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In this work application of various printing technologies in different kinds of photovoltaic 

technologies are studied. Photovoltaic technologies are generally classified intro three gen-

erations. A brief literature overview of various photovoltaic technologies belonging to these 

generations is presented. After explaining the basics of different types of photovoltaic tech-

nologies, a list of printing technologies are first introduced and then their application in dif-

ferent photovoltaic technologies is explained.   

 

The printing technologies that were covered in final year work include screen printing, ink-

jet printing, laser printing, thermal evaporation, sputtering, chemical vapor deposition, elec-

trochemical deposition, spin coating, photolithography, nanoimprinting, electrophotography, 

lamination technology, sheet-fed printing, web printing, gravure and 3-dimentional printing.  

  

In the experimental part, three different photovoltaic technologies, i.e. crystalline silicon solar 

cells, organic solar cells and dye-sensitized solar cells which utilize different kinds of printing 

technologies during their manufacturing, were measured under standard measurement con-

dition, i.e. 1000 W/m2 AM1.5G equivalent light intensity at room temperature. Performance 

parameters of solar cells i.e. short-circuit-current-density, open circuit voltage and fill factors 

were obtained and finally the efficiencies of the solar cells, were calculated. The efficiencies 

for crystalline silicon solar cell, organic solar cell and dye-sensitized solar cell were 14.5%, 

5.9% and 4.2% respectively.    

 

All the three generations of solar cells have benefited from the versatile printing technolo-

gies. Many of the manufacturing challenges are solved by the development of new printable 

materials and the easy to up-scale methods of printing. 
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1 Introduction 

Energy is arguably the biggest challenge humanity is facing today. Annual global energy 

demand is increasing rapidly every year. It is estimated that the global energy demand 

will increase to 16 terawatt (TW) in the year 2030 from 13 terawatt (TW) in 2013 [1]. 

Today about 85% of the global energy demand is fulfilled by fossil fuels [1]. The current 

energy sources are depleting and also causing environmental pollution. According to an 

inter-governmental panel on climate change, 60-80% reduction in carbon emission is 

needed to limit the climate change [1]. Therefore, there is a huge demand of clean energy 

sources as shown in Figure 1. 

 

 

Figure 1. Global energy demand in terms of fossil fuels and other clean energy 
sources Reprinted from Pandey (2014) [2]. 

Photovoltaic (PV) solar cells are reliable, sustainable, natural and environmentally 

friendly energy technology. In the year 2014, the annual production of photovoltaic cells 

reached around 39.8 gigawatts (GW) [3] and is expected to grow much more in the fu-

ture. Solar power is already a $150 billion business; with some 138 gigawatt (GW) of 

photovoltaic (PV) capacity already in place [3] the total global PV installments are ex-

pected to reach 400 GW by 2020 [3]. Finland is renowned in the world for its technolog-

ical strength and commitment for clean environment. Finland has the biggest solar power 

plant (also known as solar park) in the Nordic region with a capacity of ~0.4 MW. 

 

Due to huge business potential, many big companies have started investing in the PV 

industry which is booming at the moment and will continue to boom for at least for the 

next 20 years. At the moment, there are many manufacturers fiercely competing with 
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each other in terms of performance of their solar panel to the price ratio. The intense 

competition drives companies to seek ever new and more effective materials and solu-

tions for solar panels. Recently, the PVTECH Magazine (2013) [4] ranked the top leading 

photovoltaic panel manufacturers in the world according to panel performance in the 

following order: Yingli Green Energy, Trinia Solar, Sharp Solar, Canadian Solar, Jinko 

Solar, Rene Solar, First Solar, Hanwha Solar One, Kyocera and JA Solar. In order to 

outperform the competitors in the PV market, it is necessary to optimize the panel design 

and manufacturing processes. If the manufacturing process of the solar panels can be 

made easy to scale up using printing technologies, mass production of the solar panels 

will be possible at a significantly lower cost as compared to the conventional standard 

manufacturing methods. 

The PV technology, despite its tremendous growth, is facing certain challenges, which 

hinder its usage for many applications. These challenges can be partly or fully solved by 

the recent developments in the printing technologies. In this work, application of wide a 

variety of printing technologies in PV technologies is presented and it is anticipated that 

future progress of PV technologies is coupled with the advancement in printing technol-

ogies.  

In the first chapter of this thesis, an introduction and motivation for the thesis is briefly 

presented. In the second chapter a literature overview of different PV technologies is 

given, followed by the applications of various printing technologies in the PV systems. In 

the third chapter, experimental details of the practical work done in this thesis are given. 

Chapter 3 includes both manufacturing and measurements of the solar cells. In the fourth 

chapter, the measurements results are discussed and analyzed. Finally in the fifth chap-

ter, conclusions are presented. 
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2 Theoretical background 

2.1 Performance parameters of photovoltaic technology 

The performance of a photovoltaic cell is represented by its efficiency (η) of converting 

incoming light into electric current under standard reporting conditions (SRC). Generally 

PV cells are measured under AM1.5G or AM1.5D conditions. AM stands for air mass 

and is given by Eq. 1 [5]: 

 𝐴𝑀 =
1

𝑐𝑜𝑠𝜃
=

𝑌

𝑋
  (1) 

Where θ is the angle between the vertical or the zenith and the sun, X and Y are the light 

overhead path length, i.e. θ=0o, and certain path length in air atmosphere, i.e. θ=θ, re-

spectively as shown in Figure 2.  

 

Figure 2. Air mass as a function of angle θ between the zenith and the sun.             
Reprinted from PV Education.org [5]. 

 

When the sun is at an angle of approximately 48o, the ratio of Y/X is 1.5 and the value of 

AM becomes 1.5.  AM1.5G takes into account both the direct and indirect sunlight, 

whereas AM1.5D takes into account only direct sunlight and neglects the indirect light 

from the surroundings. Mostly, the performance is measured at a light intensity of 1000 

W/m2 with AM1.5G spectrum at 25oC and also referred as 1 Sun. 
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In practice the efficiency of a PV cell is calculated by measuring its current-voltage curve 

under 1 Sun equivalent conditions in a solar simulator machine. A typical IV curve of a 

PV cell is shown in Figure 3. 

 

Figure 3. Typical IV curve of a PV cell and its performance parameters.                    
Reprinted from Asghar (2012) [1]. 

 

From the IV curve, important performance parameters are obtained which include short 

current density (ISC), open circuit voltage (VOC) and fill factor (FF). The FF is calculated 

using Eq. 2 [1]. 

 

𝐹𝐹 =
𝑉𝑀𝑃𝑃 𝑖𝑀𝑃𝑃

𝐼𝑆𝐶 𝑉𝑂ℎ𝐶
    (2) 

 

Where VMPP and iMPP are the voltage and current at maximum power point respectively. 

The maximum power delivered by a PV cell is given by Eq. 3 [1]. 

 

 𝑃𝑀𝐴𝑋 =  𝑉𝑀𝑃𝑃 𝐼𝑀𝑃𝑃   (3) 

 

The PMAX can be expressed in terms of fundamental performance parameters as given 

by Eq. 4 [1]. 

𝑃𝑀𝐴𝑋 =  𝑉𝑂𝐶  𝐼𝑆𝐶  𝐹𝐹   (4) 
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The efficiency of a PV cell is given as a ration between the maximum power generated 

by it and the power of the incident light (PIN) [1]. 

 

      𝜂 =  
𝑃𝑀𝐴𝑋

𝑃𝐼𝑁
    (5) 

The PIN is a product of intensity of light (I) and the area of the PV cell (A) under meas-

urement. Finally, the efficiency of a PV cell is given by Eq. 6 in terms of its fundamental 

performance parameters [1]. 

 

𝜂 =  
𝑉𝑂𝐶 𝐼𝑆𝐶  𝐹𝐹

𝐼 𝐴 
   (6) 

 

The efficiency of a solar cell may decrease due to three major loss mechanisms: 

1. Series resistance (Rs) 

2. Shunt resistance (Rsh) 

3. Recombination (radiation, single-level trap, auger) 

 

The series resistance is due to ohmic losses. The interfaces at the electrical contacts are 

major reasons for ohmic losses. The shunt resistance is due to leakage currents. The 

recombination results in loss of charge carriers i.e. electrons and holes. The effects of 

the series and shunt resistance loss mechanisms on the IV curves are shown in Figure 

4 and 5. The recombination losses mainly affect the fill factor of the IV curves. [11]. 
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A major effect of series resistance appears on the slope of the IV curve near the open 

circuit voltage. In case of an ideal solar cell in which there is no series resistance, the 

slope near the open circuit voltage is very high. In this case the fill factor of the solar cells 

is also very high.  

 

Figure 4. Effect of series resistance on the current-voltage curve of a solar cell.        
Reprinted from Luque and Hegedus (2003) [6,11]. 

 

As the series resistance increases, the slope near the open circuit voltage decreases 

accordingly. For instance, the slope of a solar cell with 50 mΩ series resistance near the 

open circuit voltage is less steep than an ideal solar cell with no series resistance as 

shown in Figure 4. Further increase of series resistance decreases the slope further. The 

slope of an IV curve with 200 mΩ series resistance is almost a straight line as shown in 

Figure 4. 
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Similarly, the major effect of shunt resistance appears on the slope of the IV curve near 

the short circuit current density. In case of an ideal solar cell in which there is a huge 

shunt resistance, the slope near the short circuit current density is very low, i.e. almost 

horizontal. In this case the fill factor of the solar cells is also very high.  

 

Figure 5. Effect of shunt resistance on the current-voltage curve of a solar cell.         
Reprinted from Luque and Hegedus (2003)   [7, 11]. 

As the shunt resistance decreases, the slope near the short circuit current density in-

creases accordingly. For instance, the slope of a solar cell with 2 Ω shunt resistance 

near the short circuit current density is steeper than an ideal solar cell with infinitely large 

shunt resistance as shown in Figure 5. Further decrease of shunt resistance increases 

the slope further. The slope of an IV curve with 0.2 Ω shunt series resistance is very 

steep as compared to a high quality solar cell with large shunt resistance as shown in 

Figure 5. 

 

Incident photon to current conversion efficiency (IPCE) is another technique usually used 

to measure the quantum efficiency of the solar cells, which tells about their efficiency to 

convert the incident light which is a function of wavelength into electricity. 
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2.2 Literature review of different kinds of photovoltaic technologies 

The fundamental factors which affect the commercialization of a PV technology include 

its performance expressed in terms of efficiency, durability and price. Other important 

factors include the availability of materials used and their impact on environment.  PV 

technologies can be categorized into three different generations which are summarized 

in this section. 

2.2.1 First generation crystalline silicon technology 

The first generation of PV technology is based on crystalline silicon. Today almost 85% 

of the PV technology is dominated by this technology [33]. In laboratory scale, efficien-

cies around 27% have been obtained and around 24% have been achieved on commer-

cial scales [8]. Theoretically maximum efficiency of a crystalline silicon solar cell cannot 

exceed 32%. The structure of crystalline silicon solar cells consist of a PN junction as 

shown in Figure 6.  

 

Figure 6. Structure of a crystalline silicon solar cell. Reprinted from Frompo [8]. 

 As shown in figure 6, P side is boron doped silicon and N side is phosphorous doped 

silicon. Usually N side is coated with anti-reflection coating to improve the light absorption 

and metal contacts for current collection. Similarly P side is usually covered with metal 

backing to reflect the light and for completing the electric circuit. The solar cells are en-

capsulated with a transparent and durable glass.   
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The crystalline silicon PV technology can be further classified as mono-crystalline and 

multi-crystalline or poly-crystalline. PV modules based on mono-crystalline and multi-

crystalline solar cells are shown in Figure 7. Typical module efficiencies of monocrystal-

line and polycrystalline are between 13-19% [10]. 

 

Figure 7. Typical modules based on mono-crystalline and poly crystalline silicon  

      Technology. Reprinted from Solar Quotes [9]. 

 

Mono-crystalline solar cells are more efficient and expensive as compared to multi-crys-

talline silicon solar cells. The main advantage of these first generation solar cells is their 

long durability, i.e. over 25 years.  

2.2.2 Second generation thin film photovoltaic technology 

Thin film technology as the name suggests is much thinner than conventional first gen-

eration solar cells which are generally around 200 micrometer. Their thickness ranges 

from few nanometers to few tens of micrometers [11].  

 

The PV technologies that fall in this category include amorphous silicon (a-Si), micro-

crystalline silicon (<µ>-Si), cadmium telluride (CdTe), copper indium gallium selenide 

(CIGS) and gallium arsenide (GaAs). Among these technologies GaAs solar cells are 

the most efficient among thin film technology with an efficiency of 28.8%. Despite this 

high efficiency, the commercialization of GaAs solar cells is limited to only space appli-

cation due to their very high costs. Recently, CIGS and CdTe solar cells have reached 

21.5% and 21.7% respectively. On the other hand, the efficiency of a-Si is limited to 
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13.4%. Typical module efficiency is between 4%-12%. As an example, PV modules 

based on a-silicon, CIGS and CeTd solar cells are shown in Figure 8 [12]. 

 

 

 

Figure 8. Typical modules based on a-silicon. silicon Reprinted from Civic Solar (2010) 
[16], CIGS. Reprinted from Global Solar (2015) [17] and CdTe Reprinted 

from Phy.org  (2011)  [18]. 

 

In 2015, the shares of a-silicon, CIGS and CdTe in thin film PV market are about 27%, 

37% and 36% respectively [13]. The main advantage of all these three technologies is 

to manufacture flexible PV panels unlike in the first generation of PV technologies. CIGS 

technology utilizes expensive and complex manufacturing methods which limits their 

commercialization [14]. However, they still have environmental advantage over the CdTe 

technology which uses a higher level of poisonous cadmium. a-silicon has very low man-

ufacturing costs which makes it very cost competitive. However, it is not as durable as 

the first generation solar cells [15].  

 

2.2.3 Third generation photovoltaic technology 

Third generation PV technologies include organic solar cells, dye-sensitized solar cells, 

perovskite solar cells, quantum dot solar cells and multi-junction solar cells. Multi-junc-

tions cells are the most efficient among all types of PV technologies. They have achieved 

46% efficiency. However, these cells are very expensive and not suitable for terrestrial 

use. These cells are used for space applications. Other third generation PV technologies 

are low cost and suitable for large scale roll to roll production. The efficiencies obtained 
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by organic, dye-sensitized, perovskite and quantum dot solar cells are 11.1%, 13.4%, 

20.1% and 9.9% respectively [12].   

 

Organic solar cells utilize bulk-heterojunction to absorb the light and create charge car-

riers, i.e. electrons and holes. Dye sensitized solar cells consist of dye sensitized anode, 

redox electrolyte and cathode, sandwiched between the two conducting substrates. The 

light is absorbed by the photo sensitive dye which injects electrons into the conduction 

band of TiO2 [23]. 

  

  

Figure 9. Structure of organic, dye-sensitized, quantum dot and 
perovskite solar cells [1]. 

 

 

The electrolyte regenerates the oxidized dye and gets reduced at the cathode. In perov-

skite solar cells, the perovskite material is used to absorb the light. In case of quantum 

dot solar cells, the light is absorbed by the quantum dots. The structure of organic, dye-

sensitized, perovskite and quantum dot solar cells are shown in Figure 9.  

 

 

 

http://www.google.fi/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.sigmaaldrich.com/materials-science/organic-electronics/opv-tutorial.html&ei=tpEiVeujKcepsgHVj4SAAQ&psig=AFQjCNEP0ioWF53c6vR05Wz0QSxM8uCQ0Q&ust=1428415280698623
http://www.google.fi/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://evaluatesolar.com/technology/&ei=aJIiVcHlJYHQsgHS3ICwCQ&psig=AFQjCNGXZcXCFLBZGr9WUUNJS9H4nfKFyw&ust=1428415387304089
http://www.google.fi/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.solarchoice.net.au/blog/news/perovskites-the-next-solar-pv-revolution-240714&ei=9JIiVZX9F4ufsgGQ7IOIBw&psig=AFQjCNE8YCXO9g_3HSct_KPVOJ_wLuLsbg&ust=1428415596703908
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One common element of all these solar cells is that they utilize transparent conducting 

oxide (TCO) substrates. The most common TCO materials are indium doped tin oxide 

(ITO) and fluorine doped tin oxide (FTO).  

  

  

Figure 10.  Modules of dye-sensitized. Reprinted from Winfried Hofmann as quoted in  
[24], organic. Reprinted from Konarka as quoted in [ 25], quantum dot. Re-
printed from Masschusetts Institute of Techology [26] and perovskite solar 
cells.Reprinted from physics world.com [26]. 

Graphene and carbon nanotubes have also been used as TCO. Depending on the sub-

strate materials, these solar cells can be either made rigid or flexible. Typical substrate 

materials are FTO or ITO coated glass, ITO-PET and ITO-PEN. The modules of these 

third generation solar cells are shown in Figure 10. 

2.3 Current state of the art of printing technologies in photovoltaic applications 

There are numerous types of printing technologies that have been used in various pho-

tovoltaic applications. This section will provide a brief overview of the printing technology 

and its corresponding use in photovoltaic technologies.  
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2.3.1 Screen printing 

Screen printing is one of the most industrially accepted and popular printing processes. 

This printing method is suitable for a high rate of production. It is simple, low-cost and 

fast.  In this method a mesh with desired printing design is used to print. Ink is placed 

over the mesh and the mesh is placed over the substrates on which printing is desired. 

The mesh is pressed with the help of a moving blade or squeegee. It results in transfer-

ring of the ink through the designed pattern to the printing surface. 

 

 

Figure 11.  Screen printed silver for current collection and TiO2 meso-porous film for 
dye sensitization. Reprinted from Dye Sol LTD [28]. 

 

 In PV application, it is the  most common method for depositing desired films because 

of its suitability for large scale roll to roll production. Some of the applications of screen 

printing include printing of silver contacts on solar cells and deposition of TiO2 meso-

porous layer in dye sensitized solar cells as shown in Figure 11.  

 

2.3.2 Ink-jet printing 

Ink-jet printing is another robust printing method which can be used to print any desired 

pattern as shown in Figure 12. The main advantage over screen printing is that material 

wastage is reduced in ink-jet printing. However, the main challenge with this printing 
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technique is that inks for most commonly used materials in PV technology are not devel-

oped in large scale. Ink-jet printing is mostly used for printing the electrical connections 

in silicon solar cells [29].  

 

Figure 12.  Inkjet printing process for manufacturing of organic thin films. Reprinted from 
Kazuo Takimiya as quoted in  [31]. 

Anti-solvent ink (A) is first inkjet-printed, followed by solution ink (B) overprinted sequen-

tially to form droplets restricted to a predefined area. Thin films grow at liquid–air inter-

faces of the droplet before the solvent completely evaporates. It has been used to man-

ufacture complete CIGS solar cells [30] and organic solar cells [32]. It has also been 

used for depositing TiO2 films of dye sensitized solar cells [33]. 
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2.3.3 Laser printing 

The Laser printer has been used to demonstrate the high temperature stability of paper 

based PV [34]. Laser printing has been used to fabricate high efficiency solar cells [35]. 

The main advantage is that it can replace conventional photolithography which is not 

compatible for the PV industry requirements.  

 

Figure 13.  Laser assisted structuring of organic solar cells. Reprinted from Laser   
Technik Journal (2013 [36]. 

Organic PV cells have been manufactured using laser structuring [36] as shown in Figure 

13.  

2.3.4 Thermal evaporation 

Thermal evaporation is a useful technique for depositing thin films. In this method the 

desired material is heated in a vacuum and the substrate is placed at a certain distance 

from the source. The evaporated materials are deposited onto the substrate as shown in 

the Figure 14. The thickness of the deposited film depends on the evaporation time. 

However, the deposited layer may not be fully uniform over a large area substrate. It is 

a common method in organic solar cells for depositing organic molecules in high vacuum 
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environment [37]. Thermal evaporation has been used to fabricate the Al and Ca layers 

in organic solar cells which achieved 10% efficiency [38]. 

 

Figure 14.  Co-evaporation of CIGS thin film solar cells.                                                   
Reprinted from Sne Research (2011) [46]. 

The perovskite absorber has been deposited by a thermal evaporation system [39]. In 

dye sensitized solar cells, silver electrodes have been thermally evaporated [40]. In an-

other study Gold is deposited as a cathode using thermal evaporation in perovskite solar 

cells [41]. In silicon solar cells, thermal evaporation has been used to deposit Al rear side 

contacts [42]. Copper has been deposited using thermal evaporation in CIGS solar cells 

[43]. In CIGS solar cells, a CdS buffer layer has been deposited using chemical bath 

deposition (CBD), thermal evaporation, sputtering, atomic layer deposition, and spray 

ion layer gas reaction. The “dry” deposition methods like sputtering and thermal evapo-

ration could be favorable in an industrial environment on glass substrates or application 

in a roll to roll coater [44]. In other studies, CdTe solar cells were entirely fabricated with 

thermal evaporation [45]. 

2.3.5 Sputtering 

In the sputtering method the atoms of a solid target material are ejected due to bombard-

ment by highly energetic particles. These ejected particles are deposited onto the sub-
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strate placed under the target material as shown in Figure 15. It is very useful in depos-

iting thin films with thicknesses varying from a few nanometers up to tens of micrometers. 

There are several types of sputtering including DC sputtering, RF sputtering and mag-

netron sputtering. Magnetron sputtering is the most commonly used due to a higher sput-

tering rate. The main advantage of sputtering over the evaporation technique is that bet-

ter adhesion of the films onto the substrate is obtained using sputtering method. 

 

Figure 15.  Sputtering process for depositing thin films.                                               Re-
printed from Sne Research (2011)  [46]. 

 

Sputtering has been widely used to manufacture high efficiency CdTe solar cells [47] 

and an efficiency of 14% has been achieved by all sputtered CdS/CdTe solar cells [48]. 

An efficiency of around 8% has been obtained for CIGS solar cells employing the sput-

tering process [49].  

Sputtering of amorphous silicon onto crystalline silicon has been reported to form het-

erojunction solar cells [50]. In dye-sensitized solar cells, sputtering of platinum onto the 

stainless steel metal substrates has been reported to stabilize the solar cells [51].  
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2.3.6 Spin coating 

It is a method to deposit thin films of uniform thickness on a flat substrate. In most com-

mon configuration, the material is applied onto the substrate. Then the substrate is set 

for rotating with a certain speed for a certain time. The material on the substrate is spread 

due to centrifugal force. Afterwards, the film is dried before depositing any further film 

material. The process is shown in Figure 16. 

 

Figure 16.  Spin coating process for depositing thin films.                                            
Reprinted from Sne Research (2011) [46]. 

In organic solar cells, a PEDOT:PSS layer is often spin coated [52]. Other organic ma-

terials such as photosensitive layers have been spun coated [53]. In CIGS solar cells, 

antireflection coating has been reported to be deposited by spin coating [54]. In other 

studies, nanocrystals of CdTe were deposited using the layer by layer spin coating pro-

cess; however, the efficiency was limited to only 2 % [55]. In dye sensitized solar cells, 

spin coated TiO2 films have been deposited to improve the stability of the solar cells [56] 

 

2.3.7 Chemical vapor deposition and electrochemical deposition 

Chemical vapor deposition (CVD) is frequently used in various industries to deposit thin 

film. In its simplest configuration, precursor gases are flown into a controlled chamber 

where one or more heated objects to be coated are placed [57] as shown in Figure 17. 

The deposited film can be amorphous, mono-crystalline or poly-crystalline depending on 

the material properties and the conditions (temperature, pressure) set in the chamber.  

Thin film of silicon (10-50 µm) has been deposited using CVD at the high temperature of 

1100oC to achieve a 17.6% efficient silicon thin film solar cell [58]. Around 4.3% efficient 
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flexible organic solar cells have been fabricated using a CVD grown graphene electrodes 

[59]. In another study, large area CVD grown graphene were used as transparent elec-

trode for efficient organic solar cells [60]. The metal organic chemical vapor deposition 

(MOCVD) method has been employed to fabricate CdTe and CIGS solar cells [61]. For 

dye sensitized solar cells, CVD grown TiO2 particles were used for light scattering for 

improving the light absorption which improved the performance up to 22% (from 4.4% to 

5.4% efficiency) [63.]  

 

Figure 17.  Chemical vapor deposition process.                                                                
Reprinted from Rice University (2015) [64]. 

Like CVD, electrochemical deposition has been used for manufacturing of different kinds 

of PV technologies such as dye sensitized [61] and CdTe solar cells [62].   

 

Figure 18.  Electrochemical deposition for CIGS manufacturing                                     
Reprinted from Sne Research (2011) [46]. 

The process of electrochemical deposition for CIGS thin film solar cells is presented in 

Figure 18.  
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2.3.8 Photolithography and Nano imprinting 

Photolithography is also known as optical as lithography or UV lithography. It is used to 

pattern a thin film or the bulk of a substrate. In photolithography, the first step is to clean 

the wafer to remove any organic, ionic and metallic impurities. Afterwards a barrier layer 

on the top of wafer is deposited. Then a photoresist is applied on the barrier layer usually 

using the spin coating method. The structure is basked to remove solvents from the pho-

toresist coating.  

 

Figure 19.  Chemical vapor deposition process. Reprinted from MRSEC Education 
Group (2015)   [66]. 

A photomask with the desired pattern is placed and aligned with the wafer. Then it is 

exposed to UV illumination. The part of the photoresist gets exposed to UV light through 

the pattern on the photomask. There are basically two kinds of photoresists, i.e. positive 

photoresist and negative photoresist. Positive photoresist change chemical structure 

upon UV exposure in such a way that the structure becomes more soluble in the devel-

oper. Negative photoresist change chemical structure upon UV exposure in such a way 

that the structure becomes more insoluble in the developer. The structures are then ex-

posed to a developing solution from in which a photoresist is removed according to the 

pattern on the photomask.  Finally, the resulting structure is hard-baked to harden the 
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photoresist and to improve its adhesion on the wafer surface [65]. The lithography pro-

cess is shown in Figure 19. 

Photolithography is a common method to form contacts in crystalline silicon solar cells 

as it is suitable for large scale mass production. The highest efficiency crystalline silicon 

solar cells have used this method for their fabrications as well. [67]. There are several 

limitations to the use of the lithography method. For instance, it requires an expensive 

facility, a number of process steps and slow speed [68]. 

In thin film solar cell manufacturing, imperfect patterning due to errors in alignment steps 

in lithography results in decrease in the performance of the cells. It has been observed 

that on a laboratory scale where photolithography is implemented more carefully, the 

CIGS solar cells resulted in around 20.3% efficiency. However, the CIGS solar cells were 

around 10-14% when manufactured in mass production [68].  

 

Figure 20.  Nanoimprinting process: Mould is applied on the resist by imprinting (1). The 
pressure is maintained (2). The mold and substrate are cooled and          
separated. Reprinted from Brian Wang (2011)  [69]. 

Nanoimprinting or nano imprint lithography is a novel method for fabricating nanometer 

scale patterns. It has low cost, high throughput and high resolution. The main difference 

between Nanoimprinting and photolithography is that in photolithography photos or elec-

trons are used to modify the chemical and physical properties of the photoresist, whereas 

in Nanoimprinting the resist is deformed mechanically as shown in Figure 20. Nanoim-

printing offers a better resolution than photolithography because unlike photolithography 
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it is not affected by light diffraction or beam scattering [70]. Nano imprinting has been 

effectively used in crystalline silicon [71], thin film [72] and third generation solar cells 

[73; 74].   

2.3.9 Electrophotography 

The working principle of electrophotography which is also known as xerography is based 

on electrostatic charges. It is a printing and photocopying method that uses electricity to 

produce an image on a photoconductive surface [75] as shown in Figure 21.  

 

Figure 21.  Electrophotography process.                                                                           
Reprinted from Glossary of Printing Terms [75]. 

This technique is rarely used in PV cell manufacturing. There is a patent in which some 

organic dyes are reported to both photovoltaic cells and photoconductive electrophotog-

raphy systems [76]. 
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2.3.10 Lamination technology 

Lamination in broad terms is a process of building up successive layers of a substance 

and bonding them together using adhesives. Primarily, there are three kinds of lamina-

tion machines. One type uses pouches, the second uses film and the third uses UV liquid 

for coating the print. Among them, UV liquid laminators are the most complex ones. They 

are expensive and hard to operate, requiring power consumption and ventilation [77]. 

The main purpose of lamination is to protect print, film or any other substance. Figure 22 

shows a typical vacuum lamination machine and a roll lamination machine. 

 

Figure 22.  Vacuum lamination machine. Reprinted from Xinology Co, Ltd [91] and roll 
lamination machine Reprinted from Bright Stationary Co,Ltd (2010)  [92]. 

Generally, PV modules are encapsulated using a vacuum lamination machine. The vac-

uum lamination machine is expensive and slow in process. It usually takes 8-20 minutes 

for glass/back sheet and 8-25 minutes for glass/glass modules [78]. Recently, encapsu-

lation of PV cells using a roll lamination machine has been reported. The roll lamination 

is significantly cheaper and faster than vacuum lamination. It takes approximately 1 mi-

nute to encapsulate a PV module [78].  
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2.3.11 Sheet-fed and web printing 

Sheet-fed press prints on individual sheets of papers unlike web presses where printing 

is done on continuous roll of paper [79]. Web presses can print both sides of the sheet 

in one pass, whereas conventional sheet-fed presses can print each side separately [80]. 

Typical sheet-fed and web printing machines are shown in Figure 23. 

 

Figure 23.  Sheet-fed printing. Reprinted from Qingdao 2FC Trading (2015)   [85] and 
Web printing. Reprinted from Baldwin Technology group (2004-2014)  [90]. 

Sheet-fed press has excellent job flexibility. It is cheaper than the web press and suitable 

for large formats such as large posters, special colors, unusual sizes and heavy gloss 

papers. On the other hand, the web press is much faster than the sheet-fed and runs 

efficiently in long-term operation. Furthermore, it suits more standard jobs such as print-

ing brochures, newspapers and magazines [81]. Both of these technologies have been 

used for manufacturing of organic solar cells [82; 83; 84]. 
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2.3.12 Gravure  

Gravure is a printing technique, which utilizes engraved cylinders or cylinder-mounted 

plates as the image carrier [86]. In this printing method an image is etched on the surface 

of a metal plate or cylinder [87] as shown in Figure 24.  

 

Figure 24.  Gravure printing. Reprinted from Illinois Sustainable Technology Center 

(2015) [89]. 

Most gravure printing performed today is web-fed rotogravure printing, with occasional 

sheet-fed use. Gravure is also well suited to the printing of packaging on a variety of non-

paper substrates [86]. This printing method has been used in the manufacturing of or-

ganic solar cells [88]. 

 

2.3.13 3D printing 

3-dimensional (3D) printing is a process of forming 3D solid objects from a digital image. 

The creation of a 3D object is realized by using additive processes. In an additive pro-

cess, successive layers of materials are laid down to create a 3D object [93]. 3D printing 

is also known as additive manufacturing. Usually an automated printer follows a digital 

design to create a 3D print by repeatedly laying down materials like glass, silicon, plastic, 
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resin and ceramic materials on top of each other until the final 3D printed object is com-

pleted [94]. A typical 3D printer is shown in Figure 25. 

 

Figure 25.  3D printer. Reprinted from Amazon (2015 [99] and 3D printed solar trees for 
light harvesting. Reprinted from VTT Technical Research Center [100]. 

As the 3D printing works on a digital design instead of a conventional assembly line for 

PV manufacturing, it can save huge shipping costs as the PV panels can be created 

anywhere with the help of 3D printer [94]. There has been a lot of research conducted 

on using printing for organic PV manufacturing [95; 96] and novel printed designs are 

presented for solar light harvesting such as 3D printed solar energy trees [97]. Interest-

ingly according to Japan Aerospace Exploration Agency (JAXA), it is possible to transmit 

1.8 kilowatts of solar generated power using microwaves to a receiver around 180 feet 

from the power source and in conjunction with 3D printing, it would allow to drive vehicles 

or factories in space in the future [98]. Thin and flexible 3D printed solar cells are made 

from materials such as cloth. These lightweight solar cells are under tests for different 

applications including rooftops, vehicles and other power electrical systems [98]. 
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3 Experimental section 

In this section, experimental details of three different types of solar cells’ manufacturing 

and their corresponding measurement setups are described.  

3.1 Manufacturing of crystalline silicon solar cell 

In these experiments, already made multi-crystalline silicon solar cells were used. The 

electrical connections of the solar cells were made with the help of soldering equipment. 

For this purpose, silver wires were used which were coated with lead to help the solder-

ing process. After establishing the electrical contacts, the solar cells were placed over 

the laminate material. Then the top side of the solar cells was also covered by another 

sheet of laminate materials. The laminate materials were polyester films coated with 

EVA. The laminate material over the electrical contact near the edges was removed and 

finally the solar cells covered by laminates from both sides were fed into the roll lamina-

tor. The lamination speed was set to 10 RPM and the rollers temperature was set to 

150oC.  With these settings, the solar cells were encapsulated with the help of roll a 

lamination machine. The laminated solar cells were then bonded onto a structural board 

with the help of glue. A photograph of the prototype crystalline silicon solar cells manu-

factured in this project can be seen in the Appendix 2.   

3.2 Manufacturing of organic solar cell 

Due to limited resources, ready-made organic solar cells were used in this project for 

measurements. The organic solar cells were based on PEDOT: PSS and PCMB: P3HT 

on ITO coated glass. Electrical contacts were made using adhesive copper tape. Finally 

silver paste was applied on the contacts to improve the adhesion which would decrease 

the contact resistance. The silver ink took some time to dry. Then the solar cells were 

ready for measurements. 
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3.3 Manufacturing of dye-sensitized solar cell 

In this project, dye-sensitized solar cells were manufactured using the screen printing 

method. First, FTO coated 2 mm thick glasses were cut into small pieces of the size 16 

mm x 20 mm. A pair of holes was drilled on to some of these substrates. Then these 

substrates were washed using detergent in an ultrasonic bath. The substrates were fur-

ther washed with ethanol and acetone. Then they were dried in an oven.  

The photo-electrodes of the solar cells was prepared by screen printing a meso-porous 

layer of TiO2 of the size 4 mm x 8 mm onto the clean FTO coated glass substrates. The 

layers were heated at 110oC for 30 minutes, then cooled to room temperature. Then 

another layer of TiO2 was applied using same procedure. The reason to deposit two 

layers was to get the total thickness of the TiO2 layer around 10 µm. The thickness of the 

film was measured using a profilometer. The photo-electrodes were then placed in a dye 

solution consisting of 0.32 mM of the N719 dye in ethanol (99.5 wt %) for sensitization. 

They remained in the dye solution for about 24 hours. After that the photo-electrodes 

were ready for cell assembly. The counter-electrodes were prepared by depositing ap-

proximately 5 nm (thick) layer of platinum on clean FTO coated glass substrates by the 

sputtering method.  

An approximately 25 µm thick Surlyn foil with 5 mm x 14 mm aperture was placed on the 

top of the sensitized photo-electrode. Then the counter-electrode substrate was placed 

on the top of the foil in such a way that the platinum layer and the sensitized layer were 

facing each other. The assembly was placed on a hot place set at 110oC. That made the 

two electrodes bonded with each other with a gap of approximately 25 µm. Then the 

electrolyte was poured in the cell through the hole. The surface was cleaned and then 

another Surlyn foil with the size of the substrate was placed on top of the substrate so 

that the holes were covered by the foil. Then thin microscopic glass was placed on top 

of the covering foil. Then finally the assembly was pressed at 110oC for 10 seconds. 

Then the electrical contacts at the electrodes were made using adhesive copper tape. 

Silver ink was applied on the contacts between the copper tape and the FTO coated 

glasses. Finally to strengthen the contacts glue was applied on the contacts which were 

left to dry for a few hours. Then the dye-sensitized solar cells were ready for measure-

ments. A photograph of a prototype dye-sensitized solar cell manufactured in this project 

is attached in Appendix 2.   
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3.4 Measurements of solar cells 

The performance of the solar cells was measured using solar simulator at New Energy 

technologies Group at Aalto University. The Figure 26 shows the solar simulator and the 

equipment used for measuring the efficiencies of the solar cells. The main components 

of the solar simulator include the halogen lamps, power sources for the lamps, potenti-

ostat, data logging machine, Peltier element for cooling, temperature sensors, light mon-

itoring device and calibration cell.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. The solar simulator at the New Energy Technologies Group at Aalto 
         University. 
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The list of components used in the solar simulator are listed below marked in  Figure 26 

and 27. 

A) (The) simulator halogen lamps  

B) Lamp power supply  

C) Peltier elements for cooling the platform  

D) Measurement platform 

E) Keithley 2400 Source-Measure Unit (Potentiostat)  

F) HP 34,970 A datalogger  

G) (A ) calibrated reference cell  

H) Monitoring cell  

I) Temperature sensor 

The calibration cell, light monitoring cell and thermal sensors can be more clearly seen 

in Figure 27. 

 

 

 

 

 

 

 

Figure 27.  The calibration cell (G), light monitoring cell (H) and temperature sensor (I) 
in the solar simulator. 

First the lamps of the solar simulators were turned on and there was a 15 minutes  pause 

before starting the measurements. The calibration cell was placed in the center of the 

solar simulator and the light intensities were calibrated for 1 Sun light intensity, i.e. 1000 

W/m2.  

 

The monitoring cell was continuously measuring the light intensity after every second to 

make sure that the light intensity did not change during the measurements. Then the I-V 

curves of the solar cells were measured one by one at room temperature using Keithley 

2400 Source-Measure Unit (Potentiostat). The Measurement equipment was controlled 

C G H 

I 
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by the Agilent VEE Pro software programme. A screenshot of the software is attached in 

Appendix 3. 

 

The I-V data was recorded and saved as a text file. Then the efficiencies of the solar 

cells were calculated using Eq. 5. The Matlab code used for this purpose is attached in 

Appendix 1. 

 

 

Figure 28.  The spectrum of sunlight and halogen lamps. 

Since the spectrum of the halogen lamps is different from the actual sunlight as shown 

in Figure 25, spectral mismatch is taken into account in the calculations by multiplying 

the current density values by a factor of 0.94. 
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4 Results and discussion 

In this section, the measurement results of the three different types of solar cells are 

presented and analyzed. The efficiencies of the solar cells were obtained by measuring 

the current-voltage curves of the solar cells under 1 Sun equivalent light intensity, i.e. 

1000 W/m2 at room temperature. The performance limiting factors are briefly discussed 

as well. 

4.1 Measurements of a crystalline silicon solar cells under 1 Sun lighting condition 

The current-voltage and power-voltage curves of the crystalline silicon solar cells are 

shown in   Figure 29. It seems from the slope of the IV curve near the open circuit voltage 

that the crystalline solar cell has quite high series resistance. The effect of the series and 

shunt resistance on the IV curve are shown in detail in Figure 3 and 4. The IV curve of 

the crystalline solar cell seems to have adequate shunt resistance.   

 

Figure 29.  The current-voltage and power-voltage curves of the crystalline silicon solar 
cell measured under 1 Sun equivalent lighting conditions. 
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The performance parameters including open circuit voltage, short-circuit-current-density 

and fill factors are calculated using Eq. 5 and are presented in Table 1.  

Table 1. The performance parameters of the multi-crystalline silicon solar cell. 

Crystalline silicon solar cell Values 

Short circuit current density (A/cm2) 4.8 

Open circuit voltage (V) 0.52 

Fill factor (%) 0.58 

Efficiency (%) 14.5 

The values resulted in a solar cell efficiency of 14.5%. The solar cell efficiency would 

have been 21% if the fill factor would have been 85%. However, primarily due to high 

series resistance and to some extent due to recombination, the efficiency of the solar 

cell is limited to 14.5%. 
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4.2 Measurements of organic solar cell under 1 Sun lighting condition 

The current-voltage and power-voltage curves of the organic solar cell are shown in the 

Figure 30. It seems from the slope of the IV curve near the shortcircuit current density 

point that the organic solar cell has quite high shunt resistance which effectively blocked 

the leakage currents. Furthermore, the series resistance is also not very high. The re-

combination also does not have much effect on the IV curve. 

 

Figure 30.  The current-voltage and power-voltage curves of the organic solar cell 
measured under 1 Sun equivalent lighting condition. 

It seems from the slope of the IV curve near the short- circuit current density point, that 

the organic solar cell has quite high shunt resistance which effectively blocks the leakage 

currents. Furthermore the series resistance is also not very high. The recombination also 

does not have much effect on the IV curve. 
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The values of the performance parameters including open circuit voltage, short-circuit-

current-density and fill factors were calculated using Eq. 5 and are presented in Table 2. 

The values resulted in a solar cell efficiency of 4.21%. The solar cell efficiency is primarily 

limited by the smaller value of short-circuit current density. The open circuit voltage is 

reasonably high, i.e. 0.65V. However, the fill factor can be improved by further improving 

the electrical contacts. 

Table 2. The performance parameters of the organic solar cell. 

Organic solar cell Values 

Short circuit current density (mA/cm2) 10.7 

Open circuit voltage (V) 0.65 

Fill factor (%) 60.5 

Efficiency (%) 4.21 

4.3 Measurements of dye-sensitized solar cell under 1 Sun lighting condition 

The current-voltage and power-voltage curves of the dye-sensitized solar cell are shown 

in Figure 31. It seems from the slope of the IV curve near the open circuit voltage that 

the crystalline solar cell has slightly higher series resistance than the organic solar cell. 

However, both the cells have very high shunt resistance as the slope of the IV curve near 

the short-circuit current density is almost zero. As a reference, the effects of series and 

the shunt resistances on the IV curve are shown in detail Figure 4 and 5.  
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Like in the organic solar cells, the IV curve of the dye-sensitized solar cell seems not to 

be much effected by recombination.     

 

Figure 31.  The current-voltage and power-voltage curves of the dye sensitized solar 
cell measured under 1 Sun equivalent lighting condition. 

The dye-sensitized solar cell IV curve leads to slightly higher efficiency of the solar cell 

as compared to the organic solar cell primarily due to improved light absorption and 

higher open circuit voltage. Although the fill factor is slightly lower for the organic solar 

cell, i.e. 57.8%, as compared to organic solar cell 60.5%, the effect of short-circuit current 

density and open circuit voltage is dominating the overall performance of the dye-sensi-

tized solar cell. 
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 The values of the performance parameters including open circuit voltage, short-circuit-

current-density and fill factors are calculated using Eq. 5 and are presented in Table 3. 

The values resulted in a solar cell efficiency of 5.94%.  

Table 3. The performance parameters of the dye-sensitized solar cell. 

Dye sensitized solar cell Values 

Short circuit current density (mA/cm2) 14.7 

Open circuit voltage (V) 0.70 

Fill factor (%) 57.8 

Efficiency (%) 5.94 

The solar cell efficiency is primarily limited by the smaller value of short-circuit current 

density, though it is significantly higher than the short-circuit current density value of the 

organic solar cell. The open circuit voltage is quite high, i.e. 0.65V. However, the fill factor 

can be improved by further improving the electrical contacts. 
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5 Conclusions 

The experimental work performed in the project describes clearly that crystalline silicon, 

organic and dye-sensitized solar cells, which employ numerous, printing technologies, 

are functioning well. Quite high efficiencies of the crystalline, organic and dye-sensitized 

solar cells were obtained in this project. It was noticed that the performance of some of 

the solar cells, which suffered due to contact resistance, can be improved by improving 

the current collection contacts. Printable conductive inks can be used to replace the ad-

hesive copper tape to decrease the contact losses and hence improve the efficiency of 

the solar cells.   

The recent developments in the printing technologies have tremendous impact on the 

emerging photovoltaic technology. Many of the manufacturing challenges are solved by 

the development of new printable materials and the easy to up-scale methods of printing. 

Significant improvement in photovoltaic cell performance is achieved with the help of 

development in printing technologies. In addition, these simple and low cost printing 

technologies enable decreasing the costs of the photovoltaic technologies and make 

them a competitive alternative to the current sources of electricity. Interestingly, all the 

three generations of solar cells have benefited from the versatile printing technologies. 

Most importantly, recent advancements clearly indicate that organic, dye-sensitized and 

perovskite solar cells, which belong to new emerging photovoltaic technologies, are com-

patible with fully printable solar cell technology. The robust printing of these vibrant tech-

nologies is revolutionizing the world. Features such as a variety of colors, flexibility and 

lightweight are adding additional value in the PV technology which make solar cells at-

tractive for the customers not only because of their performance only but also due to 

their esthetic value. 
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Appendix 1: Matlab  Software Code for Calculating Solar Cell Efficiency 
 
clc; 

n=1; 

  

  

a1=load('EL01_02_01_8mar.txt'); 

  

  

data1=zeros(n,4); 

  

  

for j=1:n 

     

V=Vk(:,j); 

I=Ik(:,j); 

A=3.5; 

mismatch=1.06348; 

P=100; 

  

%[] = IV(V, I, A, mismatch, P) 

%Computes the parameters of an IV-curve. Input: V = voltage 

(V), 

%I = current (A), A = active area of the cell (cm2), 

%mismatch = mismatch-factor of the simulator (no dimen-

sion), 

%P = power of the incident light, (usually) 100 (mW/cm2). 

%Output: P_mpp (mW/cm2), V_mpp (V), I_mpp (mA/cm2),  

%I_sc (mA/cm2),V_oc (V), FF (%), nyy (%). 

  

  

  

I_density=(-I./A)*1000*mismatch; 

P_density=V.*I_density; 
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P_mpp=max(P_density); 

  

%tunnistetaan kuinka mones mittauspiste vastaa maksimiteho-

pistettä 

  

index=[];  

    for i=1:length(P_density),  

        if P_density(i)==P_mpp, index=i;  

        else i=i+1;  

        end 

    end 

     

  

    

V_mpp=V(index); 

I_mpp=I_density(index); 

  

  

  

I_sc=[]; 

V_oc=[]; 

I_posit=[]; 

V_negat=[]; 

    for i=1:length(V), 

        if V(i)<0, V_negat(i)=V(i);  

        else break 

        end 

    end    

       index_negat_V=length(V_negat); 

       index_posit_V=length(V_negat)+1; 

        

  

        

       dV=V(index_posit_V)-V(index_negat_V); 
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       dI=I_density(index_posit_V)-I_density(in-

dex_negat_V); 

        

       k=dI/dV; 

        

       I_sc=I_density(index_negat_V)+k*(-V(index_negat_V)) 

    

  

     for iii=1:length(I_density), 

        if I_density(iii)>0, I_posit(iii)=I_density(iii);  

        else break 

        end 

     end        

       index_posit_I=length(I_posit); 

       index_negat_I=length(I_posit)+1; 

        

 dV=V(index_posit_I)-V(index_negat_I); 

       dI=I_density(index_posit_I)-I_density(index_ne-

gat_I);        

  

       k=dV/dI; 

  

       V_oc=V(index_posit_I)-k*I_density(index_posit_I); 

  

  

  

 FF=((V_mpp*I_mpp)/(V_oc*I_sc))*100; 

  

 nyy=((V_mpp*I_mpp)/P)*100; 

  

  

  

  

plot(V,I_density,V,P_density),  
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xmin=-0.2;xmax=0.8;ymin=-1;ymax=max(I_density)+3;axis([xmin 

xmax ymin ymax]) 

 xlabel('Voltage(V)'),ylabel('Current density / power den-

sity (mA/cm^2) / (mW/cm^2)') 

 grid 

hold on; 

  

data=[I_sc, V_oc, FF, nyy] 

  

  

  

data1(j,:)=data; 

  

end 

data1 

  

dlmwrite('kenno-x-y-z.txt', data1);
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Appendix 2: Photographs of the Prototype Solar Cells Manufactured in 

this Project 

 

Figure A1: (The) photographs of multi-crystalline silicon solar cells. 

 



 2 (2) 

 

 2 

 

Figure A2: (The) photographs of a Dye-sensitized solar cell. 
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Appendix 3: Screenshot of the Agilent VEE Pro Software Programme 

 

Figure A3: Screenshot of Agilent VEE Pro software programme. Reprinted from Ag-

ilent VEE Pro website [101]. 

 

 

  


