [12]. SU-8 is an epoxy-based photoresist originally designed 

by IBM in 1989 for micro-electronic applications. The SU-8 resin consists of 8 epoxy groups 

per molecule, and this gives the polymer a relatively high functionality [19, 20]. See Figure 

3.7. 

 
Figure 3.7. SU-8 molecular structure. 

 SU-8 has several advantages in comparison to positive photoresists. Firstly, it has the 

ability to pattern high aspect ratio (>20) which provides the 3D structure with a greater 

thickness (~90µm) for a feature with a very small spacing (~10µm) between adjacent 

electrodes [21]. Secondly, SU-8 demonstrates better adhesion to silicon substrates as 

compared to other photoresists [22]. Thirdly, after U.V. exposure and development, the 

highly cross-linked structure of SU-8 gives it high resistance to radiation and chemical 
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damage. Also, cured cross-linked SU-8 shows very low levels of out-gassing under vacuum 

[23]. Fourthly, SU-8 has a relatively higher temperature resistance as compared to positive 

photoresists [24].  

3.3 PHOTOACTIVE MATERIAL 
 The performance of organic solar cells, based on the P3HT:PCBM blend, is strongly 

influenced by blend composition and thermal annealing conditions. Moreover, X-ray 

diffraction and transmission electron microscopy diffraction measurements show that the 

ordering of P3HT plays an important role in enhancing the PV performance, because the 

natural tendency of P3HT to crystallize is destroyed by the addition of PCBM. Moreover, 

annealing is known to improve the crystallinity, which explains the observed spectral 

broadening and high mobility of holes in P3HT [25]. The annealing step is therefore 

important in fabrication process to improve the device performance.  

 The poly-(3-hexylthiophene) (P3HT) and 6,6-phenyl butyric acid methylester 

(PCBM) blend is the most efficient fullerene derivative based donor-acceptor co-polymer for 

organic solar cells. P3HT:PCBM has reported an efficiency of 5%, which is unusual in 

organic solar cell materials [26]. PCBM is a fullerene derivative and because of its high hole 

mobility, it plays the role of electronic acceptor in solar cells. P3HT belongs to the 

polythiophene family, which is a kind of conducting polymer. It is the excitation of the π-

electron in P3HT which gives the photovoltaic effect in the blend [27]. See Figure 3.8. 

 
Figure 3.8. Photoactive material deposited on 3D micropillars. 

 Organic polymers have a wider band gap as compared to semiconductors, and thus an 

efficient absorption close to UV level. See Figure 3.9 [25]. Likewise, the band gap of 

P3HT:PCBM is approximately 1.8-2 eV, and so the absorption wavelength is around 700nm 

[14]. Moreover, the band gap of organic materials can also be altered without any change in  
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Figure 3.9. Chemical structure of P3HT and PCBM. 
Source: Vanlaeke, P., A. Swinnen, I. Haeldermans, 
G. Vanhoyland, T. Aernouts, D. Cheyns, C. Deibel, J. 
D’haen, P. Heremans, J. Poortmans, and J. V. 
Manca. “P3HT/PCBM Bulk Heterojunction Solar 
Cells: Relation between Morphology and Electro-
Optical Characteristics.” Solar Energy Materials and 
Solar Cells 90, no. 14 (2006): 3-6. 

the chemical constituencies. Also, changing the ratio of P3HT: PCBM blend can further 

change the band gap. Like other bulk heterojunction materials, P3HT: PCBM blend also has 

the unique feature of broader DA interface. See Figure 3.10 [25]. 

 The sun’s maximum photon flux lies in the range of 600-650 nm, and ideally, for an 

efficient solar cell, this range should be covered. Due to this, P3HT has attracted attention as 

a donor material because of its absorbance at 650nm and a high hole mobility of around 0.1 

cm2/V-s [25]. Thus, the P3HT:PCBM system has resulted in an improvement in the 

performance of organic solar cells over the extensively studied poly(p-phenylene vinylene) 

PPV (polymer)/ PCBM system. Moreover, power conversion efficiencies of over 3% have 

been reported for P3HT based solar cells. 

3.4 PEDOT-PSS 
 For photovoltaic energy conversion devices, a larger active surface area is necessary 

to compensate for the low energy conversion efficiencies that are a drawback of these 

systems. Several conjugated polymers with heterocyclic structures like polypyrrole, 

polythiophene, polyanaline, polyphenylenes, and poly(p-phenylene vinylene) are being used 

in a number of electronic devices like displays, smart windows, sensors, capacitors, batteries, 

and photovoltaic devices [28, 29]. Among these, poly(3,4-ethylenedioxy) thiophene is one of  
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Figure 3.10. Absorbance spectrum of P3HT film, PCBM 
film, and P3HT: PCBM film. Source: Vanlaeke, P., A. 
Swinnen, I. Haeldermans, G. Vanhoyland, T. Aernouts, D. 
Cheyns, C. Deibel, J. D’haen, P. Heremans, J. Poortmans, 
and J. V. Manca. “P3HT/PCBM Bulk Heterojunction 
Solar Cells: Relation between Morphology and Electro-
Optical Characteristics.” Solar Energy Materials and Solar 
Cells 90, no. 14 (2006): 3-6. 

the most widely studied conducting polymer because of its unique properties like high 

electrical conductivity, almost transparent thin film in the oxidized state and excellent 

stability at room and high temperatures [30]. The commercially available PEDOT-PSS can 

be easily spin-coated which results in a highly transparent and conducting (0.05-10 S/cm) 

polymer film. To use this organic material as the anode in flexible polymeric devices, higher 

values of conductivities are required. For this, electrochemical polymerization involving the 

deposition of this polymer on conducting substrates can be carried out [31].  

 PEDOT is consists of ethylenedioxythiophene (EDOT) monomers, and is insoluble in 

many solvents in the neutral state. To enhance its processesability, polyeletrolyte solution 

(PSS) is added to PEDOT. In this aqueous dispersion, where PEDOT is in its oxidized state, 

each phenyl ring of the PSS monomer has one acidic SO3H (sulfonate) group. This aqueous 

dispersion of PSS in PEDOT is industrially synthesized from the EDOT monomer and PSS 

template polymer using sodium peroxodisulfate as the oxidizing agent [32]. This keeps 

PEDOT in its highly conducting cationic form. The degree of polymerization of PEDOT is a 
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collection of oligomers with length up to ~20 units (repeating). The role of PSS, which has a 

much higher molecular weight, is to act as the counter ion and to keep the PEDOT chain 

segments dispersed in the aqueous medium. The PEDOT: PSS posse’s high processing 

characteristic for thin film, transparent, conducting films [33]. See Figure 3.11 [34]. 

 
Figure 3.11. Left: Top view of the morphology of a thin film of PEDOT:PSS 
particles surrounded by a thin PSS-rich surface layer; PEDOT chains are 
displayed as short bars. Right: chemical structure of the species present in the 
film. Source: Gebeyehu, D., B. Maennig, J. Drechsel, K. Leo, and M. Pfeiffer. 
“Bulk-Heterojunction Photovoltaic Devices Based on Donor/Acceptor Organic 
Small Molecule Blends.” Solar Energy Materials and Solar Cells 79 (2003): 81–
92. 

 PEDOT-PSS is a polymer mixture of two ionomers . One component in this consists 

of sodium polystyrene sulfonate, where a part of the sulfonyl groups are deprotonated and 

carry a negative charge. The other component is PEDOT which is a conjugated polymer 

based on polythiophene, and carries a positive charge. Together, PEDOT-PSS is a 

transparent conducting polymer with high ductility in various applications [34].  

3.5 PHOTOLITHOGRAPHY PROCESS 
 Negative photolithography is used for the generation of 3D micro-pillars on glass, 

silicon and PET substrates. In this process, the photosensitive materials, SU-8, is coated onto 

the substrate, and then baked at a specific temperature so as to harden the coated material. 

This along with a mask aligned on it, is then exposed to UV light. UV penetrates the 

transparent regions on the mask and polymerizes it, and it is blocked by the darker regions of 

the mask, which depolymerize. The depolymerized regions are then washed away using a 

developer, whereas the polymerized regions remain. See Figure 3.12 [35]. 
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Figure 3.12. Principle of negative 
photolithography. Source: MEMS and 
Nanotechnology Clearing house. 
“Lithography.” Accessed March 20, 2011. 
http://www.eehomepage.com/refs.php?By=ME
MS+and+Nanotechnology+ Clearinghouse 

 Negative photoresist SU-8 of grades 10 and 100 are used for this process. According 

to Microchem specifications, SU-8(100) can be used only for spacing up to 100µm. For the 

optimum usage of the available facilities at SDSU MEMS cleanroom, SU-8(100) was diluted 

with 0.3% of photo-initiator so as to increase the UV absorption capacity of SU-8 (100), 

making it less viscous and results in spacing of as low as 50µm. SU-8(10) was used to 

achieve lower spacing of 20 and10µm. See Table 3.1. 

3.6 IMAGING 
 The micro-chips are then viewed under a 3D optical microscope (Hirox) to visualize 

the features. The thicknesses of the feature can be measured using Keyence LT-9000M laser 

measurement system which has a resolution of 0.01. 
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Table 3.1. Negative Photolithography Procedure 
Procedure Details Specifications Image 

Cutting of the 

Substrate 

PET , Silicon, 

Glass 

1.5 cm X 1.5 cm  

Cleaning of the 

Substrate (Step 1) 

Ultrasonic Bath in 

diluted detergent; 

Rinse with DI-

H2O 

10 mins  

Cleaning of the 

Substrate (Step 2) 

Wash with HF 5 ml 

 
Cleaning of the 

Substrate (Step 3) 

IPA-Acetone-IPA 

Blow dry with N2 

gun 

2 times 

 
Dehydration Bake Hotplate 45 mins ; 50°C 

 
Negative Photoresist 

Spin Coating Rate 

Spin Coating Time 

SU-8 (10/100) 

2000 to 3000 RPM 

45s 

3 ml 

Gradually ramp up 

 
Soft Bake Temperature 

Soft Bake Time 

 

Gradual Ramp Down 

65 - 100°C 

15 - 50 mins 

 

Cool down to 

room temperature 

Gradual ramp up 

Divide in equal 

intervals of 5°C 

Gradually on the hot-

plate itself  

(table continues) 
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Table 3.1 (continued) 
UV Exposure Intensity 

UV Exposure Time 

6 - 8.5 mW/cm2 

20s to 40s 

Optimum suction 

 
Post Exposure Bake 

Temperature 

Post Exposure Bake 

Time 

Gradual Ramp Down 

65 - 110°C 

 

25 - 75 mins 

 

Cool down to 

room temperature 

Gradually ramp up 

 

Divide in equal 

intervals of 5°C 

Gradually on the 

hotplate itself 

 

Developer 

Developing Method 

Developing Time 

SU8 Developer 

Manually 

10 sec to 30 sec 

100% Concentration 

Under fume hood 

 
IPA Rinse 

 

Blow Air Dry 

Wash with IPA 

 

Low intensity 

Undeveloped SU8 will 

create a white film; if 

so develop again 

Until chip gets dry 

 

 

 Several trials were performed on silicon and glass substrates in order to nail down the 

negative photolithographic procedure to achieve a spacing of 50µm, and to develop micro-

pillars with this spacing on flexible PET substrates. More than 6 chips were micro-fabricated 

on both silicon and glass substrates each. See Figures 3.13-3.19. 

3.6.1 50µm Micro-Pillars 
 Imaging analysis of a microarray of 50 µm spacing is performed using HIROX 

microscope, images are shown in following Figures 3.13, 3.14 and 3.15. 
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Figure 3.13 Micropillars on silicon substrate. 

 
Figure 3.14. Micropillars on PET substrate. 

 
Figure 3.15. Micropillars on glass substrate. 

 This procedure was repeatedly performed on PET substrates to lower the spacing 

between the adjacent micro-pillars to 10 and 20µm by varying the parameters using SU-

8(10). For 20µm spacing, an average height of 9µm was achieved, while for 10µm a height 

of 8µm was recorded. 

3.6.2 20µm Micro-Pillars 
 Imaging analysis of a microarray of 20 µm spacing is performed using HIROX 

microscope, images are shown in following Figures 3.16 and 3.17. 

 
Figure 3.16. 3D image (X 400). 
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Figure 3.17. 2D image (X 700). 

3.6.3 10µm Micro-Pillars 
 Imaging analysis of a microarray of 20 µm spacing is performed using HIROX 

microscope, images are shown in following Figures 3.18 and 3.19. 

 
Figure 3.18. 3D image (X 400). 

 
Figure 3.19. 2D image (X 700). 

3.7 MATERIAL DEPOSITION 
 Layers of materials are then deposited on the micro-pillars developed. The procedure 

begins with the deposition of OrgaconTM, followed by P3HT:PCBM deposition, and finally a 

layer of Aluminum deposition. The entire procedure is tabulated below. 

3.7.1 OrgaconTM Deposition. 
 See Table 3.2. 
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Table 3.2. OrgaconTM Deposition 
Procedure Details Specifications Image 

Teflon Tape On one side  

 
1st Layer Coating Spin Coat 550 RPM; 45s 

 
1st Layer Baking Hotplate 120°C ; 3 mins 

 
Check conductivity Multi-meter Should be                

0.2 – 1kΩ; if not go 

to next step (chip 

should be transparent 

after each layer) 

 
2nd Layer Coating Spin Coat 350 RPM; 45 sec  

2nd Layer Baking Hotplate 120 degree-C ; 3 

mins 

 

Check conductivity Multi-meter Should be                

0.2 – 1kΩ; if not go 

to next step 

 

3rd Layer Coating Spin Coat 350 RPM; 45 sec  

(table continues) 
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Table 3.2 (continued) 
3rd   Layer Baking Hotplate 120 degree-C ; 3 

mins 

 

Check conductivity Multi-meter Should be                

0.2 – 1kΩ 

 

3.7.2 P3HT:PCBM Deposition 
 Prior to deposition, 0.0255g of P3HT:PCBM and 1.5mL of dichlorobenzene are 

accurately weighed and prepared. The chemicals are then mixed thoroughly in a magnetic 

spinner at high intensity for 12 hours. The mixture is then filtered out using a syringe as 

shown in Figure 3.20. 

 
Figure 3.20. Filtration of P3HT:PCBM. 

 This filtered out material is then deposited as follows. See Table 3.3. 

3.7.3 Aluminum Deposition 
 Aluminum deposition is performed in a thermal evaporator by maintaining vacuum in 

the bell-jar to ensure even deposition of the material layer on the chip. A vacuum below 20 m 

Torr is required for complete evaporation of aluminum, which is kept in a tungsten bucket 

inside the bell-jar. See Figure 3.21. 

 The steps in aluminum deposition are described in Table 3.4.  

 See Figure 3.22. 
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Table 3.3. P3HT:PCBM Deposition 

Procedure Details Parameters Image 

Spin Coating 350 RPM 45 sec 

 
Air drying in closed dark 

container 

2 hours  

Annealing in N2 

environment oven 

12 hours  

 

 
Figure 3.21. Chips loaded onto the stage of the bell-jar of the thermal evaporator. 
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Table 3.4. Aluminum Deposition 

Procedure Details Specifications Image 

Teflon Taping All sides and 

partition 

 

 
Thermal 

Evaporation 

25-30 sec Below 40 amperes 

 
Place in vacuum 

chamber 

10 mins To settle down the 

Al particles 

 

 

 
Figure 3.22. Thermal evaporator machine. 
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3.8 SEM ANALYSIS 
 After material deposition, the chips were viewed under Scanning electron 

microscope, which could not be performed on SU-8 micro-pillars due to lack of conductivity. 

Aluminum is the uppermost layer in a fully developed solar cell, which is conductive and 

therefore enables SEM analysis of the chips. 

3.8.1 20µm Pillars 
 A layer of aluminum can be clearly seen on top of the micro-pillars, as well as on the 

surface of the substrate. See Figure 3.23. 

 
Figure 3.23. SEM image of aluminum deposited on 20µm pillar. 

3.8.2 10µm Pillars 
 These images clearly show a spacing of 10µm between the adjacent micro-pillars. 

After removal of the Teflon tape, the P3HT:PCBM layer gets exposed, which is the bulk 

heterojunction layer, and is illustrated by a slightly darker region on the lower right side of 

the first image below. The upper left lighter region corresponds to the aluminum layer 

deposited on the micro-pillars. 

 The second image below gives a closer view of the micro-pillars with the aluminum 

deposition layer. See Figure 3.24. 

3.9 WIRE BONDING 
 Wire bonding is the conventional method of attaching the solar cell to the solar 

simulator for further testing and IV characterization. Two wires are bonded on the cathode 

and the anode each, and this is carried out on a hot plate at 100°C for 10 minutes. The 

material used for wire bonding is a mix of silver epoxy and epoxy hardener in the ratio of 

1:1. See Figure 3.25. 
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Figure 3.24. SEM image of aluminum deposited on 10µm pillar. 

 
Figure 3.25. Wire bonding.  

 The wire-bonding method is found to be great for getting electrical connections 

between solar cell and testing devices. But, after few trials of packaging is found 

inconvenient for the same. So, we analyzed the need of new design and architecture for ease 

of the packaging of organic solar cell. We developed the new architecture of the Teflon 

taping, to get the solar cell working without having wire bonding. This change in the design 

was a great help to our ongoing organic solar cell packaging research in Kassegne’s MEMS 

Lab, and resulted in a novel architecture described in the subsequent section. See Figure 3.26. 

3.10 NOVEL ARCHITECTURE 
 In this process the main objective of the Teflon taping is to avoid contact between 

Orgacon and Aluminum in order to obtain a working solar cell and prevent any short circuit 

that may occur. See Figures 3.27-3.33. 
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Figure 3.26. Comparison of old and new designs. 

 
Figure 3.27. In this process we start by applying the Teflon tape on one side. 

 
Figure 3.28. Then we deposited orgacon on the chip. 

 
Figure 3.29. After this, we apply Teflon tape on the other side of the solar cell and in 
addition, we apply another layer of Teflon tape on the previously applied side, covering 
just half of the width of this side. 
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Figure 3.30. Then we deposit a layer of P3HT:PCBM and spin coat it at 350RPM for 45 
seconds. 

 
Figure 3.31. Two cuts are made on the blank side of the Teflon taping, and a thin strip 
of Teflon tape is added at the center of the solar cell in order to provide two partitions 
to the Aluminum layer. 

                  
Figure 3.32. Final product. 

 
Figure 3.33. Cross-sectional view of novel 
architecture. 

 At the end of Aluminum deposition, all Teflon tapes are removed, and the cell is 

tested using crocodile clips attached to the orgacon electrode (Anode) and Aluminum 

electrode (Cathode).  

 The second image above is a view of the chip with teflon taping on the three edges of 

the chip and at the center. Cuts made at the fourth edge allow electrical access to the 

aluminum which functions as the cathode. The third image is a view of the solar cell after 

testing and characterization of the 3D organic solar cell, which requires removal of Teflon 

tapes from all three edges.  
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 This architecture does not require wire bonding since the use of crocodile clips for the 

electrical connection between the solar cell and the testing device is quick and saves time and 

also improves the packaging process. 
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CHAPTER 4 

CHARACTERIZATION OF 3D ORGANIC SOLAR 

CELL 

4.1 GEOMETRIC CHARACTERIZATION 
 A larger surface area in bulk heterojunction based organic solar cells would tend to 

increase the effective interfacial area which would in turn be advantageous for the 

dissociation of excitons into free carriers [36]. Also, greater the surface area more will be the 

exposure which implies more generation of electricity from light energy. This section 

describes the procedure for determining the total 3D active surface area for the micro-

fabricated organic solar cell. See Figure 4.1.  

 
Figure 4.1.Organic solar cell model. 

 Geometric characterization can be understood as below: 

1. Total Surface Area of the Micro-pillar = 2πR X H X No. of pillars 

2. Area of the surface of each Micro-pillar =  πR^2 

3. Surface Area of the microarray (Top View)= L X B 

4. Remaining Area = (Area of the microarray) – (Area of the surface of all Micro-
pillars) 

5. Total 3D Active Surface Area of the solar cell = (Total Surface Area of all Micro-
pillars) + (Surface Area of the Microarray) 
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 See Table 4.1.  

Table 4.1. Variation of Surface Area with Spacing between the Micro-Electrodes 
NEGATIVE 

PHOTORESIST 

USED  

SPACING 

(ΜM)  

HEIGHT 

(H) 

(ΜM)  

DIAMETER 

(D) 

(ΜM)  

ASPECT 

RATIO 

(H/D) 

AVERAGE 

ASPECT 

RATIO 

(H/D) 

NO. OF 

MICRO-

PILLARS  

TOTAL 

3D 

ACTIVE 

SURFACE 

AREA 

(MM2)  

MEAN 

SURFACE 

AREA 

(MM2) 

SU 8 (100)  100  185  100  1.85  2  5625  554  578  

215  2.15  602  

50  65  50  1.3  1.4  26244  492  513  

75  1.5  534  

SU 8 (10)  50  15  50  0.3  0.3  26244  285  285  

20  11.8  20  0.59  0.65  161604  345  355  

12.8  0.64  355  

13.3  0.67  360  

13.1  0.66  358  

10  10.5  10  1.05  1.1  646416  435  447  

10.7  1.07  441  

11  1.1  450  

11.7  1.17  462  

* 5 5 5 1 1 2547770 425 425 

* 2 2 2 1 1 15923550 425 425 

*Hypothetical data points, can be achievable as future work. 

 The organic solar cells with 100 and 50 µm spacing between the micro-pillars were 

micro-fabricated using SU-8-100, whereas those with 20 and 10 µm, this particular grade did 

not give well defined pillars. Hence, for accuracy of results, SU-8-10 was used. Also, it was 

found that SU-8-10 tends to decrease the aspect ratio, due to which a reduction in the heights 

of the micro-pillars was observed. We also observed a greater 3D absolute surface area for 

100 and 50 µm spacing, as compared to that of 10 and 20 µm spacing. The values of surface 

area for 5 and 2µm spacing are hypothetical, and have been included for comparison with the 
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present results, and for future research to be carried out in this area. Therefore, as the spacing 

decreases, the absolute 3D surface area also decreases almost consistently. 

 All the data-points were collected by making optimum use of  the available resources 

at Kassegne’s MEMS Lab. Comparing the hypothetical values of aspect ratios 2.5 and 2, 

with the actual experimental results, following graph has been plotted. See Figure 4.2. 

 
Figure 4.2. Variation of surface area with spacing between the micro-
electrodes of an organic solar cell(actual experimental values). 

 See Figure 4.3. 

 
Figure 4.3. Comparison of hypothetical and experimental values for 
aspect ratio. 
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4.2 I-V CHARACTERIZATION 
 Efficiency is an important parameter to determine the performance of a solar cell. A 

number of factors influence the working efficiency of a solar cell such as intensity of the 

incident light, reflecting performance of the solar cell, and temperature of the solar cell. 

Efficiency of a solar cell is given as the ratio of the energy output from the solar cell to the 

energy input from the sun. In other words, it is the fraction of incident power which is 

converted to electricity, given as: 

                                                (4.1) 

                                                     (4.2) 

where η is the efficiency; Voc is the open-circuit voltage; Isc is the short-circuit current; and 

FF is the fill factor. 

 The organic solar cells micro-fabricated in the SDSU clean room were tested using 

AM 1.5 solar simulator. See Figure 4.4 

         
Figure 4.4. AM 1.5 Solar simulator. 

 A solar simulation system is an apparatus that replicates the solar spectrum and 

reproduces full spectrum light equivalent to natural sunlight. It is useful for the testing of 

solar energy conversion devices. The system design features optical beam homogenization 
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and filtering which results in a continuous output of a solar-like spectrum in a uniform 

collimated beam. Beam collimation further simulates the direct terrestrial beam and allows 

for the characterization of radiation induced phenomena. 

 The I-V curve for an illuminated photovoltaic cell is useful to determine several 

parameters for characterizing the organic solar cells. An ideal curve is shown in Figure 4.5 

[37]. 

 
Figure 4.5. Typical I-V curve. Source: Dinçer, Furkan and Mehmet Emin 
Meral. “Critical Factors that Affect Efficiency of Solar Cells.” Smart Grid 
and Renewable Energy 1, no. 1 (2010): 47-50. 

 Several parameters were recorded to test the performance of the micro-fabricated 3D 

organic solar cell. The most commonly used parameters are: short circuit current ISC, open 

circuit voltage VOC, fill factor FF, and efficiency. In general, ISC constitutes the charge 

carriers and is determined by the efficiency of exciton generation and separation, as well as 

charge collection [14]. VOC depends on the gap which in case of organic solar cells is the 

difference between the LUMO of acceptor and HOMO of donor. Fill factor describes the 

energy lost in the form of Joule heat which is dependent on the surface resistivity.  

 The efficiency of a solar cell is dependent on the nano-scale morphology, which 

means that when the P3HT:PCBM mixture takes up an organized morphology, the 

performance of the solar cell improves. Moreover, if the absorption spectrum is widened, by 
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increasing the 3D total available surface area, ISC increases and VOC slightly decreases. This 

can also be done by reducing the spacing between the adjacent electrodes [14]. 

4.3 FILL FACTOR 
 Fill factor is the ratio of actual maximum obtainable power to the theoretical power. 

Where maximum obtainable power is product of current density (JMPP) and voltage (VMPP) at 

the maximum power point. The maximum power point can be obtain by varying the 

resistance in the circuit until current density (J) and voltage (V) is at the its greatest value. 

The theoretical power is the product of the short circuit current density (JSC) and open circuit 

voltage (VOC). FF is most commonly used abbreviation used for fill factor[38]. Fill factor is a 

parameter which, in conjunction with Voc and Isc, helps determine the maximum power from 

a solar cell. See Figure 4.6 [39]. 

 
Figure 4.6. Graphical representation of the fill factor. 
Source: Honsberg & Bowden. “PVCDROM.” Accessed 
April 4, 2011. http://pveducation.org/pvcdrom. 

                                             (4.3) 

 In above figure, area A represents the maximum obtainable power and area B 

represents the theoretical power. Graphically, the FF is a measure of the "squareness" of the 

solar cell. It is also the area of the largest rectangle which will fit in the IV curve. As FF is a 
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measure of the "squareness" of the IV curve, a solar cell with a higher voltage has a larger 

possible FF since the "rounded" portion of the IV curve takes up less area [38]. 

4.4 EFFICIENCY OF THE SOLAR CELL  
 The efficiency of the solar cell is most useful parameter to describe the performance 

of the solar cell. Efficiency is also a tool to compare the performance of the one solar cell to 

another. The ratio of energy output from the solar cell to input energy from the sun is how 

efficiency is defined. The efficiency depends on the spectrum and intensity of the incident 

sunlight and the temperature of the solar cell, in addition to reflecting the performance of the 

solar cell itself. Therefore, in order to compare the performance of one device to another, 

conditions under which efficiency is measured must be carefully controlled. Terrestrial solar 

cells are measured under AM1.5 conditions and at a temperature of 25°C. The efficiency of a 

solar cell is determined as the fraction of incident power which is converted to electricity and 

is defined as: 

                                                  (4.4) 

                                                      (4.5) 

• where Voc is the open-circuit voltage;  

• where Isc is the short-circuit current; and  

• where FF is the fill factor 

• where η is the efficiency.  

4.5 OPEN-CIRCUIT VOLTAGE (VOC) 
 The open-circuit voltage is an important limiting factor in determining the 

performance of a solar cell. Open-circuit voltage can be abbreviated as  VOC . Open circuit 

voltage  is the difference of electrical potential between two terminals of a device when there 

is no external load connected.Open circuit voltage can be calculated  when,  the circuit is 

broken or open. Under these conditions there is no external electric current between the 

terminals, even though there may be current internally. In solar cells, the open-circuit 

voltages is often quoted under particular conditions. 
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4.6 EXPERIMENTAL TESTING RESULTS 
 The I-V curves obtained for the micro-fabricated organic solar cells are illustrated 

below: 

4.6.1 10µm Pillars (SU-8-10) 

 See Figure 4.7. 

 
Figure 4.7. Result analysis of solar cell fabricated on 10µm pillars using solar 
simulator. 

 An efficiency of 2.58% was obtained for the 3D organic solar cell with 10 µm 

spacing between the micro-electrodes. A fill factor of approximately 50% was observed. The 

values of fill factor are found to vary from > 50% to < 12.5% [38]. A fill factor of 50% 

indicates that all the photo-generated free charge carriers will be extracted from the device 

during the operation of the solar cell. 

4.6.2 20µm Pillars (SU-8-10) 

 See Figure 4.8. 

 An efficiency of 2.08% was obtained for the 3D organic solar cell with 10 µm 

spacing between the micro-electrodes. A fill factor of approximately 48% was observed, 

which is slightly below the theoretical value of 50%. 
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Figure 4.8. Result analysis of solar cell fabricated on 20µm pillars using solar simulator. 

4.6.3 50µm Pillars (SU-8-10) 

 See Figure 4.9. 

 
Figure 4.9. Result analysis of solar cell fabricated on 50µm pillars using solar 
simulator. 
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 An efficiency of 3.06% was obtained for the 3D organic solar cell with 50 µm 

spacing between the micro-electrodes. A fill factor of approximately 99.2% was observed, 

which was the maximum obtainable value for the micro-fabricated 3D organic solar cell. 

 The corresponding efficiencies and fill factors for each spacing dimension is 

tabulated in Table 4.2. 

 The corresponding efficiencies and fill factors for each spacing dimension is 

tabulated in Table 4.2. 

 See Figures 4.10- 4.12. 

 As per the data points gathered, it can be seen that efficiency is directly proportional 

to the 3D absolute surface area. For the 100 µm spacing with a surface area of 578mm2, an 

efficiency of 4.5% was observed. With decrease in spacing, as in case of 10 µm having a 

surface area of 378mm2, an average efficiency of 2.5% was observed. This proves the 

hypothesis that efficiency of 3D organic solar cell is a function of the 3D absolute surface 

area.  
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Table 4.2. Result Analysis using Different Data Points 
DEVICE TYPE  DATA 

POINT  
EFFICIENCY  FILL 

FACTOR  
SURFACE 
AREA 
(MM2) 

MEAN 
SURFACE 
AREA(MM2) 

Solar Cell 
constructed on 

100 µm @ 100um 
Spacing- 

SU-8-100Pillars  
PET Substrate  

1     4.67%  74.66%  586  578  

2     4.42%  73.83%  570  

Solar Cell 
constructed on  

50 µm @ 50um 
Spacing-                                                
SU-8-100Pillars 
PET Substrate  

1 3.07%  99.23%  492  513  

2 

 

2.77%  

   

94.84%  

   

534  

Solar Cell 
constructed on 

50 µm @ 50um 
Spacing-                                

SU-8-10 Pillars  
PET Substrate  

1 1.72%  49.42%  285  285  

Solar Cell 
constructed on  

10 µm @ 10um 
Spacing-    

   SU-8-10 Pillars 
PET Substrate  

   

1 2.57%  50.02%  450  447  

2 2.39%  47.24%  441  

3 2.91%   43.90%   462  

4 1.90 %   50.76 %   435  

Solar Cell 
constructed on  

20 µm @ 20um 
Spacing-                          

 SU-8-10 Pillars 
PET Substrate  

1 2.08%  47.78%  352  355  

2 1.03%  97.84%  334  

3 2.20%  42.20%  376  

4 2.04%  46.92%  358  
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Figure 4.10. Variation of efficiency with spacing. 

 
Figure 4.11. Variation of average efficiency with spacing. 
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Figure 4.12. Variation of efficiency with surface area. 
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CHAPTER 5 

CONCLUSION 

 This research investigates the role of 3D absolute surface area for different spacing 

dimensions between the micro-pillars on a 3D organic solar cell. The outcomes of the 

research have been summarized below: 

1. The negative photolithography procedure was repeated several times to nail it down 
for obtaining spacing as low as 10 µm. As a result, a perfect protocol has been 
developed for the micro-fabrication of 3D organic solar cells with 100 µm, 50 µm, 20 
µm and 10 µm spacing between the adjacent micro-pillars on flexible (PET), glass 
and silicon substrates. 

2. It can be concluded that the efficiency of 3D organic solar cells is directly 
proportional to the 3D absolute surface area of microarrays on which the solar cell is 
fabricated. Greater the available surface area more will be the efficiency of the solar 
cell. This indicates that there should be more spacing between the micro-pillars to 
raise the efficiencies of organic solar cells. 

3. A comparison between the experimental and hypothetical aspect ratios was made, and 
it can be concluded that the aspect ratio of the micro-pillars also influences the 3D 
absolute surface area. Greater the aspect ratio more will be the surface area. 
Experiments show that with more spacing between the micro-pillars fabricated using 
SU-8 (100), a higher aspect ratio is possible. However, with SU-8 (10), not very high 
values of aspect ratio can be obtained.  

4. A novel architecture has been proposed for the packaging of solar cells in order to 
ease the packing procedure. Also, this architecture eliminates the need for wire 
bonding thereby saving time and resources. This architecture also facilitates to avoid 
any electrical contact between the electrodes by means of Teflon taping. Due to this, 
direct access can be maintained with both the electrodes during testing of the solar 
cell on the solar simulator.   
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