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production in Günam Photovoltaic Line (GPVL) and %19 efficiency has been 

achieved for the industrial-scale. 
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For instance, photons with higher energies such as blue light are absorbed near the 

surface. 

1.1.2. Formation of p-n Junction and Carrier Transport  

The doping process is performed to make a semiconductor substrate p-type or n-type. 

The properties of the p-type and n-type materials are presented in Table 1.1. 

Table 1.1. Properties of n-type and p-type materials 

 n-type p-type 

Dopant Group V Group III 

Bonds Excess electrons Excess holes 

Majority Carriers Electrons Holes 

Minority Carriers Holes Electrons 

 

When p-type and n-type materials are brought together, electrons and holes diffuse to 

the opposite side and recombine each other, and then fixed ionized atoms left behind 

create an electric field with the direction from n-side to p-side. This electric field 

prevents further recombination when the Fermi level equilibrium is reached. The 

carrier-free area is called the depletion region which is shown in Figure 1.1a. 

Moreover, drift current that depends on the electric field is generated through the 

junction. Figure 1.1b shows the energy band diagram for the p-n junction. The bend 

bending shown in Figure 1.1b and electric field strength depends on the Fermi level 

difference between p-type and n-type material. In the solar cell, close to the junction 

drift mechanism dominates where bulk conditions are dominant away from the 

junction.  

 

Figure 1.1. (a) Schematics of the p-n junction showing the depletion region and its charge content (b) 

p-n junction energy band diagram at thermal equilibrium 
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Figure 1.2. For Shottky junction case, energy band diagrams for n- type and p-type semiconductors 

before joining (a)-(c) and at equilibrium (b)-(d). For the ohmic junction case, energy band diagram for 

n-type and p-type semiconductor before joining (e)-(g) and at equilibrium (f)-(h). 
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The main losses are caused by below bandgap photons that cannot be absorbed. Also, 

the photons with above bandgap energy affect the device performance due to the 

relaxation of the carriers at the conduction band and valance band edges. Further, the 

radiation comes from the sun cannot be totally captured by the solar cell at room 

temperature.  Also, the tradeoff between low radiative recombination and high voltage 

is another loss mechanism that is termed as other losses. 

However, the real efficiencies are less than the theoretical limits due to further intrinsic 

losses. 

Isc losses 

Optical losses have a significant impact on the short circuit current loss. For instance, 

top fingers and reflection of the incident light at the surface reduces the light 

absorption and therefore carrier generation, which leads to Isc loss. Another example 

is that if the cell is not thick enough, some of the incident light may transfer through. 

Also, recombination in the bulk and surface results in lower collection probability and 

hence it has a significant impact on the Isc loss. Lastly, series resistance should be 

reduced as possible to have higher Isc values. 

Voc Losses 

The main reason for the open-circuit voltage loss is recombination. The following 

should be taken into consideration to reduce recombination.  

o Minimized minority carrier concentration at equilibrium reduces the recombination. 

This can be attained by increasing the doping level. 

o High diffusion length, which depends on applied wafer processes, the material itself 

and doping, is required. The higher doping level results in smaller diffusion length, 

leading to a trade-off between diffusion length and minority carrier recombination.  

o Surface passivation reduces the recombination at the surfaces and enables higher 

Voc. Since the passivation layers are usually dielectric materials, it cannot be used at 

ohmic contacts. As a solution, recombination can be reduced by increasing the doping 
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Ever since the proposal of largescale solar cells, the standard crystalline Si solar cells 

have dominated the growing PV industry until recently. However, today PERC type 

c-Si solar cells have a similar market share compared to standard type solar cells and 

it is expected that PERC will be the dominant type of the PV market (ITRPV, 2019) 

since higher efficiencies than that of standard type can be achieved with a similar cost. 

 

Figure 1.8. Market share of different type of solar cells based on ITRPV report published in 2019 

(ITRPV, 2019) 

1.4.2. Literature Survey 

PV industry has been dominated by the standard type solar cells for a long time. 

However, the full Al layer at the rear side causes recombination of the photo generated 

carriers and partly IR light absorption, which limits the solar cell efficiency around 

%20. To overcome these loss mechanisms, PERC type solar cell was introduced in 

1986 (Blakers & Green, 1986).  Basically PERC type solar cells include a passivation 

layer and SiNx capping layer at the rear side and collection of the photo-generated 

carriers is attained through openings on the layers (Figure 1.9). In this way, the 

recombination at the rear surface is reduced and light trapping properties are 

improved. Since the first introduction of the PERC structure, companies and research 

institutes have been developed low-cost processes that achieve higher efficiencies 
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especially for the rear contacts and the rear passivation layer, which made PERC type 

solar cells production feasible and cost-effective for the industry. In this part, the 

progress of the PERC type Si solar cell especially related to rear contacts will be 

discussed. 

 

Figure 1.9. Standard solar cell vs PERC type solar cell 

Historical Development 

The PERC structure first appeared in the paper of Blakers et al in 1989 (Blakers & 

Green, 1989) whereas it was first described in UNSW final grant report in 1983 

(Green, 2015). For the first lab-scale PERC Si solar cell, the thermally grown SiO2 

layer was used on the rear side of the p-type FZ Si base and locally opened by 

lithography in a point shape. Then, Al was evaporated to form the rear metal contacts. 

On the other hand, for the front side of the Si base, several oxide masking and 

photolithography steps were performed to form inverted pyramids before phosphorous 

doping and TiPdAg front contact formation. The illustration of this PERC structure is 

given in Figure 1.10. 

 

Figure 1.10. The first introduced PERC structure (Blakers & Green, 1986) 
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In the following years, passivated emitter and rear locally diffused (PERL) concepts 

were introduced (Zhao et al., 1997) and became world record efficiency silicon solar 

cells for a long time. Process and technology developments regarding passivation 

layers, local contact openings, and metallization made these structures cost-efficient. 

Instead of a lab-type thermally grown oxide layer, which is not cost-effective and 

resulted in degradation of bulk carrier lifetime during the high-temperature process, 

alternative materials and processes for rear passivation layer were investigated. For a 

while, SiNx layer by PECVD was thought as promising candidate since it was already 

applied to the front side as a passivation layer and ARC (Schmidt et al., 2001). 

However, fixed positive charges of the SiNx layer lead to increase in recombination. 

On the other hand, aluminum oxide exhibits negative fixed charges and hence was 

found to be an applicable candidate for the passivation (Agostinelli et al., 2006). Over 

the years high throughput devices such as PECVD (Hofmann et al., 2009; Schmidt et 

al., 2001) and spatial ALD (Werner et al., 2011) were developed for the aluminum 

oxide passivation layer. In addition, using SiNx as a capping layer on top of the 

aluminum oxide provided resistance to the Al paste during firing with enhancement 

in optical reflectivity properties at the rear surface that accordingly increase IR light 

absorption (Kray et al., 2008; Veith et al., 2011). 

Another promising development was achieved by the Preu et al. (Preu et al., 2000) 

showing that the laser ablation process can be used instead of lab-type 

photolithography for LCO step. Preu et al. used thermal evaporated Al as metal 

contact. Later on, the rear contact formation process was improved by combining laser 

ablation step with screen printed metallization by Agostinelli et al. (Agostinelli et al., 

2005). This approach enabled higher efficiencies of solar cells in large scale that 

exceeds the efficiencies of corresponding conventional solar cells. Further, optimized 

line shape local contacts were applied by Gatz et al for the first time in 2011 and 

achieved %19.4 solar cell efficiency which was the record of its time (Sebastian Gatz 

et al., 2011).  
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CHAPTER 2  

 

2. LASER PROCESS ON SILICON BASED SOLAR CELLS 

 

2.1. Laser Applications in PV Industry 

Lasers, which can be used as a source of heat and energy, has lots of application area 

in the PV industry. One of the laser-related processes is edge isolation in which emitter 

is removed from the edges to avoid shunting which leads to decrease in fill factor. As 

another example surface texturing, which is usually achieved by a wet chemical 

process in the industry, can be performed by laser. In this process, the shapes are 

formed on the surface by irradiating it with a laser beam to enhance light trapping 

properties and reduce the reflectance of the incident light. Ultrashort pulse lasers are 

more efficient for this process due to minimized damage on the Si surface. 

Laser doping is another widely investigated process in which silicon surface coated 

with a material containing dopants were irradiated by laser to introduce the dopant 

atoms to the Si. Currently, this process is mostly applied to create selective emitter in 

which doping is locally performed. 

Also, as mentioned before, a laser can be used for the contact processes. For instance, 

Si base deposited with a passivation layer and metal (evaporated or screen-printed) is 

locally irradiated by the laser, which melts the Al with the dielectric layer and Si to 

form Al-Si eutectic alloy through the passivation layer (Laser-Fired Contacts). 

Another example is the local contact opening (LCO) process that is widely discussed 

in the literature survey section for PERC type solar cells in which stack of layers on 

bulk material is locally ablated to collect photo-generated carriers by reducing 

recombination loss of metal-semiconductor interface. The LCO approach can be also 

applied to other types of solar cells such as heterojunction and interdigitated back 

contact (IBC) solar cells. 
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pulse repetition rate from approximately 1 Hz to many MHz where this range is 

approximately between 1 Hz and order of 100 kHz for the Q switch solid-state lasers.    

Pulse Duration (Pulse Width or Pulse Length)  

Pulse duration can be defined as the full-width half maximum of the power vs time 

graph. However, the definition of the second moment of the temporal intensity profile 

can be more useful for the complicated pulse profiles. Further, in the laser-induced 

damage case, the effective pulse duration which is pulse energy divided by the peak 

power could be utilized. 

The pulse duration can vary in a wide range. For instance, gain switching lasers can 

allow pulse duration from a few ns to some hundred ps. Another example is that Q-

switched lasers can attain pulses with a duration between 100 ps and hundreds of ns. 

Moreover, pulse durations down to approximately 5 fs and up to hundreds of ps can 

be generated with mode-locked lasers. 

During the propagation of the beam, pulse duration in the nanosecond or longer regime 

hardly varies but ultrashort pulses can be sensitive to chromatic dispersion, 

nonlinearities, optical filter. For the case of mode-locked lasers in the steady-state 

operation mode, pulse duration of the circulating pulses struggles with different 

effects, but it remains the same after every round trip. 

Beam Quality 

Beam quality can be explained as how well the beam can be focused at certain 

conditions. Sufficient beam quality, which can be obtained by the focusing skills, 

homogeneity, and brightness, is needed to have successful laser ablation. To quantify 

the laser beam quality, the beam parameter product (BPP) and M2 factor can be used. 

2.3. Theoretical Background of Laser Ablation 

The energy given by the laser is absorbed by the free electrons and then transferred to 

lattice and ions. Additional energy is needed to form free carriers for the case of 

dielectrics and semiconductors, leading to the requirement of higher laser intensities.  
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CHAPTER 3  

 

3. REAR CONTACT FORMATION IN PERC TYPE SOLAR CELLS 

 

3.1. Contact Formation Mechanism 

Inter diffusion of Al and Si through LCOs of a PERC type c-Si solar cells creates rear 

contacts during the firing process, where the BSF layer is the consequence of the 

highly Al-doped epitaxially grown excess Si at the Si (solid) / Si-Al (liquid) interface.  

The Al-Si phase diagram in Figure 3.1 shows the thermodynamic behaviors at 

equilibrium. The diffusion process between Al and Si is explained by this diagram. 

 

Figure 3.1. Al-Si phase diagram 

However fast heating and cooling times during the firing process may cause 

deterioration in equilibrium. It is assumed that thermodynamic conditions of 

equilibrium are satisfied during the firing process. The interaction between Si and Al 

for both homogenous case and LCO case occur as follows and is shown in Figure 3.2; 
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1-   Solid silicon starts to dissolve in solid Al matrix at ~300 0C and the solid solubility 

increases with temperature (it is maximum at eutectic temperature 577 0C).   

2-   Al changes its phase from solid to liquid at a melting temperature ~660 0C. On the 

other hand, the melting point of Si is 1414 0C. Hence, Si is dissolved by the Al melt 

and forms Al-Si melt at the interface. The melt penetrates the bulk. As a side note, the 

oxide layer around the Al particles conserves the form of the Al matrix during the 

alloying process. 

3-   The concentration of the Si in the melt can be determined according to 

temperature. The liquid line in Figure 3.1 shows the Si concentration raise with 

increased temperature. Usually, the peak firing temperature is around 850 0C in the 

PERC industry, which corresponds to 30% Si concentration in the melt at equilibrium. 

At this point, there is a difference between standard solar cells and PERC solar cells. 

The inter diffusion occurs through the LCOs for PERC and hence Si saturation in the 

Al matrix appears faster near the interface of Si-Al and forms Gaussian profile for the 

Si concentration that is shown in Figure 3.2.   

4-   During the cooling, Si concentration reduces as the temperature decreases (see the 

liquid line in Figure 3.1 again). As a consequence of this, the extracted Si grows 

epitaxially at the solid-liquid interface, which forms the p+ layer. Another mechanism 

that contributes the BSF is solid solubility of Al into Si. For the LCO case, the Si has 

driven away from the openings. Hence Al-doped Si concentration near the contacts 

may not be enough for recrystallization to create BSF during the cooling down, 

leading to shallow BSF with low doping or no BSF. As an extreme case, available Si 

concentration that is below the eutectic concentration at the beginning of the cooling 

down step cause non-existed BSF. This situation may occur when the LCOs are too 

narrow and accordingly low concentration of Si is available for dissolution or Si has 

driven away too far from the contact in the Al paste. 

5-   Lastly, the whole liquid turns into solid under the eutectic temperature. 
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The resulted contacts in this configuration, can be assigned with one of the three 

categories which are filed contact, partial void, void as shown in Figure 1.12. 

 

Figure 3.2.  Illustration of the rear contact formation for the homogenous and LCO case. Si 

concentration in the Al paste is represented by the curve while Si solubility according to temperature 

is represented by the dash line. (Lauermann et al., 2015)   

3.2. Void Formation Mechanisms 

There are different theories related to the void formation mechanism. Urrejola 

explains it by Kirkendall effect (Urrejola et al.,2011). Based on this explanation, the 

diffusivity velocity difference between the materials causes void formation. To be 

more specific, Si and Al diffuse in each other however Si diffusion in the Al matrix is 
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wafers are presented on the PL images taken after the laser ablation process in Figure 

4.3. 

 

Figure 4.3. The laser ablation design of the experiment 

4.1.6. Metallization and Firing 

Screen printing metallization of rear side aluminum (Al) and front side silver, and 

firing process in a belt furnace were performed to form contacts. As mentioned before 

rear contact formation is affected by Al paste composition and thickness, firing profile. 

Hence, the details of them are critical and given in the following sections. 

Al Paste 

For industrial PERC applications, screen printing of Al paste process is the most 

preferred one since it is cheap, high-throughput process and its technology has been 
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Figure 4.4. (a) Illustration of the Innolas Picosecond Laser System and (b) scheme that shows the 

relation between assemblies 

Coherent Hyper Rapid 25 HE laser is used in the system. It is a diode-pumped mode-

locked laser that emits short pulses (7-10 ps) in IR wavelength range with high pulse 

energy. Also, the wavelength can be tuned to 532 nm which is in the green region 

(second harmonic). Moreover, the repetition rate frequency (RPF) can be varied form 

200 kHz to 1 MHz.  

Constant pulse trains within 50 MHz RPF are generated by the seeder laser in the laser 

head. Then the electro-optical modulator (EOM), which is also called pulse picker, 

chooses single pulses from the pulse train. While the unused pulses deviate through 

the beam dump, the selected ones will be amplified to reach the required energy. This 

simplified sequence is shown in Figure 4.5. 

 

Figure 4.5. Principle function of EOM  

Fast high voltage is applied to the EOM synchronously to the seeder pulse train to 

change the polarization of a signal pulse. p polarized pulse turns into s polarized or 

vice versa (Figure 4.6). 
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Figure 4.8. Schematic design of the laser system 

Laser Parameters Used in the Studies  

Second Harmonic mode (532 nm) at frequencies from 200 kHz to 1MHz, is used for 

this thesis. For each parameter, laser power is determined by using the in-built power 

meter. Figure 4.9 represents the power variations depend on frequency and attenuator. 

Power decreases with increasing frequency. On the other hand, the attenuator is 

controlled by the program and decreases the laser power in a non-linear way by 

changing the motor position. The max average power used in the study was 18.4 W. 

The laser beam scanner has a maximum scan speed of 20 m/s. The applied laser 

parameters are summarized in Table 4.3.   

 

Figure 4.9. Measured power values according to frequency (a) and motor positions when 1 MHz 

frequency was used (b) and 200 kHz frequency was used (c) 
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CHAPTER 5  

 

5. RESULTS AND DISCUSSIONS 

 

In the first part of the thesis, the influence of the heating time of the firing process on 

BSF formation and solar cell performance was examined. Then, the effects of the 

distance between the contacts on solar cell performance were investigated to decide 

the contact pitch for further studies. Moreover, ablated regions on the dielectric layers 

were analyzed and the relation between the fluence and LCO width was discussed. 

Also, the effects of the different laser parameters on contact behaviors such as contact 

width, BSF depth, void formation, and solar cell performance were investigated, and 

then the effects of the contact behaviors on solar cell performance were discussed. 

Further, corresponding efficiencies were calculated for each fluence by Quokka 

simulation. According to these results, an optimized fluence range was determined for 

PERC solar cell fabrication. 

5.1. The Effects of Firing Profiles on BSF Formation and Solar Cell Performance 

Before starting the major experimental study, we conducted a series of experiments to 

determine firing recipe as a controlled parameter. Five different recipes that have 

different heating time were applied to 5 samples for each. It is observed that BSF get 

deeper up to 12 µm as the heating time increases. This can be examined in the SEM 

images presented in the Figure 5.1. 

However, when effects of the different firing profiles on the solar cell performance 

was examined, it is observed that efficiency tends to decrease as the heating time 

increases and thermal budget increases with the heating time. The I-V results of the 

prepared 25 cells are presented in the Fig. 5.2.  

 



 

52 

 

 

Figure 5.1. SEM images of the rear contacts that shows BSF depths for the firing profiles which are 

(a) standard (b) 300-450-850-850-850-930 (c) 300-650-850-850-850-930 (d) 300-750-850-850-850-

930 (e) 450-750-850-850-850-930 were applied.   
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Figure 5.9. EDAX line analysis on the Al paste  

For simplicity, one of the pitch cases, 1 mm due to the higher number of investigated 

contacts, was discussed. Max Al:BSF depth, average contact width values for each 

fluence are given in Table 5.2 where also calculated void and partial void fractions 

according to the investigated contacts are presented. 

Table 5.2. Tabulated results of the experiment for 1 mm contact pitch case 

Fluence (J/cm2) Pavg (W) 

# of 

investigated 

contacts  

Contact 

width 

(µm) 

Max BSF 

depth 

(µm) 

Void 

Fraction 

(%) 

Partial Void 

Fraction 

(%) 

0.23088 

0.33953 

0.47534 

0.50703 

0.6734 

0.70622 

0.9706 

0.98464 

1.32191 

1.40746 

1.56184 

1.78819 

2.43766 

2.48989 

4.16491 

5.1 

6 

10.5 

7 

11.9 

7.8 

13.4 

8.7 

14.6 

9.7 

13.8 

15.8 

16.8 

11 

18.4 

No contact  

26 

29 

27 

29 

13 

14 

27 

29 

24 

29 

30 

31 

29 

29 

- 

34 

56 

53 

69 

57 

68 

74 

87 

86 

91 

100 

108 

89 

107 

- 

2.5 

2.9 

3.8 

3 

3.2 

4.5 

4.2 

4.3 

4.1 

6.5 

6.1 

6 

5.5 

6.2 

- 

85 

34 

48 

48 

54 

29 

26 

24 

17 

14 

10 

6 

24 

0 

- 

4 

3 

33 

14 

31 

36 

52 

38 

46 

55 

30 

84 

38 

38 
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As can be seen in Figure 5.10, contact width (between 0,3-1,8 J/cm2 fluence range) 

and Al:BSF depth (between 0,3-1,5 J/cm2 fluence range) increases gradually and then 

increase slows down with a further laser fluence increment. Moreover, there is no 

contact formation for the 0.23 fluence case, which means the passivation layer was 

not completely removed. Hence the threshold fluence is between 0.23-0.33 J/cm2. 

 

Figure 5.10. Contact width and max BSF depth values for each fluence. Lines are given for the visual 

aid 

Also, void and partial void presence were examined for each fluence. The contact 

shapes shown in Figure 5.11 are counted as partial void. More specifically, contacts 

that have any eutectic presence are denoted as partial voids. Although there was no 

trend for the partial void fraction, the void presence was reduced with fluence 

increment which is related to LCO width. The relation of the void fraction with the 

fluence and LCO width is presented in Figure 5.12. 

 

Figure 5.11. An example SEM image of a partial void 
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In the LCO approach by laser ablation, parameters such as rear contact width and pitch 

size, LCO geometry, local back surface field (BSF) depth, and void formation are 

some of the parameters that affect the cumulative recombination and series resistance 

of the cell thereby changing open-circuit voltage and FF. To decrease recombination, 

higher BSF depth and reduced rear contact fractions are needed. On the other hand, 

reduced void and partial void fraction, higher rear contact fraction should be provided 

to reduce series resistance losses. In agreement with this trade-off, an optimized range 

is determined as 0.5-1.8 J/cm2 according to the efficiency results presented in Figure 

5.16. It can be concluded that shallower BSF depth and higher void fraction leads to 

higher recombination and higher series resistance respectively between 0.3-0.5 J/cm2 

fluence range. 

 

Figure 5.16. Efficiency results according to laser fluence when 1mm, 1.5 mm and 2 mm pitch is 

applied. 

For more detail investigation, corresponding efficiencies were calculated for each 

fluence by 2D device simulation Quokka. For each fluence rear contact width, BSF 

depth and void fraction changes. However, we assumed that there is no void formation 

and changed the other parameters in the simulation. Recombination current at the 

metal-semiconductor interface (J0BSF contacted) also changes with BSF depth and 

taken from (Rauer et al., 2011). The input parameters for the simulation are given in 

Table 5.3. and modified parameters are marked with red. 

The Quokka simulated efficiency results when the pitch was 1 mm are shown in Figure 

5.17. Since there were 3 solar cells for each fluence, 1 mm case is statistically more 

reliable. As it is seen on the graph in the Figure 5.17a, the slight difference of 
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Figure 5.17. Calculated efficiency results with identical doping profile assumption (a) and when 

doping profile changed for fluence 4.2 J/cm2 (b) for 1 mm pitch case. 

The same trend can be observed when the pitch was 1.5 mm and 2 mm (Figure 5.18).  

 

Figure 5.18. Calculated efficiency results when doping profile changed for fluence 4.2 J/cm2 for 1.5 

and 2 mm pitch cases 

Another possible reason for the higher recombination at conductive boundaries could 

be laser-induced defects at high fluence. As can be seen in Figure 5.19 heat-affected 

zone is bigger for the fluence case 4.2 J/cm2. This may lead to defects at the metal-

semiconductor interface and hence higher recombination rate. Also, a minor 

contribution could come from BSF inhomogeneity at high fluence caused by surface 

morphology. It is reported that roughness of the surface increases BSF inhomogeneity 

and therefore J0BSF, which leads to %0.08 efficiency difference between the polished 

and textured surface (Jianwen et al., 2014). 
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Figure 5.19. SEM images when fluence was 4.2 J/cm2 (a) and 1.8 J/cm2 (b). The heat-affected zone is 

highlighted in green. 

To conclude, an optimized fluence range for laser processing was determined as 1-1.8 

J/cm2 according to simulated and experimental results. 

Lastly, 60 solar cells with a size of 121 cm2 were produced in Günam Photovoltaic 

Line (GPVL) by applying chosen fluence. The solar cell performance of the best cell 

is given in Table 5.4. 

Table 5.4. Solar cell performance of the best sample 

Type of Travel Voc (mV) Jsc (mA/cm2) FF (%) Efficiency (%) 

Best Sample 

(110x110 mm) 
648.7 38.8 75.7 19.04 
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