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Abstract 

Sustainable energy supply is one of the biggest problems humanity is facing. Due to its 

global availability and recent developments, solar energy is one of the most used renewable 

energy sources at the moment, however it still faces difficult challenges like attaining low 

manufacturing cost and better efficiencies and avoiding the use of toxic and scarce materials 

for its mass expansion in the future. Organic photovoltaics promise potential solutions for 

these problems together with several other advantages like transparent modules, light 

weight and flexible materials and the possibility of mass production through printing 

techniques. In order to fabricate solar modules, structuring of the organic functional layers is 

mandatory. Ultra short pulsed lasers allow the connection of the solar cells with little loss of 

active area therefore achieving a better use of the module surface through a dense network 

of solar cells Within this thesis, a femtosecond laser system together with an optical 

parametric amplifier was set up. Then the ablation of silver layers(P1) as electrodes for 

organic solar cells was performed using four different wavelengths. The results demonstrate 

a dependency of the energy required for the ablation of silver with the absorption spectra of 

silver. The silver ablation was improved by modifying the pulse overlap and the ablation 

energy. Scribed lines with a width of 1.6 μm, average edges of less than 100 nm and peaks of 

less than 150 nm with no damage to the substrate were obtained. 
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1 Introduction 

According to the British Petroleum 2012 statistical review[1], the total energy 

consumption in the world in 2011 was 513,91 EJ, representing a 2,5% increase compared to 

the previous year. In addition, British Petroleum estimates that the increase in energy 

consumption will continue in the next 20 years; predicted energy consumption in 2030 is 

close to 700 EJ. It can be observed in Figure 1 that fossil fuels will still represent the main 

energy source in 2030, regardless that renewable energy sources will have the largest 

increase in primary energy consumption [2].  

 
Figure 1. Primary energy consumption by source [2] 

It is expected that the increase in the consumption of energy from fossil fuels will create 

several problems in the near and far future. Among these problems, the most important 

ones are global warming and the increased difficulty to access fossil fuels. Even if the so 

mentioned Peak Oil is delayed for another 100 years as mentioned by Lior [3], due to the 

current economic liability of tar sands and shale gas deposits, the raise of oil prices in the last 

20 years from $16.75 to $87.13 USD has propelled the research and use of renewable energy 

sources [4]. Likewise, the increase of CO2 due to the use of fossil fuels has raised awareness 

about the importance of using renewable energy sources. It is important to mention that 

recently the atmospheric CO2 level has reached the 400 ppm level. This is above the goal of 

350 ppm of CO2 proposed by Rockstrom et Al [5]. 

One of the most promising renewable energy sources is solar energy due to its enormous 

potential. The total solar radiation received by the earth in one year is larger than the 

summed reserves of coal, uranium, oil and natural gas, as shown in Figure 2 [6]. 

Consequently, solar energy is already being used in several regions of the world basically for 

heat and electricity production.  
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Figure 2. Potential of several energy sources [6] 

Photovoltaic devices is one of the most common technologies used to produce electricity 

through the use of solar energy around the world. Currently, the region with the most 

developed market is Europe. During the period 2000-2011, 51 GWp were added to the 

European electricity system[7]. Being an important technology nowadays, the role of solar 

photovoltaic is expected to increase exponentially in the future. According to the European 

Renewable Energy Council [8], 12% of the European electricity demand could be satisfied 

with photovoltaic modules in 2020, representing 390 GWp of installed capacity. By 2050, this 

amount is expected to grow up to 962 GWp of installed capacity producing a total of 13 TWh 

of CO2 free energy. 

Several photovoltaic technologies are used worldwide, among these; crystalline silicon is 

the most common with a market share larger than 80% [9]. However, several thin film 

technologies, like amorphous silicon, cadmium telluride (CdTe), and copper indium gallium 

selenide (CIGS) have been increasing their market share in the last years. Similarly, the 

development of new technologies, like organic and dye sensitized solar cells promise further 

improvements. 

In order to accomplish the different expectations of solar photovoltaic, several 

improvements need to become reality. First, photovoltaic technology prices need to 

decrease to achieve grid parity. In recent years there has been a steady decrease in the price 

of silicon photovoltaic technologies from 2.75 USD/Wp to 0.65 USD/Wp in the last 10 years. 

However, this has led to negative profits for several major photovoltaic companies in the 

sector as shown in Figure 3, halting the investments of important companies in photovoltaic 

technology [10]. Bosch is a clear example of this, as they have announced the end of their 

solar activities due to the heavy losses they have sustained [11]. Therefore, price reduction 

needs to be accomplished in a sustainable way for all the companies involved in the sector. 
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Figure 3. Selective manufacturers revenues and profits/losses [10] 

Second, the materials used for manufacturing the solar modules need to have high 

availability and they should not represent an environmental risk. There has been global 

concern about the use of cadmium in CdTe solar cells and the availability of indium for CIGS 

solar cells. Finally, the efficiency of the different solar technologies needs to be improved as 

the current levels are around 20% under standard test conditions (STC)1 for the best 

commercial available module[12]. 

Organic solar cells promise fast production and low manufacturing costs, due to the 

possibility of roll to roll production. Also, the use of carbon compounds as manufacturing 

material offers a highly available, low cost and safe material for mass production. A simple 

calculation made by Brabec shows that a silicon wafer production plant has an annual 

processed area output of 88,000 m2/year. A typical printing machine can produce the same 

area in 10 h [13] Similarly, organic solar cells offer other advantages like color tuning, 

mechanical flexibility and low material use due to its thin film characteristics. Additionally, 

efficiency of organic solar cell has increased dramatically in recent years, going from less 

than 4% in 2001 to 12% in 2013[14].  

The light weight and possible transparency of organic solar cells open the possibility for 

several market niches. One of them is the integration of OPVC´s with clothing for powering 

personal electronic devices [13]. Another possible market is vehicle and building integrated 

photovoltaic. At the moment other thin film technologies are already in the market for BIPV, 

like CIGS or amorphous silicon (a-Si). However, due to the high potential for low cost and 

                                                           

1
 Standard test conditions: 1000 W/m

2
, 25°C and air mass of 1.5 
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high speed production of organic photovoltaics, its impact in the BIPV market, especially in 

applications like sunroofs, skylights and windows can be huge [15].  

Another clear advantage of organic photovoltaics is that they increase their efficiency at hot 

temperatures opposite to silicon solar cells that have a decrease in efficiency. According to 

Heliatek data, if organic solar module operates at 75°C, it's efficiency will increase 10%, on 

the contrary a silicon solar cell will lose about 20% of its efficiency as shown in Figure 4[16]. 

This is an important advantage as the regions with more solar irradiation are located in 

desert areas where the modules will operate at high temperatures.  

 

Figure 4. Efficiency of organic photovoltaic cell versus c-Si [16] 

One of the crucial process during the production of organic solar cells is the structuring 

of the functional layers. Adequate structuring of the functional layers allow the solar cell to 

attain adequate voltage and current levels, as the structuring allow us to connect the cells in 

series or parallel. Patterning using slot die coating and screen printing allow us to do this. 

However, the loss of active area is quiet big as geometric fill factors between 45% and 67% 

are achieved[17]. Chemical etching and mechanical scribing are also used in other thin film 

technologies. Nevertheless, these techniques have several disadvantages like the use of 

harmful chemicals and the wear of scribing needles[18]. Pulse lasers in the nanosecond 

regime have been tested as well, however the heat affected area for this technology is 

important. Ultra short pulse laser technologies, pico and femtosecond regime, offer a 

possibility to adequately structure the solar cell, with a minimum effect in the photovoltaic 

material and minimum loss of active layer surface compared with nanosecond lasers [19] 

and current patterning methods used during the printing production process. Also, the 

structuring quality ultra short pulsed lasers compared to nanosecond is higher. The quality 

difference between nano and picosecond pulses can be observed in Figure 5[20]. 
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Figure 5. Steel ablation in the nanosecond regime (left) and the pico second regime (right) [20] 

Ultra short pulses in the Pico- and femtosecond regimes have already been tested as 

options to effectively structure organic solar cells [18] [19]. However, the adequate 

wavelength for structuring each layer has not been identified. It is also important to mention 

that laser structuring is compatible with roll to roll process, making it a feasible technology 

for the future mass production of organic solar cells.   

The purpose of this work is the installation of a femtosecond laser system and the 

optimization of the different laser parameters, wavelength, laser fluency and speed process 

for the adequate structuring of the silver layer (P1) for an inverted organic solar cell 

configuration. Chapter two will describe the theory behind the operation of organic 

photovoltaics. Chapters three will cover the theoretical framework for laser and ablation 

process. Chapter four will describe the experimental setup and the equipment 

characteristics, followed by the discussion of the results in chapter five and finally the 

conclusions and outlook in chapter six. 

  



 

 

 

2 Theoretical framework  

2.1 What is an organic solar cell? 

The future promise of cheap and fast production of organic solar cells through a roll to roll 

process has led to intensive research in this field during the last 20 years. In 1986, Tang 

developed a single heterojunction organic photovoltaic solar cell with 1% efficiency[21]. 

Since that moment, the efficiency has steadily increased. At the moment the current record 

efficiency is 12% [22] 

Working principle 

Organic semiconductors can form films with different morphology complexity, degrees of 

order and packing modes. The carbon atoms in their molecular structure are sp2-hybridized 

and thus possess atomic p-orbitals. The overlap of the p-orbitals results in the formation of 

delocalized p-orbitals, which define the highest occupied molecular orbital (HOMO) and the 

lowest unoccupied molecular orbital (LUMO). This determines the optical and electrical 

properties of the macro molecules [23]. The structure of a single heterojunction organic 

solar cell is shown in Figure 6.  

 
Figure 6. Structure of a single heterojunction organic solar cell [23] 

A single heterojunction solar cell consists of:  

1. A transparent conductive oxide (TCO) generally indium-tin oxide 

2. First organic layer with a low ionization potential, electron donor 

3. Second organic layer with high electron affinity, electron acceptor  

4. Second electrode 

An analogy can be made between the valence and conduction band energies and the HOMO 

and LUMO energies to compare the working principle of inorganic and organic devices. This 

is shown in Figure 7. 
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Figure 7. (a)An inorganic solar Cell. (b) Organic solar cell [23] 

For the inorganic solar cell: 

1. Absorption of photons with energy larger than the band gap followed by  

2. Thermalization of holes and electrons at the valence and conduction bands 

respectively 

3. Minority carriers diffuse to the junction where they are swept away and accumulate 

on the other side 

For the organic solar cell: 

1. Absorption of photons with energy larger than the option band gap on either side of 

the heterojunction  

2. Thermalization and formation of excitons 

3. Excitons diffuse to the interface of the donor and acceptor materials 

4. Dissociation of excitons, with the transfer of electrons to the acceptor and holes to 

the donor 

An important difference between organic semiconductors and inorganic semiconductors is 

the nature of the excited states. This difference is due to the high ɛ the binding energy of the 

exciton in organic semiconductors, on the order of 500 meV, compared with a few meV in 

the case of inorganic semiconductors [23]. Because of this the open circuit voltage (Voc) 

produced in organic devices is lower as the electrons must first dissociate. This represent a 

challenge as the exciton needs to rapidly diffuse to the D/A heterojunction, the only location 

where dissociation can be done efficiently. Therefore, the thickness of the organic layers has 

to be in the range of the exciton length given by: 

       
 

   

Where: 

D=Diffusion coefficient 
 =Lifetime of the exciton 
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Also it is important to consider that the thickness of the layer has an important influence on 

the absorption of light by the cell, hence a balance has to be found between the need of 

light absorption and the diffusion of the excitons for separation. For example, using a device 

like the one of Tang shown in Figure 6 a small L values between 10-20 nm is needed. 

Considering a layer of 10 nm the absorption is as low as 15% for a single pass. This is an 

important issue known as the exciton bottle neck. 

One possible solution is the use of bulk hetero junctions (BHJ) were the acceptor and the 

donor components are mixed, this leads to a heavily increased interface area between donor 

and acceptor, enhancing the possibility of dissociating the excitons as shown in Figure 8. 

 
Figure 8. Bulk heterojunction organic solar cell [15] 

However, with this configuration charge carriers can sometimes be trapped within the 

disorderly configuration and fail to reach the electrode [15]. 

A solution for this is the development of ordered hetero junctions (OHJ) with controlled 

growth. OHJ provide better control over the D-A providing a highest quantum efficiency than 

that of disorder BHJ. This is shown in Figure 9. 

 
Figure 9. Ordered heterojunction (OHJ) with controlled growth[15] 
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2.2 What is a laser? 

Laser stands for light amplification by stimulated emission of radiation. A laser is a device 

that produces and amplifies an intense beam of highly coherent and directional light. In 1960 

Maiman extended the idea of the maser (microwave amplification by stimulated emission of 

radiation) to the infrared or visible region of the electromagnetic spectrum [24]. A laser is 

composed of at least three components as shown in Figure 10 [25]: 

1. A gain medium that amplifies the light by the process of stimulated emission 

2. Pump source that creates a population inversion in the gain medium 

3. Two mirrors that form a resonator or optical cavity, it traps the light keeping it 

travelling back and forth between the mirrors.  

 

 
Figure 10. Laser Basic Components [25] 

Working principle 
Atoms, ions, and molecules can exist only in discrete energy states. The emission or 

absorption of a photon is related to the change of one energy state to the other. In thermal 

equilibrium the possibility of emitting or absorbing a photon is exactly the same, however in 

order for the laser to work, this thermal equilibrium needs to be change. This is achieved by 

the use of an external energy source that transfers energy to the electrons, the electrons 

move to a higher energy level, causing that the electron density is higher in the high energy 

level than in the low energy level, this is called population inversion. When the inversed 

populated system interacts with an electromagnetic wave of appropriate frequency, the 

electromagnetic wave will be amplified because the incident photons cause the atoms in the 

higher level to drop and thereby emit additional photons. However, one pass of the 

electromagnetic radiation will not amplify the laser enough, in order to increase the 

amplification the optical cavity is used as a resonator. The mirrors allow several passes of the 

electromagnetic wave, amplifying the electromagnetic wave. The laser beam finally leaves 

the optical cavity through the output mirror [26], as shown in Figure 10. 
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Laser characteristics and types 
Laser radiation shows an extremely high degree of monochromaticity, coherence 

directionality and brightness as compared to other noncoherent light sources [25].  

 Monochromacity: results from the oscillation of light at one resonance frequency of 

the optical cavity and due to the balance between gain and loss in CW operation the 

line width ΔVL is limited by quantum noise.  

 Coherence: the spatial coherence of lasers is also due to the fact that the spatial field 

distribution of the beam generated by stimulated emission is a mode of the optical 

resonator.  

 Directionality: this is due to the fact that the gain medium is placed in the optical 

resonator. This causes that the stimulated emission is mainly in the orthogonal 

direction to the two cavity mirrors, where the feedback is more effective and 

diffraction losses are the smallest.  

 Brightness: it is due to the capability of a laser oscillator to produce a high optical 

power in a small solid space.  

Laser can be divided into two main groups [25]: 

 Continuous wave (CW) or quasi-CW: are the lasers that exhibit a steady flow of 

coherent energy and suffers little or no change with time. Examples of this type of 

lasers are gas lasers like Helium-Neon and Argon Ion and solid state lasers  

 Pulsed lasers: the output of the beam changes with time, producing short optical 

pulses in a repetitive way. The duration of these pulses goes from nanoseconds to 

femtoseconds. Typical examples of pulsed lasers are neodymium-doped yttrium 

aluminum garnet (Nd:YAG) and titanium-sapphire lasers (Ti:Al2O3). 

Short pulsing generation methods 

The most important methods to produce short pulse lasers are Q Switching, cavity 

pumping and mode locking. 

Q Switching 

In order to increase the pumped energy in the medium Q-switching is applied. This 

technique allows storing energy in the amplifying medium using the optical pumping. The 

cavity is lowered inhibiting the laser action. The setback of this is that laser efficiency decays 

as there heavy losses. When the cavity is restored, the stored energy is suddenly released in 

the form of a very short pulse of light [27]. The typical pulse obtained with this method is 

between 10 and 20 ns. The development of a Q-switched laser pulsed is shown in Figure 11. 
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Figure 11. Q-Switched laser pulse. Flash output, resonator loss, population inversion and photon flux as a 

function of time [27] 

Cavity dumping 

Cavity dumping is a special type of Q-switching that allows the generation of extremely short 

pulses. The process involves two 100% reflective mirrors on both ends of the cavity. At the 

peak of the circulating power, the output mirror is switched from 100 to 0% reflection. The 

pulse width is primarily a function of the cavity length [27]. Figure 12 shows the optical 

schematic of a Nd:YAG laser. Typical pulses using cavity pumping are between 1 and 2 ns. 

 
Figure 12. Optical schematic of a cavity dumped Nd:YAG laser [27] 

Mode locking 

In order to generate even shorter pulses, mode locking is used. Lasers produce light over 

some natural range of frequencies. This natural bandwidth is mainly determined by the gain 

medium and the resonant cavity of the laser. Depending on the material and the cavity 

properties the laser will form certain longitudinal modes.  
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In a normal laser, these modes will oscillate independently. Mode locking will set a fixed 

phase among the different modes of the laser. The modes will constructively interfere with 

each other, producing an intense pulse of light [28].  

Chirped pulse amplification 

Together with the duration of the pulse, another important parameter is the peak power of 

it. However, the peak power is limited to the gigawatt level because of the serious damage 

in the gain medium caused by self-focusing. A technique to create high power short pulses 

without damaging the different gain medium is the chirped pulse amplification. This 

technique was initially created in the 1960s for radar transmission and it was developed for 

laser systems in the 1980s [29][30]. 

Chirped pulse amplifier system uses the output pulses of a mode-locked oscillator. A pulse is 

selected by a high speed switch from the oscillator through a high speed switch. The pulse is 

then stretched with a dispersive optical component, such as a fiber Bragg grating or a pair of 

diffraction gratings. Afterwards the stretched pulse is amplified in a regenerative amplifier. 

Finally the pulse is compressed using a pair of diffraction gratings[31][32] [33]. This prevents 

the onset of the self-focusing. A schematic of this is shown in Figure 13. 

 

 
Figure 13. Chirped pulse amplifier schematic [33] 
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2.3 What is ablation?  

Laser ablation is the process of removing material by direct absorption of laser energy. 

Ablation starts in a material when the energy level from the laser reaches a certain threshold 

value[34]. As mentioned before ultra short pulses lasers offer the possibility of structuring 

different materials in the micro and nano level. Micro and nano structuring precision 

depends on several factors, like [20]: 

 Geometry of the laser beam  

 Laser-material interaction 

 Positioning for the part and the laser beam  

 Wavelength and duration of the pulses 

The laser material interaction depends mainly on the absorption process, which in turn 

depends on the material characteristics like: 

 Reflectivity 

 Absorptivity 

 Melting and evaporation enthalpy 

Absorption mechanisms 

There are two main absorption process, linear and multiphoton absorption. These processes 

are described below [20]. 

Linear absorption 

Radiation is absorbed linearly when free or quasi free electrons are given or when the 

absorption band at the laser wavelength exists. In this case absorption can be described by 

the Lambert-Beer´s Law: 

             
    

Where:  
R=Reflectivity 
α=Absorption coefficient  
I0=Threshold intensity for ablation 
x=Ablation depth  
 

Considering this the relationship between the laser intensity and the ablation depth is: 
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Multiphoton absorption 

Matter with absorption bands in the deep UV does not absorb laser radiation in the visible 

and infrared wavelengths with moderate power intensities (1010 W/cm2). If the laser 

intensity is increased the probability of multiphoton absorption increases as well. 

Multiphoton absorption consists of the absorption of two or more photons simultaneously. 

This is equivalent to the absorption of one UV photon with the same energy. Using 

multiphoton radiation the precision diameter is given by: 

    
  

  
 

Where: 
q=Multiphoton coefficient 
Wmp=Processing diameter 
Wo= Waist size 

Thermal effects dependency on the laser pulse duration 

One of the most important characteristics of ultrashort pulse ablation is the possibility of 

ablating materials with small heat affecting zone (HAZ). The effect of the absorbed optical 

energy on thermal ablation is driven by the pulse duration and is divided in the following 

four regimes2 [20].: 

 Absorption of the optical energy by quasi-free electrons (t<10 fs) 

 Thermalization of the electron system (T<100 fs) 

 Interaction between the electron and the phonon system (t<10 ps) 

 Thermalization of the phonon system (t<100 ps) 

Considering the previous information, interaction with nanoseconds and picosecond lasers 

can be explained. 

1. For lasers with pulses in the nanosecond regime, the pulse duration is larger than 

thermalization of photons: in this regime, the pulse duration is larger than 

thermalization of the phonon system. The thermal penetration for this regime can be 

defined as: 

 

 

 

 

                                                           

2
 The regime times are given for copper 
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Where: 
Cp=Heat capacity 
k=Thermal conductivity 
ρ=Density 
tp=Pulse duration 
 

The thermal penetration depth determines the region beyond the focus diameter 

that is thermally modified by the laser or the HAZ.  

2. For lasers with pulses in the picosecond regime, the pulse duration smaller than the 

electron-phonon relaxation time: the temperature development for this type of 

system is described by a two temperature model representing two coupled 

differential equations for the phonon and electron respectively. This temperature 

model is also mentioned by Momma et al [35] 

  

   
  

 
 

  
   

   
  

             

  

   

  
          

Where 
Ce=Electron heat capacity 
Cp=Phonon heat capacity 
K=Heat conductivity of the electron system 
S=Applied optical energy 
μ=Electron-phonon coupling constant 
Te=Electron temperature 
Tp=Phonon temperature 
 

The difference between the two previous systems is that in the nanosecond laser, the 

energy transfer occurs is in the same time frame of the laser pulse , while in picosecond 

laser, the energy transfer happens after the end of the laser pulse. This results in a different 

ablation processes fpr nano and picosecond lasers. For nanosecond lasers the ablation is due 

to melt expulsion, in contrast for picosecond laser the ablation is due to evaporation of the 

material. It is important to notice that in order to achieve the evaporation for the 

picosecond lasers, higher peak intensities are needed in the order of 1010 W/cm2. It is also 

important to observe that due to the presence of free electrons, the required energy for 

metals is usually smaller than the energy required for dielectrics[36].  
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Ultrashort pulse interaction  

Ultrashort laser interaction is divided in two different groups, dielectrics and metals. 

Dielectrics 

Following the same logic of the picosecond lasers compared to nanosecond. Femtoseconds 

lasers required higher peak energy in order to remove an atom from a solid material. Laser 

Ablation with 100 fs pulses requires intensity in the range of 1013 to 1014 W/cm2. This is due 

to the fact that the laser needs to provide a higher energy than the binding energy of the 

atom. With this energy level fully ionization occurs at the beginning of a laser pulse. After 

this initial ionization, the laser energy is absorbed by the free electrons due to inverse 

Bremsstrahlung and resonance absorption mechanisms [37]. With the increase in the 

absorption of the light, the dielectric starts behaving like a metal on narrow surface. This 

causes a change of the refractive index provoking a further ionization and electron emission 

from the surface. The positively charge atomic cores remain in the surface. In a metallic 

conductor or semiconductor this charge will be quickly compensated, however in a dielectric 

material this compensation does not occur leading to a Coulomb explosion that takes place 

within several tens of fs. The Coulomb explosion is an ablation regime characterized by a 

non-thermal process that leaves an atomically smoothed surface. After the electron-photon 

relaxation time, the hot carriers are thermalized and reach thermal equilibrium with the 

lattice [36]  

Metals 

Similar to dielectrics the energy provided for the electron to escape is equal to the work 

function plus the binding energy of the ion. However, there is no need of extra energy to 

create the free carriers. As a general rule the threshold for metals is lower than the one for 

dielectrics [36].  
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2.4 Application of lasers in organic solar cells 

A standard organic solar cell has an open circuit below 1 V. This voltage is not enough for its 

application as standard silicon crystalline modules have open circuit voltages above 

30 V[38][39]. The voltage can be increased through the series connection of the cells. In 

silicon crystalline this is achieved through physical wire connections. However, coating and 

printing techniques used for the production of organic solar cells allow the serial connection 

of organic solar cells through direct patterning[40] . An schematic of a series connection of 

an organic solar cell is shown in Figure 14. 

 
Figure 14. Series connection of an organic solar cell[40] 

 

Another problem that has been identified is the high sheet resistance of the transparent 

conductive oxide. In order to decrease the losses caused by this resistance a possible 

solution is to decrease the current value, as the losses are given by the following 

relationship. 

          

Where: 

Ploss=Lost power 
I=Organic solar cell current 
R=Sheet resistance 

The current produced by an organic solar cell has a direct relationship with the size of it. In 

order to decrease the current, the solar cells should be divided into smaller segments and 

connected in series. This can also be done by coating an printing techniques as mentioned 

before. However, when the cell is divided in several pieces, the lost area due to the 

patterning is important. An example of the behavior of the current, voltage, power losses 

and active area, defined by the geometric fill factor is shown below. 
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One cell module 

V=1 V 

I=1 A 

Ploss=100% 

GFF=100% 

Four cells module 

V=4 V 

I=0.235 A 

Ploss=5.5% 

GFF=94% 

10 cells module 

V=10 V 

I=0.082 

Ploss=0.67% 

GFF=82% 

Figure 15. Geometric fill factor and electric characteristics for several module configurations 

It can be observed that for the one cell module, the losses are the maximum, represented by 

a 100% losses, however also the geometric fill factor is 100% so all the solar cell is used. The 

contrary is observed with the 10 cells module where the losses are reduced to 0.67% of the 

maximum value, however 18% of the solar cell area is lost. 

Ultra short pulse lasers allow us to obtain a higher geometric fill factor in the organic solar 

cells compared to the direct patterning of solar cells through coating and printing 

techniques. Current manufacturing processes like slot die coating and screen printing are 

obtaining fill factors around 45-67% with the promise of a future optimization that would 

obtain 85%. Laser scribing could obtain geometric fill factors higher than 90%[17].  

What has been done? 

As mentioned before, several tests have already been done using pico and femtosecond 

lasers for the adequate structuring of organic solar cells. Petsch et al[41] compare the 

ablation of the indium tin oxide (ITO) layer and the ablation of the bulk heterojuntion layer 

(BHJ) that consists of poly(3-hexylthiophene):phenyl-C61-butyric acid methyl ester 

(P3HT:PCBM) on top of a Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) 

(PEDOT:PSS) using pico and femtosecond lasers with wavelengths of 532 nm and 1064.nm  

For the ablation of ITO it was found that using a picosecond laser at 1064 nm, an acceptable 

ablation with edges below 20 nm was achieved.  However, damage of the polyethylene(PET) 
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substrate could not be avoided. It was also observed that the interface between ITO and PET 

is weakened due to the presence of the heat affected zone. Tests using 532 nm with the 

picosecond laser were also performed but no improvement was found. Finally tests with the 

femtosecond laser using 1064 nm were performed. The results with the femtosecond laser 

were superior as the damage to the substrate was minimum and the heat affected area was 

reduced.  

For the ablation of the bulk heterojunction both picosecond and femtosecond lasers were 

against evaluated. It was found that for a wavelength of 1064 nm using the picosecond laser 

no selective ablation of the P3HT:PCBM layer was achieved. However, trials using 532 nm 

show that selective ablation was achieved with minimum edges of 50 nm. However, it was 

not possible to selectively ablated the PEDOT:PSS layer together with the P3HT:PCBM. 

Similar results were reported using the picosecond laser with a 355 nm wavelength. Finally, 

a test using the femtosecond laser at 532 nm was performed. Using this femtosecond laser a 

selective structuring of the P3HT:PCBM and PEDOT:PSS layers was achieved with minimum 

edges and minimum heat affected zone. 

Hanel et al[42] made similar tests comparing the ablation of nanosecond and picosecond 

lasers.for a similar cell configuration to the one used by Petsch et al The obtained results 

show that a better ablation was achieved using the picosecond laser at 1064 nm for the ITO 

layer on top of PET and glass substrates compared to the nanosecond laser . Similar to the 

results obtained by Petsch et al, the use of the picosecond laser at 1064 nm and 532 nm 

does not allow the ablation of the PEDOT:PSS layer together with the P3HT:PCBM. Finally, it 

is interesting that they built working solar cells with conversion efficiencies of 2% for glass 

substrates and 0.5% for PET substrates.  

Silver ablation 

For the ablation of silver with a femtosecond laser, Byskov-Nielsen et al [43]. found the 

threshold fluence and the ablation rate for the single pulse and the low and high fluence 

regime using a Ti:sapphire based Chirped pulsed amplification system with a central 

wavelength of 800 nm and pulses of 100 fs. For the single pulse, the threshold was 

1.5±4 J/cm2 that matches the theoretical value calculated by them. The theoretical value 

was calculated from: 

 

    
     

  
  

Where: 

Fth=Threshold fluence 
ρ =Enthalpy of evaporation per unit volume 
A=Absorbed light 
1/α=Characteristic absorption length 
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For the low fluence regime they found that the data appears to follow a logarithmic 

dependent on the applied laser fluence. This is given by the following equation: 

          
 

   
  

 

 

 

Where: 

Llow=Ablation rate 
L=Effective penetration depth 
F=Fluence 
Fth=Threshold fluence 
 

The results obtained for silver are given in Table 1. 

Parameter Ag 
l (nm) 100±6 
Fth (J/cm2) 0,83±0,02 

Table 1. Ag results for low fluence regime [43] 

For the high fluence regime the values follow a linear parameter. It was found that the 

results follow the prediction of a linear dependency with high fluency. This is shown in Figure 

16, where the blue dots represent the low fluence regime and the red dots represent the 

high fluence regime.  

 
Figure 16. Ablation rate vs fluence in low and high regime for silver [43] 

 

Using a Ti:sapphire with a chirp amplification system producing pulses of 110 fs at 780 nm 

Furusawa et al[44] confirmed that the ablation phenomenon is present in two regimes, low 

and high energy fluency, Figure 17. However, the ablation threshold they found for silver is 

93 mJ/cm2 is comparatively smaller than the one found by Byskov-Nielsen et al.  
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. 
Figure 17. Two regimes for silver ablation with a femtosecond laser [44] 

Furusawa also found out the relationship for silver and the incident pulse width. It can be 

shown in Figure 18, that the ablation threshold decreases linearly with the pulse width. This 

proves the principle that the energy required to ablate a structure using ultra short pulses is 

lower than using longer pulses.  

 
Figure 18. Ablation threshold against the incident pulse width [44] 

Ablation modeling  
A simple model was developed for femtosecond pulse lasers by Gamaly et Al [37]. As 

mentioned before, for an electron to escape from a metal the energy provided needs to be 

larger than the addition of the work function and the binding energy of the ion. This is given 

by: 
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Where: 
εe=Energy provided to the free electron 
εb=Electron ion binding energy 
εesc=Work function 
A=Absorption coefficient 
Io=Laser intensity 
Is=Skin layer 
ne=Density of free electrons stripped off 
tp=Pulse time 
 

Therefore solving for the threshold fluence Fth for metals: 

   
       

 

 
         

    

 
 

Now considering the number density of the conductivity electrons is unchanged during the 

laser-matter interaction process, A/Is=4π/λ, the following approximate formula is obtained 

   
       

 

 
         

   

 
 

 

 
         

   

  
 

For dielectrics this condition is similar, however the energy required to ionize the electrons 

needs to be supplied as well. This is represented by Ji in the following expression for the 

threshold of dielectrics: 

   
  

 

 
       

    

 
 

 

 
       

   

  
 

This model was tested the values obtained by the model are in qualitative agreement with 

the experimental values. For example, for a gold target ablated by a laser wavelength 

1053 nm, the calculated ablation threshold is Fth=0.5 J/cm2. The experimental value is 

0.45±0.1 J/cm2. As well for silica the calculated threshold value for a laser pulse with 

1053 nm is 2.35 J/cm2. This value is in qualitative agreement with the experimental figure of 

2-2.5 J/cm2. If a laser with a wavelength of 825 nm is used. The calculated value is 1.84 J/cm2 

and the experimental value is approximately 2 J/cm2. It can be observed that there is a linear 

tendency with the use of different wavelengths. 

This wavelength linear dependency of the ablation threshold was also confirmed by 

Borowiec et al. [45]. It was found that for wavelengths less than 925 nm there is a linear 

dependency for the threshold with the wavelength. This is shown in Figure 19.  



Joshua A. Fragoso García 

Master Thesis 

23 

 

23 

 

 

Figure 19. Wavelength dependency of the threshold fluence. The pointed line shows 925 nm , under this 

wavelength there is a linear dependency [37] 

 

 

 



 

 

 

3. Experimental setup 

In the following chapter we can find a description of: 

 The laser system for structuring the samples 

 The process for preparing the samples 

 The equipment for analyzing the samples 

3.1 Laser system description 

The system used for the laser ablation consists of the following devices 

 Libra ultrafast amplifer laser system (Coherent) 

 OPerA Solo Ultrafast Optical Parametric Amplifier (Light Conversion) 

 μFAB Workstation (Newport) 

The setup of the system on the optical table is shown in Figure 20. 

 
Figure 20. Laser ablation system set up. The red line shows the laser path between the OPerA and the Libra 

system 

Each of these components will be described in the following section. 

Libra ultrafast amplifer laser system 

The Libra is an all in one ultrafast oscillator and regenerative amplifier system. The main part 

that is the library optical bench assembly consists of four modules [46]. 

 

 Vitesse seed laser 

 Evolution pump laser 

 Regenerative amplifier (RGA) 

 Stretcher/compressor 

The Vitesse serves as the seed laser for the Libra system. This module consists of a 

modelocked Ti:sapphire oscillator cavity pumped by a Verdi laser that is a CW diode pumped 

green laser. The Vitesse has the following specifications in Table 2. 
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Parameter Specification 
Vitesse 2W Vitesse 5W 

Average Power >250 mW >750 mW 
Bandwidth >10 nm 
Pulsewidth <100 fs 
Repetition rate 80±1 MHz 
Wavelength 800±1 nm 
Power Stability ±1% 
Noise <0.1 % rms 
Beam Diameter (x) 1.25±0.25 nm 1.45±0.25 nm 
Beam diameter (Y) 1.00±0.25 mm 1.20±0.25 mm 
Beam Divergence (x) 0.85±0.25 mm 0.75±0.25 mm 
Beam Divergence (y) 0.95±0.25 mm 0.90±0.25 mm 
M2 <1.2 
Polarization >200:1, horizontal 

 Table 2. Vitesse laser specifications [46]  

The Evolution is a diode-pumped second-harmonic Q-switched laser. It provides the pump 

power to the amplifier module. The evolution uses an LBO crystal to allow the Q-switched 

laser. The specifications of the evolution laser are shown in Table 3. 

Parameter Specification 
1kHz 5kHz 

Average Power (W) >12/20 W >15/30 W 
Energy per Pulse (mJ) >12/20 mJ >3/6 mJ 
Wavelength 527 nm 
Beam Diameter 5 mm 
Energy stability <1% 
Beam Profile Multimode, quasi flat-top 
Polarization Linear, horizontal 

Table 3. Evolution laser specification [46] 

The regenerative amplifier, stretcher and compressor are included in the robust modular 

enclosure. This set consists of a CHIRP amplification system where the regenerative amplifier 

is based on the Coherent Legend Elite platform. The complete layout is shown in Figure 21. 
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Figure 21. Libra optical bench assembly [46] 

The cavity gain at the RGA is controlled by the pockels cells. The pockels cells delays can be 

changed with the synchronization and delay generator (SDG) shown in Figure 22. 

 
Figure 22. Synchronization and delay generator at KIT 

The delays of the pockels cells will allow us to obtain an adequate pumping (evolution laser) 

of the seed laser (Vitesse laser). Delay one allows the beginning of the amplification phase 

by injecting a pulse into the amplification cave. Delay two releases the pulse into the 

compression stage. The seed laser and pump laser signals together with the triggers of the 

delays at the pockels cells are shown in the amplification timing diagram in Figure 23. 
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Figure 23. Amplification timing diagram Libra system [46] 

OPerA Solo ultrafast optical parametric amplifier 

The OPerA Solo is a two-stage parametric amplifier of white-light continuum. It is composed 

of several units like: 

 Pump delivery system and splitting optics (PO) 

 White-light continuum generator (WLG) Pre amplifier (PA1)   

 Signal beam expander collimator (SE) 

 Power amplifier or the second amplification stage (PA2) 

Working principle 

The beam enters the system through A0 or A1. The beam is directed through several mirrors 

to a beam splitter (BS1). The bulk that goes through, 90% to 95%, is used as pump at the 

power amplifier stage (PA2). The rest of the beam that goes through is used as a source to 

produce the seed beam for the power amplifier stage. The smaller fraction of the beam then 

goes through a telescope, two Brewster angle lenses, an iris aperture (A2), and finally it hits 

a second beam splitter (BS2).This beam splitter separates the beam, sending one to produce 

the white light continuum (WLC) and the rest to work as a pump in the preamplifier stage. 

The white light continuum and the pump beam are then focused into the preamplifier 

nonlinear crystal(NC1) Here the pulses are overlapped and timed non collinearly. After the 

collimation the residual pump beam and the idler are blocked by a beam blocker. Then  the 
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sign beam is reflected in mirror 5 (M5) that sends the beam to a telescope for its expansion 

and collimation and transported into the second amplification stage. Here, the beam is 

pumped by the bulk of the imput pump beam. The pump and signal beams met in the 

second non linear crystal (NC2) were they are overlapped collinearly.  This will result with 

the collimated signal and idler beams as outputs of the OPerA Solo [47] The path of the 

beams is shown in Figure 24. 

 
Figure 24. OPerA Solo layout. 1-Input pump beam, 2. PA2 pump beam, 3 WLG pump beam, 4, PA1 pump beam, 

5 White light beam, 6 seed beam, 7 Idler beam [47] 

The OPerA Solo allows us to obtain pulses between 190 nm - 20 μm. The configuration for 

this system allows us to obtain wavelengths between 275 nm -1600 nm. In order to do this 

several optics need to rotate their position. The internal optics are controlled through a 

computer software. The final step to obtain the desired wavelength is the input of one or 

two wave splitters (WS). Several wave splitters are necessary depending on the operating 

mode of the OPerA Solo. The different operating modes and the wave splitters necessary are 

shown in Table 4. The second harmonic generation configuration is shown in Figure 25.  

Interaction Wave Splitter 
1 2 

Idler - 
Signal 
Second Harmonic Idler WSB3@(730-930) 

WSB2@(920-1150) 

- 
Second Harmonic Signal WSB5@(450-640) 

WSB4@(550-740) 

WSB3@(730-930) 

- 
Sum Frequency Idler WSB5@(450-640) - 
Sum Frequency Signal WSB5@(450-640) - 
Fourth Harmonic Idler WSB3@(730-930) 

WSB2@(920-1150) 

WSB6@(360-520) 
Fourth Harmonic Signal WSB5@(450-640) 

WSB4@(550-740) 

WSB3@(730-930) 

WSB8@(230-290) 

WSB7@(275-365) 

WSB6@(360-520) 

Second Harmonic of the Sum 

Frequency Generator Idler 

WSB5@(450-640) 

 

WSB8@(230-290) 

WSB7@(275-365) Second Harmonic of the Sum 

Frequency Generator Signal 

WSB5@(450-640) 

 

WSB8@(230-290) 

 Table 4. OPerA Solo configuration modes and wave splitters [47] 
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Figure 25. Second Harmonic generation with the signal beam [47] 

Libra system as a pump for OPerA Solo 

It is of great importance for the adequate performance of the OPerA Solo system that the 

pumping beam from the Libra system has the adequate characteristics in terms of pulse 

duration, pulse contrast, beam waist size inside the WLG and pulse energy. All these 

parameters are crucial for the adequate generation of the WLC.  

 
Figure 26. RGA Build up 

Once the RGA signal is optimized as shown in Figure 26 using the delay´s controller at the 

SDG, the compression stage needs to be optimized. The adequate compression level can be 

established by obtaining an adequate WLC and finding the maximum power output of the 

Libra system. This is done through iterations of the compressor controller, together with the 

modification of the iris A2 and the filter VF inside the OPerA Solo. The Iris A2 regulates the 

energy of the pre amplifier pump, while VF is used to regulate the energy that comes into 

the WLG. An image of the WLG on a white card is shown below in Figure 27. 
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Figure 27. WLC on a white card [47] 

The energy values need to be similar to the ones shown in the installation report. Finally the 

last optimization stage is done by making small alignment modifications inside the OPerA 

Solo through the path mirrors between the Libra and the OPerA. These small adjustments 

are reflected in the output power of the OPerA Solo.  

μFAB workstation 

Newport’s µFAB, is a table-top easy to use laser micromachining work station for various 

applied materials research fields. The device offer a simple but reliable and stable system 

with high precision due to its three axis movements. The workstation offers the flexibility of 

working with several laser sources with different characteristics. A simple change of the 

optical components is enough to cover a wide range of laser sources. This offers the user the 

capability to machine all the different materials from dielectric to ceramic. Finally, a 

software written specifically for the workstation offers the user the possibility of performing 

different tasks through simple commands using a windows environment [48].  

 

 
Figure 28. μFab workstation [48] 
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Beam Path through the μFAB 

The Libra laser is used as laser pump for the OPerA Solo equipment. The output of the OPerA 

Solo is brought through four mirrors to the μFAB workstation as shown in Figure 20. After 

the four mirrors, the beam enters the µFAB through an iris, then the beam is redirected 

using two mirrors (M5 and M6) to a motorized stage that allows power control through a ½ 

waveplate. After the motorized stage, the beam is sent to a polarizer(Pol) and then to a 

beam splitter(BS). The separated beam is sent to a Power detector. The Power is monitored 

using a Newport power meter 1918-R. The first beam continues its path; being reflected in 

mirror M7 is sent to a computer controlled shutter. After the shutter another mirror M8 

sends the beam through a ¼ wave plate that turns the beam into circle polarization. Finally 

the beam is sent to the vertical path using mirror M9. In the vertical path the three more 

mirrors guide the laser to the telescope. The telescope allows us to control the beam size. At 

the final stage the beam is sent to the objective using a dichroic crystal. The path inside the 

optics of the µFAB workstation is shown in Figure 29. 

 

 
Figure 29. Beam path inside the µFAB workstation 

 Two different objectives are used depending on the wavelength range. Their characteristics 

are shown in Table 5. 

 

Objective Working 

Distance (mm) 

Numerical Aperture Wavelength Range 

(nm) 

Olympus RSM10X 10,5 0,25 400-700 
Thorlab LM-5X-NUV 35 0,13 235-500 

Table 5. Objectives used with µFAB workstation 
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µFAB Software 

The samples are ablated using the µFAB workstation together with the µFAB software 

version 2.4.9. The µFAB software allows us to create different shapes including: 

 Cornrows 

 Polygons 

 Picture Exportation 

 Conics 

Using the software we can control the size and the position of the different designs. 

The µFAB software allows us to control the speed of the plate and the energy level of the 

beam. Also, the laser includes the burst option, which opens the shutter during a limited 

time. This helps us to find the focus for the different objectives. A screenshot of the design 

interface of the µFAB software is shown in Figure 30. 

 
Figure 30. µFAB screenshot, design screen 
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3.2 Sample preparation 

The organic cells are based in a reverse architecture. The functions and manufacturing 

process of the different layers are shown in Table 6. 

Layer Function Manufacturing Technique 
PEDOT:PSS Transparent electrode 

Spincoating 
Active Layer Photovoltaic material 
Zinc Oxide (ZNo) Precursor 
Silver Electrode Doctor Blade 
Polyethylene Substrate - 

Table 6. Function and manufacturing technique of the different layers 

The solar cell structure and the P1,P2 and P3 structuring are shown in Figure 31

 
Figure 31. Series connection of cells by P1, P2 and P3 laser structuring 

As the focus of this work is to structure the silver electrode. The fabrication process of the 

silver layers and brief description of doctor blade process is presented below.  

Doctor blade 

Doctor blade is a process that allows for the preparation of layers with a well-defined 

thickness. An advantage over other fabrication techniques like spin coating is that the loss of 

material can be minimized up to 5% [49]. The technique works by placing a sharp blade at a 

fixed distance from the substrate as shown in Figure 32. 

 
Figure 32. Blade on top of the doctor blade system in the clean room at KIT Light Tech Institute 
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The final dry thickness of the coated film can be calculated from the following empirical 

relationship. 

  
 

 
  

 

 
  

Where:  

g=Gap distance between the blade and the substance 

c=Concentration of the solid material in the ink 

ρ=Density of the material 

Although doctor blade technique is basically a research technique, its similarities with the 

knife coating technique for solar cell production, allows us to transfer the results from the 

lab to the production facilities[17]. This makes doctor blade an interesting technique that 

should be studied more in the production of organic solar cells. 

Silver layer preparation  

Polyethylene (PET) is used as substrate for the silver layers. Initially, the PET is cut with 

scissors in samples of 75 x 25 mm. In the next step the substrates are cleaned using acetone 

and isopropanol for 10 minutes in a ultrasonic bath. Finally, the substrates are dried with a 

nitrogen gun.  

Afterwards, the substrate is placed on top of a microscope slide using 15 μl of ethyl 

hexylacetate to guarantee that the flexible PET substrate will stay flat on top of the 

microscope slide Subsequently, the sample is put on the bed of the doctor blade device. The 

height of the blade is set to 40 μm and the speed of the device is set to 10 mm/s. Once the 

blade is aligned, we proceed to apply 70 μl of silver ink on the blade.  

After the ink is applied, the substrate is placed on a hot plate at 150°C for 5 minutes. After 

the first minute has passed, the PET with the silver will be separated from the microscope 

slide and placed directly on top of the hot plate for a better heat distribution. The final silver 

layers have an approximate thickness of 200 nm. An example of the silver layers is shown 

below in Figure 33.  

 
Figure 33. Silver layer sample 
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3.3 Sample analysis  

Several devices are used to measure the characteristics of the ablated silver samples: A 

optical 3D profiler, a profilometer and finally an atomic force microscope. The devices that 

are used are described in the following section. 

Optical 3D profiler 

Once the samples are structured, these are first analyzed with an optical 3D profiler: PLu 

neox from Sensofar. This device is based on the interferometry and confocal profiling 

techniques. The confocal configuration was used for our configuration. The system is shown 

in Figure 34. A brief description of the working principle is mentioned below. 

 

 
Figure 34. Sensofar PLu neox at KIT light Tech Institute 

Confocal principle 

The confocal technique was first developed by Marvin Minsky in 1957. The microscope 

works having a light source, usually short wavelength, for example blue light. This blue light 

is reflected by a chromatic reflector through the objective reaching the sample. The sample 

reflects the light with larger wavelengths for example green light that can go through the 

chromatic reflector to a charge couple device (CCD) camera that captures the images [50]. 

Any light that is not coming from the focus point is blocked by a confocal aperture as shown 

in Figure 35. 

 
Figure 35. Confocal profiling schematic [51] 
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The 3D profiler allows us to take pictures of a determined area and to obtain the roughness 

characteristics of the sample. An example of this is shown in Figure 36.  

 
Figure 36. Ablation  Profile with 150 x objective using confocal technique 

 

In our case, the system is used to determine the depth of the ablation together with the 

width of the scribing lines. It is also important to determine the height of the edges that are 

present after the ablation, as these edges can create short cut currents.  

Profilometer 

The second step for the analysis of the samples is using a DektakXT Stylus profilometer from 

Bruker. DektakXT Stylus profilometer has a high resolution <0.5 nm and it uses a 12.5 μm 

radius tip with low contact force. Due to the size of the radius tip the DektakXT is just used 

to measure the edge height of the different structured lines, and to confirm the data 

obtained with the 3D profiler.  

Atomic force microscope 

Finally, once the samples are analyzed with the 3D profiler and profilometer, selected 

samples are analyzed using atomic force microscopy technique (AFM). Dimension Icon 

atomic force microscope from Bruker is used, Figure 37. This device offers us a high precision 

technique to measure all the parameters in our sample, width, depth and edges.  

 

 

Figure 37. Dimension Icon Atomic Force Microscope from Bruker [52] 



 

 

 

4. Results and discussion  

Ti:Sapphire lasers have become the standard for femtosecond laser ablation research 

facilities worldwide[32]. Although the highest power efficiency is attained at 780 nm[53], 

several ablation tests found in the literature used 800 nm as the main wavelength[43][54]. 

Therefore our initial tests were performed using 800 nm for silver ablation.  

4.1 Laser ablation with 800 nm 

After finding the focus for the Olympus RSM10X objective, the next step is to find the 

ablation threshold for 800 nm. In order to do this, the power was decreased using the μFAB 

software. The equivalent power outputs for the values shown at the μFAB were measured 

before the objective at the μFAB workstation. The value found for the threshold at 800 nm is 

226 mJ/cm2. The threshold value for 800 nm is shown below in 

 

Figure 38.  

 
Figure 38. Silver ablation threshold for 800 nm 

The silver layer was completely ablated and there was damage to the PET substrate for 

values above 280 mJ/cm2. It can also be appreciated that the ablation increases rapidly with 

a small raise in the energy level. An increase from 230 mJ/cm2 to 260 J/cm2 caused an 

increase in the ablation level from 94 nm to 351 nm.  
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Once the threshold value was obtained, we proceed to optimize the ablation. The ablation 

parameters were measured for different pulse overlaps and different energy levels. The test 

was carried out from 83% to 98% overlap and energy levels of 230 /cm2 and 150 mJ/cm2. 

The width, depth and edge height were measured with the optical 3D profiler.  

Ablation depth 

Figure 39 and Figure 40 show the results for the ablation depth for 230 mJ/cm2 and 

150 mJ/cm2. 

 
Figure 39. Ablation depth versus pulse overlap for 

230 mJ/cm
2
 with 800 nm beam 

 
Figure 40. Ablation depth versus pulse overlap for 

150 mJ/cm
2
 with 800 nm beam 

An energy value of 230 mJ/cm2 shows that ablation was achieved with a pulse overlap higher 

than 90% as shown in Figure 39. With a lower energy value of 150 mJ/cm2 ablation is just 

achieved with a pulse overlap of 98% as shown in Figure 40. Figure 39 also shows that with a 

higher overlap value the ablation depth increases. The results also show that for all the 

measured ablation depths, Figure 38 and 39, the value is lower than 180 nm. This value is 

below the thickness of the silver layer. On one hand this result shows that there was no 

damage to the PET layer, on the other hand there is the possibility that there is not a 

complete ablation of the silver layer. It can also be noticed in Figure 39 that the 

measurement error is small except for the highest overlap value. On the contrary figure 39 

shows that with lower energy and the same overlap value, the measurement error is smaller 

showing a more constant ablation depth.  

Ablation width 

Figure 41 and Figure 42 show the results of the width measurements for 230 mJ/cm2 and 

150 mJ/cm2. 
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Figure 41. Line width versus pulse overlap for 

230 mJ/cm
2
 with 800 nm beam 

 
Figure 42. Line width versus pulse overlap for 

150 mJ/cm
2
 with 800 nm beam 

 

For an energy value of 230 mJ/cm2, the line width tends to increase with higher overlap. For 

the ablation line with an energy value of 150 mJ/cm2 the observed value is around 3.7 μm. 

This line width is slightly smaller than the measured line widths for 230 mJ/cm2, except for 

the ablated line with 90% overlap. It can also be observed that the line width for both energy 

values and different repetition levels does not have big variations as the error levels are 

relatively small.  

Ablation edges 

Figure 43 and Figure 44 show results of the edge measurements for 230 mJ/cm2 and 

150 mJ/cm2. 

 
Figure 43. Edge height versus pulse overlap for 

230 mJ/cm
2
 with 800 nm beam 

 
Figure 44. Edge height versus pulse overlap for 

150 mJ/cm
2
 with 800 nm beam 

Figure 43 shows that there is a decrease in the edges with an increase in the pulse overlap. It 

can also be observed that the variation of the edges decreases with a higher overlap as the 

error value is lower. Figure 44 shows that that for an energy of 150mJ/cm2 and a pulse 
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overlap of 98% the average peaks are around 250 nm similar to the smallest edge value for 

230 mJ/cm2. However, edge heights for all the  observed ablations will cause short circuits 

between our electrodes for our solar cell configuration. The error shows of the 150 mJ/cm2 

with 98% shows that even if the average edge for the 150 mJ/cm2 line is around 250 nm, 

peak edges higher than 600 nm exist.  

Even though the results depicted before are promising, it is important to consider that the 

transmittance of a silver layer is around 80% for 800 nm [55]. The lowest transmittance of 

the silver is in the region of 450 nm and 500 nm as shown in Figure 45. 

 
Figure 45. Silver transmittance spectra as a function of wavelength [55] 

Additionally, Rickelhoff[56] obtained promising results using a picosecond laser at 355 nm. 

His results show edges of less than 100 nm for single pulse ablation. Taking this into account, 

the evaluated wavelengths after 800 nm were 360 nm, 410 nm and 450 nm.  
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4.2 Laser ablation with 360 nm 

After finding the focus for the objective Thorlab LM-5X-NUV, the ablation threshold for 

360 nm was determined. This is shown in Figure 46. 

 
Figure 46. Silver ablation threshold for 360 nm 

Similar to the results shown for 800 nm the ablation increases rapidly, as with a value of 

94 mJ/cm2 there is no ablation. However, with a value of 110 mJ/cm2 an ablation depth of 

146 nm is present. The energy required for the ablation is smaller than with 800 nm. It can 

also be noticed that with less energy the PET substrate is damaged compared with the 

ablation at 800 nm. 

For the optimization of the ablation, we proceeded to evaluate different pulse overlaps with 

energy levels close to the threshold. The PET was damaged even with the smallest pulse 

overlap. This is shown below in Figure 47. 

 
Figure 47. AFM picture and profile of an ablated line using 360 nm 
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The damage of the PET substrate is not the only problem. The edges' heights are around 

300 nm with peaks above 500 nm. These edges will cause short circuits. It was also noticed 

that for pulse overlap larger than 98% and an energy level of 94 mJ/cm2, the silver layer 

peeled of the PET substrate. 

In order to determine the reason for the damage of the PET substrate compared with the 

ablation using 800 nm wavelength, the absorption profile of PET was analyzed (Figure 48). 

The absorption of PET is slightly higher for 360 nm than for 800 nm. Therefore, less energy is 

required in order to damage the PET with a wavelength of 360 nm.  

 
Figure 48. Absorbance of Melinex Polyethylene [56] 
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4.3 Laser ablation with 410 nm 

The ablation threshold for 410 nm is 52 mJ/s lower than for 360 nm and 800 nm. This is 

depicted in Figure 49. 

 
Figure 49. Silver ablation threshold for 410 nm 

Similar to the ablation with the previous wavelengths, 800 nm and 360 nm, when the energy 

increases from 60 mJ/cm2 to 90 mJ/cm2 the ablation depth increases from 12 nm to 245 nm. 

For the optimization of the ablation, energy levels close to the ablation threshold were used. 

Two tests were performed. The initial test was done with a pulse overlap between 83% and 

97% with an energy level of 60 mJ/cm2. The second test was realized with a lower energy 

level of 48% and even higher pulse overlap from 97% to 99.5%. It is important to consider 

than no ablation was observed for less pulse overlap for this energy level. 

To be able to measure the different characteristics of the ablated lines like depth, width and 

peaks with the 3D profiler, it was necessary to make two measurements per ablated line one 

for ablated depth and one for the width. This was due to the fact that the reflection 

parameters of the silver layer and the PET layer are completely opposite. Peaks were later 

measured with the DektakXT Stylus profilometer.  

Ablation depth  

Figure 50 and Figure 51 show the results of the ablation depth measurements for 60 mJ/cm2 

and 48 mJ/cm2. 
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Figure 50. Ablation depth versus pulse overlap for 

60 mJ/cm
2
 with 410 nm beam 

 
Figure 51. Ablation depth versus pulse overlap for 

48 mJ/cm
2
 with 410 nm beam 

Figure 50 shows that the ablation has a direct relationship with the pulse overlap, similar to 

the results shown with 800 nm. It can also be observed that for a pulse overlap of 98% the 

ablation depth is above 300 nm that represents damage of the PET substrate. Figure 51 

shows an ablation depth between 200 and 225 nm that is close to the value of the silver 

thickness, therefore no damage to the PET substrate was noticed. Comparing the error levels 

in both graphs, it is depicted that the ablation depth for 48 mJ/cm2 is more constant as the 

error bars show smaller values.  

Ablation width 

Figure 52 and Figure 53 show the results of the ablation depth measurements for 60 mJ/cm2 

and 48 mJ/cm2. 

 
Figure 52. Line width versus pulse overlap for 

60 mJ/cm
2
 with 410 nm beam 

 
Figure 53. Line width versus pulse overlap for 

48 mJ/cm
2
 with 410 nm beam 

Figure 52 shows an inverse relationship between the line width and the pulse overlap, with 

an small increase for 97% pulse overlap. This tendency does not correspond to the one 

shown before with the 800 nm. Figure 53 shows line width values under 1.6 μm with slight 

variations for the different pulse overlaps. For the ablation with 60 mJ/cm2, the error bar 



Joshua A. Fragoso García 

Master Thesis 

45 

 

45 

 

shows linear relationship between the variations and pulse overlap. This tendency is also 

present in the ablation with 48 mJ/cm2. The previous description can be observed below in 

the contour images in Figure 54. 

 
Figure 54. Contour images for ablation with 410 nm: A) 60 mJ/cm

2
 and 93% overlap. B) 60 mJ/cm

2
 and 97% 

overlap C) 48 mJ/cm
2
 and 97% overlap. D) 48 mJ/cm

2
 and 98.5% overlap 

Ablation edges 

Figure 55 and Figure 56 show the results of the ablation edges measurements for60 mJ/cm2 

and 48 mJ/cm2. 

 
Figure 55. Ablation edges versus pulse overlap for 

60 mJ/cm
2
 with 410 nm beam 

 
Figure 56. Ablation edges versus pulse overlap for 

48 mJ/cm
2
 with 410 nm beam 
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Figure 55 shows a similar tendency like the one observed with 800 nm. There is an inverse 

relationship between the edges' height and the pulse overlapping. Figure 56 shows an 

almost constant value for the edges' height around 150 nm. However, the error shows a 

decrease with a minimum for the highest pulse overlapping of 99%. It is important to 

mention that even if the edges' height are lower than the ones shown for the 800 nm beam, 

these are not small enough, as edges higher than 150 nm will lead to short circuits in the 

solar cell.  
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4.4 Laser ablation with 450 nm  

Similar to the other evaluated wavelengths, after finding the focus we proceeded to obtain 

the ablation threshold for a wavelength of 450 nm. The ablation threshold was found to be 

above 47 mJ/cm2.  

  
Figure 57. Silver ablation threshold for 450 nm 

Comparable to the previous results, the ablation depth increases from 0 to 232 nm with a 

slight increase in energy from 47 mJ/cm2 to 59 mJ/cm2 as shown in Figure 57.  

For the optimization of the ablation, energy levels of 59 mJ/cm2 and 47 mJ/cm2 were chosen. 

The evaluated pulse overlaps were between 83% and 97%. The measurement process using 

the 3D profiler is the same as the one used for the ablation lines with 410 nm.  

Ablation depth  

Figure 58 and Figure 59 show the results of the ablation depth measurements for 59 mJ/cm2 
and 47 mJ/cm2. 

 
Figure 58. Ablation depth versus pulse overlap for 

59 mJ/cm
2
 with 450 nm beam 

 
Figure 59. Ablation depth versus pulse overlap for 

47 mJ/cm2 with 450 nm beam 
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Figure 58 shows that with a pulse overlap above 90% the ablation depth is higher than 

550 nm. This represents damage to the PET substrate. On the contrary Figure 59 depicts that 

ablation is just present for a pulse overlapping higher than 93% and that the ablation depth 

is around 200 nm that correspond to the silver layer thickness. It is also important to notice 

that the error bars for the case of 47 mJ/cm2 are small, representing a constant ablation with 

smaller variations compared to the same pulse overlap and 59 mJ/cm2. This is a similar result 

as with 410 nm the ablation depth was more constant with lower energy and it did not 

damage the PET substrate. 

Ablation width 

Figure 60 and Figure 61 show the results of the ablation width measurements for 59 mJ/cm2 

and 47 mJ/cm2. 

 
Figure 60. Line width versus pulse overlap for 

59 mJ/cm
2
 with 450 nm beam 

 
Figure 61. Line width versus pulse overlap for 

47 mJ/cm
2
 with 450 nm beam 

Figure 60 shows that for different overlap levels the ablation width is constant around 1.6 

μm. It can also be observed that for the highest overlap level the error bar shows a slight 

smaller value representing more constant widths. Figure 61 shows that for the two overlap 

values where ablation is present, the width is also constant but smaller than for the ablation 

with 59 mJ/cm2. The ablation width for 47 mJ/cm2, is smaller than 1.5 μm. Also it is shown in 

Figure 61 that for an overlap of 97% the ablation width has less variation as the error bar is 

smaller. The previous description can be observed below in the contour images in Figure 62. 
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Figure 62. Contour images for ablation with 450 nm: A) 59 mJ/cm

2
 and 93% overlap. B) 59 mJ/cm

2
 and 97% 

overlap C) 47 mJ/cm
2
 and 93% overlap. D) 47 mJ/cm

2
 and 97% overlap 

Ablation edges 

Figure 63 and Figure 64 show the results of the ablation edges measurements for 59 mJ/cm2 

and 47 mJ/cm2. 

 
Figure 63. Ablation edges versus pulse overlap for 

59 mJ/cm
2
 with 450 nm beam 

 
Figure 64. Ablation edges versus pulse overlap for 

47 mJ/cm
2
 with 450 nm beam 

Figure 63 shows that similar to the results obtained with 800 nm and 410 nm, the ablation 

edges have an inverse relationship with the pulse overlap. Figure 64 shows that for 93% and 

97% overlaps and an energy level of 47% the ablation edges are below 100 nm. Although the 

ablation edges for the highest overlap value are also low with 59 mJ/cm2, it was observed 

that for this energy level and overlap value there was damaged in the PET substrate. 
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However, the edge values and depth for the 47 mJ/cm2 and 93-97% pulse overlap are 

suitable for the construction of solar cells using laser structuring.  

In order to confirm the previous results, an AFM image of the 47mJ/cm2 was taken. The 

image and a profile are shown in Figure 65 respectively. 

  
Figure 65. AFM image of ablation at 450 nm with a pulse overlap of 97% and 47 mJ/cm2 

To confirm that there was no damage to the PET substrate images were taken of two lines 

with 97% pulse overlap and energy levels of 59 mJ/cm2 and 47 mJ/cm2 with a scanning 

electron microscope(SEM). On the one hand Figure 66 shows clear damage of the PET 

substrate confirming the measurement shown in figure 58. On the other hand Figure 67 

shows no damage of the PET confirming our measurements with the AFM and. 

 
Figure 66. SEM image of a scribed line with 59 mJ/cm

2 
with a pulse overlap of 97%. Damage of the PET 

substrate is visible 
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Figure 67. SEM image of a scribed line with 47 mJ/cm

2 
with a pulse overlap of 97%. Damage of the PET substrate 

is not visible 

 



 

 

 

5 Summary and conclusions 

The results for the threshold are shown below in Figure 68. 

 
Figure 68. Threshold summary 

Comparing to Figure 45, there is a dependency with the silver layer transmittance and 

absorption. Also, the width of the ablation lines was smaller with 450 nm that has the 

highest absorption for silver layers among the evaluated wavelengths.  

It is also important to mention that the line scribing of less than 2 μm for the 410 nm and 

450 nm represents a better result than the structuring through other methods like 

flexographic printing that allows the structuring of 50 μm lines[17]. The slim lines are due to 

the high peak energy of the pulses and the Gaussian shape, even if the average power is too 

low this peak power is enough to ablate the silver. The ablation is mainly due to linear 

absorption as the ablation threshold matches the absorption spectra. The relationship 

between the absorption spectra and the ablation is also reflected in the line width size. Lines 

scribed with 800 nm beam present average line width above 3 μm. As mentioned before the 

lines with 410 nm and 450 nm were both below 2 μm. 

It was also observed for the 410 nm, 450 nm and 800 nm that the edges present an inverse 

relationship with pulse overlap. It can be assumed that the pulse borders help to decrease 

the edges with higher pulse overlap. Also the error present for this high pulse overlap values 

was small representing more uniform edges. 

It can also be concluded that the substrate damage is related to the absorption spectra of 

the PET due to the damage that was made on the substrate with the 360 nm wavelength. On 

the contrary the ablation made with 800 nm, 450 nm and 410 nm also present damage of 

the PET but for higher pulse overlap values. 

Finally, the edge heights using 450 nm, energy level of 47 mJ/cm2 and a pulse overlap of 97% 

give the best results as the average edge height is below 100 nm and the peak edges are 

around 150 nm. These edges are small enough to allow the adequate construction of organic 
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solar cells.  Also these parameters gave the best results in terms of line width with lines that 

are less than 1.6 μm 

5.1 Outlook 

Further optimization of the structuring of silver should be explored with wavelengths close 

to the 500 nm. Also it would be important to explore and optimize the ablation process with 

a wavelength of 530 nm, as this one is closer to the commercially available lasers and it 

would be more suitable for future industrial uses.  

Once the structuring of the silver electrode is fully optimized, the structuring of the 

subsequent layers should be optimized as well. It is especially important to explore the 

ablation of the PEDOT:PSS layer on top of P3HT:PCBM as this configuration has not been 

reported in the literature. Finally, once all the parameters for the ablation of the different 

layers have been identified, the construction of laser structured solar cells should be carried 

out.  
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