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ABSTRACT 

The present Final Degree Project has been developed in CENER (National Renewable 

Energy Centre), in particular in the Photovoltaic Solar Energy department.  

Nowadays, pƘƻǘƻǾƻƭǘŀƛŎ ǘŜŎƘƴƻƭƻƎƛŜǎΩ Ƴŀƛƴ ŎƘŀƭƭŜƴƎŜ ƛǎ ǘƻ ƛƴŎǊŜŀǎŜ ǎƻƭŀǊ ŎŜƭƭǎΩ 

efficiency while reducing cost. In crystalline silicon, standard Al-BSF (Aluminium Back 

Surface Field) structure does not constitute an optimal architecture in terms of efficiency. 

In order to achieve higher conversion efficiency, PERC (Passivated Emitter and Rear 

Contact) architecture has been developed and started to be used in the industry. It is 

expected to reach in the following years values of efficiency of up to 23.5 %, never 

attainable with the standard Al-BSF structure, with which the highest efficiency reached is 

around 20 %.  

During the Project, firstly solar cells are processed according to Al-BSF structure and 

characterized to fix a baseline process. Once this finished, the main focus is to process 

solar cells with the new PERC architecture. Different experiments varying rear solar cell 

contact - in particular laser parameters to perform localized contacts and their design - 

are carried out and characterized in order to find the optimal parameters of this process. 

 

KEYWORDS: Photovoltaic energy, solar cell, metallic contact, Al-BSF structure, 

PERC, efficiency, recombination. 
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1.- PROJECT SCOPE AND OBJECTIVE 
 

The present Final Degree Project belongs to the area of knowledge involving the 

development of production processes for solar cells. In particular, it is focused on improving 

their efficiency. The main objective is to modify the rear side electrodes of the solar cell aiming 

to achieve a more efficient crystalline silicon solar cell with a modified architecture.  

Firstly, solar cells will be processed according to Al-BSF structure, which is the standard 

way used nowadays in the industry to fix a baseline process. To form the contacts, screen-

printing technique will be performed using aluminum (Al) for the back contact and silver (Ag) 

for the front contact. The final performance of these cells will be characterized through IV 

curve, electroluminescence and thermography. Furthermore, the morphology and formation 

of the contacts will be studied in depth by using optical microscopy and scanning electron 

microscope (SEM) techniques. 

Once this finished, solar cells will be processed according to PERC (Passivated Emitter and 

Rear Contact) structure, an improved architecture able to collect broader light spectral range 

and in a more efficient way. First of all, a state of the art study of PERC solar cells will be 

performed based on scientific publications, to know critical parameters of the layers involved. 

Then, new screens will be designed to form front and back contacts in PERC structure. These 

screens should be able to work with new screen-printing pastes that have been purchased to 

manufacture the PERC structure. Once this step finished, printing process parameters will be 

ƻǇǘƛƳƛȊŜ ǘƻ ǇǊƻŎŜǎǎ t9w/ ǎƻƭŀǊ ŎŜƭƭǎΦ CƛƴŀƭƭȅΣ ŜȄǇŜǊƛƳŜƴǘǎΩ ǊŜǎǳƭǘǎ ǿƛƭƭ ōŜ ŜǾŀƭǳŀǘŜŘ ǳǎƛƴƎ ǘƘŜ 

same characterization tools as with standard solar cells, and both results will be compared.  
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2.- CONCEPTUAL FRAMEWORK OF PHOTOVOLTAIC SOLAR ENERGY 
 

Solar photovoltaic energy uses light to generate electricity thanks to the electronic 

characteristics of the used materials (semiconductors). It is based on the transformation of the 

solar radiation into direct current ς by the Photovoltaic Effect ς in a clean and quiet way, when 

ǘƘŜ ǎǳƴΩǎ ǇƘƻǘƻƴǎ enter the semiconductor materials of the solar cells.  

 

PHOTOVOLTAIC TECHNOLOGIES 

The photovoltaic solar energy is one the most growing industries in the world, principally 

due to the need of evolving to a cleaner and more sustainable energetic system. During the 

last years, new developments have been carried out regarding device design, material involved 

and production technologies, as well as new concepts to enhance the global efficiency of the 

cell.  

A wide range of photovoltaic cell technologies are available in the marketplace 

categorized depending on the raw material used and their commercial maturity [1]. 

- First generation. Systems that use crystalline silicon (c-Si) both in its monocrystalline 

and multicrystalline forms. Silicon based solar cells count for more than 93% of the 

worldwide production in 2015 (Figure 1). Its success is due to its abundancy, its 

stability and non-toxicity. This technology is mature and in mass production.  

- Second generation. Systems that are based on thin film technologies, including 

amorphous silicon (a-Si), cadmium telluride (CdTe) and copper indium selenide (CIS). 

Thin-film solar cells require much less semiconductor material, less than 3 µm 

compared to around 180 µm of c-Si technologies, to absorb sunlight. Its main 

challenge is to increase the market share by increasing yield at its competitive cost.  

- Third generation. Systems that include emerging photovoltaic technologies: organics, 

perovskites... This type of semiconductors is considered to be the least expensive way 

of electricity generation by PV means, but there are still some issues that must be 

solved regarding stability and durability. These technologies are still under 

development.  
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Figure 1. Annual production distribution by technology [1] 

 

The efficiency values reached by each technology are different, being the maximum for III-

V multi-junction high concentration solar cells. This technology has experienced the highest 

increase in efficiency during the last 15 years, as shown in Figure 2.  These solar cells reach 

efficiencies of 46% in laboratory in high light or sunlight concentration. With respect to 

crystalline silicon technology, the highest efficiencies are reached by Kaneka heterojunction 

solar cells, with values up to 26.6 % under one-sun illumination.  

 

 

 

 

Figure 2. Best Research-Cell Efficiencies of solar cell technologies [2] 



Final Degree Project  4/97 
Contact optimization on crystalline silicon solar cells 
  
 
  

 
 

  

ELEMENTS OF A PHOTOVOLTAIC SYSTEM 

The cells, independently of the technology used for their manufacturing, are 

interconnected in series and parallel to form a module. Apart from it, an inverter, a battery 

and a charge controller (not always) are needed (Figure 3). The inverter is responsible for 

converting the direct current generated (DC) into alternating current (AC). The charge 

controller has the function of preserving the battery from being charged or discharged 

completely.  

 

Figure 3. Schematic of a typical photovoltaic system [1] 

 

3.- CRYSTALLINE SILICON SOLAR CELL TECHNOLOGY 
 

3.1.-  BASICS OF SOLAR CELLS  
 

Solar cells, which are the principal energy conversion device, are made of semiconductor 

materials. Semiconductors are materials in which the range of excitation energies is 

interrupted by an energy gap of width EG (Figure 4). The energy range below the gap, called 

the valence band, is nearly completely occupied with electrons. The energy range above the 

gap, called the conduction band is, however, nearly empty. Semiconductors absorb photons 

having at least the energy EG. Photons with smaller energies cannot excite electrons from the 

valence band to the conduction band, and they are not absorbed. They are transmitted, 

reflected or absorbed by phonons, impurities or free charge carriers. For this reason, only a 

specific range of the solar spectrum is absorbed depending on the band gap of the 

semiconductor [3]. 

The basic classification used to define the different semiconductor types are the 

following: 
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- Intrinsic material.  

It is a material to which impurities have not been added, has a certain level of carrier 

concentration at a given temperature. Carrier concentration is the number of electrons in 

the conduction band or the number of holes in the valence band, since both are present in 

the same quantity (Figure 4). Intrinsic carrier concentration increases exponentially with 

temperature.  

 

Figure 4. Intrinsic carrier concentration in a semiconductor [4] 

 

- Extrinsic material.  

An intrinsic structure can be changed to shift the balance between electrons and holes. 

This new situation can be observed in Figure 5. This shifting in the carrier balance is done 

by adding impurities and the effect is called doping. By applying it, two types of 

semiconductors are obtained: 

o P-type semiconductor. Holes constitute the majority carriers and electrons the 

minority ones.  

 

o N-type semiconductor. In this case, electrons are the majority carriers of the material, 

being holes the minority ones.  

Once the doping takes place, the new carrier concentration can be calculated. The 

equilibrium carrier concentration for majority carriers is equal to the intrinsic carrier 

concentration plus the number of free carriers added by the dopant.  

 



Final Degree Project  6/97 
Contact optimization on crystalline silicon solar cells 
  
 
  

 
 

  

 

Figure 5. Equilibrium carrier concentration for n-type material and low doping [4] 

 

Among semiconductor materials described before, silicon is the most widely used type for 

the manufacturing of solar cells. Silicon is an element from group IV of the periodic table [4]. 

Silicon crystals are composed of atoms bonded together in a regular structure, as can be 

observed in Figure 6. It has 4 electrons in the valence band that can be promoted to the 

conduction band when reaching the necessary energy level.  

 

Figure 6. Representation of the silicon crystal lattice with its covalent bonds [4] 

 

3.2.-  OPERATION PRINCIPLE: THE PHOTOVOLTAIC EFFECT  
 

As mentioned before, the electricity generation in a solar cell is based on the Photovoltaic 

Effect.  

The generation of current in a solar cell starts with the absorption of the incident photons 

by the semiconductor to promote the valence electrons to the conduction band. The 

promotion of an electron to the conduction band leaves an empty space, which can be 

occupied by an electron from a neighboring atom. This phenomenon can be seen as the 

ƳƻǾŜƳŜƴǘ ƻŦ ŀƴ ŜƳǇǘȅ ǎǇŀŎŜ όάǇƻǎƛǘƛǾŜƭȅ ŎƘŀǊƎŜŘ ǇŀǊǘƛŎƭŜέύΣ ŎŀƭƭŜŘ άƘƻƭŜέΣ ŦǊƻƳ ƻƴŜ ǇƭŀŎŜ ǘƻ 
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another. Both, ŜƭŜŎǘǊƻƴǎ ŀƴŘ ƘƻƭŜǎ ŀǊŜ ŎŀƭƭŜŘ άŎŀǊǊƛŜǊǎέ ŀƴŘ ǇŀǊǘƛŎƛǇŀǘŜ ƛƴ ŎƻƴŘǳŎǘƛƻƴ in PV 

devices.  

In the absence of an external circuit, the free generated carriers recombine and no 

current or power is generated. To prevent this recombination is what the p-n junction is used 

for. A silicon wafer doped with phosphorus and boron creates an n-type and p-type 

semiconductor, respectively.  This union of two semiconductors with complementary doping is 

called p-n junction. Electrons moveτon their way towards the electron contactτthrough 

regions with a large electron conductivity, while the current of the holes in that direction is 

suppressed by a very small hole conductivity. The opposite happens for holes and electrons on 

the way towards the hole contact. For the p-n junction, different conductivities are achieved 

by doping. This leads to an electric potential difference, the so-ŎŀƭƭŜŘ άōǳƛlt-in voltageέ, 

between the contacts. The difference in conductivities of electrons and holes on the way to 

άǘƘŜƛǊέ ŎƻƴǘŀŎǘ ƛǎ ǘƘŜ ŘŜŎƛǎƛǾŜ ŎƻƴŘƛǘƛƻƴ ŦƻǊ selective transport [5]. 

However, not all the electrons are extracted generating current. Some of the free 

electrons recombine with free holes, reducing the conversion efficiency of the solar cell.  

A graphical representation of the energy generation process is captured in Figure 7 [1]. 

 

Figure 7. Representation of the process of electricity generation [1] 

 

3.3.-  ELECTRICAL PARAMETERS  
 

The electrical parameters that characterize a solar cell (Figure 8) are the following: 

Č Short-circuit current (Isc).  

It is the current that flows through the solar cell when the applied voltage is zero. It is 

a magnitude that depends on the active area of the cell, its optical properties and the 

spectrum of the incident light among others.  
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Č Open-circuit voltage (Voc).  

It is the voltage of a solar cell when there is zero current flow. That is, the maximum 

voltage available from the cell. It is due to the polarization of the junction because of the 

current generated by radiation. The final value depends strongly on the cell 

recombination, as well as on the operating temperature.  

 

Č Maximum power point (Pmp).  

It is the operation point in which the power generated reaches the highest value 

(Pmax). The maximum power voltage and current correspond to this operation point. 

Therefore, the following relationship is hold: 

Pmax = Vmp Imp 

 

Č Fill factor (FF).  

It is the parameter that, in conjuction with Voc and Isc, determines the maximum 

power from a solar cell. Theoretically, the maximum value is obtained by differentiating 

the product of current and voltage with respect to voltage, and making it equal to zero. 

Graphically, the fill factor is the area of the largest rectangle than can fit in the IV curve. It 

is an indicator of the quality of the solar cell.  

The fill factor is obtained with the following formula: 

FF = 
 

  
 

 

Č Efficiency (ẫ).  

It is determined as the fraction of incident power which is converted to electricity. It 

depends on the spectrum and intensity of the incident sunlight and the temperature of the 

cell. 

As Pmax = Voc Isc FF,  

ẫ =   
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Figure 8. Electrical parameters of a solar cell [3] 

 

3.4.-  LIMITATION OF SOLAR CELL PERFORMANCE 

3.4.1.-  Recombination losses 

 

Recombination is the process in which electrons and hole are annihilated. From the 

energy set free in this reaction, photons or phonons are produced. There are two main types 

of recombination losses depending on the region of the cell in which they occur: at the surface 

or in the bulk. 

 

Bulk recombination 

There are three types of recombination taking place in the bulk. 

 

o Radiative recombination. In this process, a hole reacts with an electron and produces a 

photon. 

o Recombination through defect levels. Defect levels with energies in the forbidden zone of 

the band gap capture electrons and holes over a series of excited states with successive 

dissipation of energy. 

o Auger recombination. The energy set free during this recombination is transferred to an 

electron of a hole as kinetic energy that is subsequently lost to the lattice through 

collisions with phonons. 
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Surface recombination 

This type of recombination is caused by defects at the semiconductor surface or 

impurities within the surface interfaces. This region constitutes a severe disruption of the 

crystal lattice, causing dangling bonds. The surface recombination velocity is defined as the 

rate at which carriers move towards the surface, and it is used to specify the recombination at 

a surface. The reduction of this type of recombination is achieved by depositing a passivation 

layer on top of the semiconductor and/or limiting the concentration of one type of carriers, 

electrons or holes, to avoid recombination.  

Recombination affects both the short-circuit current and the open-circuit voltage.  

 

3.4.2.-  Optical losses 

 

This type of losses are mainly due to light that could have generated an electron-hole pair 

but it does not, it could be because light is reflected from the front surface or because it is not 

absorbed by the solar cell.  

 

In order to reduce this type of losses, several improvements can be done: 

o Top contact coverage minimization. 

o Anti-reflection coating deposition on the top surface. (See 4.1.4.-  Silicon nitride 

deposition.) 

o Surface texturing to reduce reflection. (See  

o 4.1.1.-  Cleaning of organic particles, saw damage removal and texturing.) 

o Thicker solar cell to increase absorption. 

o Increase of the optical path length in the solar cell. 

Optical losses affect the power from a solar cell by lowering the short-circuit current.  

 

3.4.3.-  Series resistance losses 

 

Series resistance, in conjunction with shunt resistance, dissipates power of the cell 

reducing its efficiency. The principal impact is the reduction of the fill factor. The causes of this 

effect are the following, which are graphically represented in Figure 9. 

o The movement of current through the emitter and base of the solar cell. 

o The contact resistance between the metal contact and the silicon. 

o The resistance of the top and rear metallic contacts.  
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Therefore, it can be extracted that series resistance is principally caused by the use of 

non-optimally-out contact design or problems during contact formation.  

 

Figure 9. Graphical representation of the terms of series resistance [4] 

 

3.4.4.-  Shunt resistance losses 

 

Shunt resistance causes power losses in solar cells by providing an alternative current 

path for the light-generated current. The effect is particularly visible at low light levels, where 

there is less light-generated current. These types of losses are typically caused by 

manufacturing defects on the solar cell.  

 

3.5.- HIGH EFFICIENCY SOLAR CELL ARCHITECTURES: PERC 
 

Nowadays, photovoltaic technologies main challenge is to increase solar celƭǎΩ ŜŦŦƛŎƛŜƴŎȅ 

while reducing cost. With respect to silicon-based solar cells, the standard Al-BSF structure 

does not constitute an optimal structure in terms of efficiency. Solar cells featuring a full area 

aluminum back-surface field (Al-BSF) on the rear surface experiment a high rear-surface 

recombination velocity and low internal reflectance [7]. Due to these two loss mechanisms the 

ƳŀȄƛƳǳƳ ŜŦŦƛŎƛŜƴŎȅ ƻŦ ǘƻŘŀȅΩǎ ƛƴŘǳǎǘǊƛŀƭ ǎƛƭƛŎƻƴ ǎƻƭŀǊ ŎŜƭƭǎ ǿƛǘƘ Ŧǳƭƭ ŀǊŜŀ !ƭ-BSF has been stuck 

to around 20 % in the last few years.  

In order to overcome these problems and to achieve higher conversion efficiency, a better 

quality of the rear-surface passivation and reflectance is needed. An alternative to the 

standard Al-BSF structure is the PERC (Passivated Emitter and Rear Contact) structure, which is 

expected to reach in the following years values of efficiency of up to 23.5 %, never attainable 

with the standard Al-BSF structure, as can be observed in Figure 10 [8]. 
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In a PERC solar cell, the full area aluminum layer is substituted by a passivation layer with 

local openings where there is contact between the Al layer and the rear silicon surface (Figure 

11), minimizing the recombination of free carriers at the rear surface and increasing, at the 

same time, the internal rear reflectivity, and hence enhancing efficiency.  

 

Figure 10. Expectations of efficiency by silicon structure in the following years [8] 

 

The continuous increase in efficiency of this type of cells is possible by both, improving 

the lifetime of the minority carriers to a higher value than 1 ms and tending to the design of 

smaller fingers. 

In PERC solar cells processing, two process steps are added. On the one hand, a 

passivation layer is deposited on the rear surface. On the other hand, for the fabrication of the 

metal contacts, local areas of the passivation layer are removed before the metallization of the 

aluminum electrode. This removal is typically accomplished by laser ablation. 
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Figure 11. Schematic of PERC solar cell [9] 

 

Passivation layer parameters 

For p-type solar cells, rear surface recombination is minimized by means of a silicon oxide 

layer [10] or an aluminum oxide layer [9] grown over the silicon surface. Then, normally, silicon 

nitride is deposited onto it as capping layer.  

The silicon nitride layer improves the optical reflectivity of the rear surface. Its typical 

thickness is in the range up to 100 nm for a 180 µm wafer thickness [11, 12, 13].The silicon 

oxide layer thickness is in the range of 10 nm, also for a 180 µm wafer thickness [13]. 

Laser ablation parameters 

In order to create selective openings on the rear dielectric layers, laser is the most popular 

technique. To form the contact, an aluminum layer is printed and a high temperature process 

is performed after laser ablation. Then, local Al-BSF contacts are produced only on the 

openings of the rear dielectric layers formed by the laser.  

As it is described in [7], the contact shape and the thickness of Al-BSF layer were found to 

be heavily dependent on the laser ablation pattern and contact area.  

With respect to the contact area, it is necessary to look for a compromise between series 

resistance and surface recombination. The more number of laser points and hence, the bigger 

the contact surface, the less the series resistance but the greater the surface recombination.  

According to R. Hendel [14], dots or lines can be used for the dielectric ablation. The 

typical total area to be laser opened falls in the range of 3-5 %. In case of line openings, the 

typical line spacing requirement is between 0.5 and 2 mm. However, in case of dot opening, 

the spacing range is a bit smaller, between 0.2 and 1 mm.  

M. Gebhardt [12] states that separation distance between individual dots on the rear 

surface of the cell are between 0.4 and 1 mm. Line separation distance should fall in the range 

from 0.7 to 1.5 mm.  
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Depending on the distance selected and the diameter of the laser beam, the contact area 

can be computed.  

With respect to the laser ablation pattern, as mentioned before, the process can be 

performed with lines or dots pattern. If choosing dots, different geometries can be found 

depending on the disposition of the dots. There are three possible contact lattices disposed in 

regular patterns: triangular, square and hexagonal. 

 

4.- METHODOLOGY APPLIED DURING THE PROJECT 
 

4.1.-  SOLAR CELL FABRICATION PROCESS  
 

As the project belongs to the area of knowledge involving the development of production 

processes of solar cells, the explanation of the fabrication process steps applied becomes 

crucial.  

In the first place, solar cells are processed according to Al-BSF structure, which is 

represented in Figure 12.  

 

Figure 12. Representation of the main layers of a processed p-type crystalline Al-BSF standard silicon solar cell 

 

The fabrication sequence for screen-printed p-type crystalline silicon solar cells with Al-

BSF structure consists of several steps depicted sequentially in Figure 13 [15]. 

 

 

 



Final Degree Project  15/97 
Contact optimization on crystalline silicon solar cells 
  
 
  

 
 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.1.1.-  Cleaning of organic particles, saw damage removal and texturing.   

  

When cutting silicon ingots into wafers by wire sawing, small cracks are formed on the 

surface of the wafer. These cracks penetrate around 10 µm deep into the surface, reducing the 

mechanical strength of the wafer and increasing recombination in the surface. Hence, this 

P-type crystalline silicon 

wafer 

 

Organic removal, saw 

damage removal and 

texturization 

 

Phosphorus diffusion 

 

 

PSG removal 

 

Silicon nitride deposition 

 

Screen printing 

 

Cofiring 

 

Edge isolation 

 

p-type c-Si 
p-type c-Si 

p-type c-Si 

p-type c-Si 
p-type c-Si 

p-type c-Si p-type c-Si 

Figure 13. Process sequence of fabrication of solar cells 

p-type c-Si 
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damage needs to be removed from the wafer. However, before this step, organic 

contaminants need to be removed from the wafer surface. Otherwise, they would cause an 

increase of surface and bulk recombination when being subjected to high-temperature in the 

following process steps. 

Then, in order to remove saw damage, there are 3 processes that can be used: Alkaline 

etching, acidic texturing and plasma etching.  

Each of the processes previously stated forms a different surface texture, but all of them 

help to reduce the total light reflection of the wafer.  

o Alkaline etching.  

It is an anisotropic process and therefore has different etch rates for different 

crystallographic orientations. This makes the method more suitable for monocrystalline 

silicon wafers. Pyramids with a square base are formed randomly distributed over the 

surface, as can be observed in Figure 14. To improve uniformity, isopropyl alcohol (IPA) is 

added to the solution.  

 

 

Figure 14. SEM image of the alkaline-textured surfaces [15] 

 

o Acidic texturing 

The treatment is not dependent on the crystallographic orientation since it is an 

isotropic process. This makes it suitable for multicrystalline silicon (Figure 15).  

 

 

Figure 15. SEM image of the top view of an acidic-textured silicon wafer [15] 
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To clean the wafers after texturization, they are cleaned in subsequent cycles of ozone 

(O3), hydrochloric acid (HCl), and hydrofluoric acid (HF) and finally dried in nitrogen.  

Deionized water is used for rinsing after each chemical step. O3 is also used to oxidize the 

silicon surface. HCl is useful to remove alkal and metal impurities from the surface, while HF 

etches the silicon dioxide off and forms a hydrophobic surface. 

 

4.1.2.-  Diffusion  

 

The thermal diffusion of phosphorus leads to the creation of an emitter to the wafer, for 

p-n junction formation.  

The equipment used for this process is called POCl3 tube furnace (Figure 16). 

 

Figure 16. Tube furnace [CENER]  

 

To start the process of phosphorous diffusion, the wafers are put into the tube furnace 

and heated up to around 800 °C in an O2 ambient. Nitrogen is used as a carrier gas through a 

bubbler filled with liquid phosphorus oxide (POCl3) which is the source of phosphorus. From 

that reaction, P2O5 deposits onto the wafer surfaces in a thin layer during pre-deposition step. 

This layer is called a phosphor-silicate glass (PSG) and it is compounded by SiO2 and P2O5. 

Then, a drive-in process step diffuses phosphorus into the p-type silicon wafer due to the 

high temperature, forming the needed p-n junction.  

The dopant surface concentration therefore decreases with time, since the dopant moves 

into the semiconductor as time increases. Curve a) from Figure 17 represents the case of low 

surface concentration, while curve d) corresponds to a high concentration case [16]. 
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Figure 17. Dopant profile of a phosphorus diffusion for various surface concentrations after diffusion into silicon 

for 1 hour at 1000 °C [16] 

 

4.1.3.-  Phosphorus silicate glass (PSG) removal 

 

Hydrofluoric acid (HF) is used to etch off phosphorus silicate glass on the wafer surface.  

 

4.1.4.-  Silicon nitride deposition  

 

In this process step, a layer of silicon nitride is deposited onto the front side of the solar 

cell. The layer has two main functions: on the one hand, it is used as an antireflection coating, 

and on the other hand, it serves as a good surface passivation to reduce recombination losses 

of the surface.  

The objective is that the wave reflected from the anti-reflection coating top surface is out 

of phase with the wave reflected from the semiconductor surfaces. The destructive 

interference results in zero net reflected energy. The thickness of the coating is chosen so that 
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the wavelength in the dielectric material is one quarter the wavelength of the incoming wave, 

and it is obtained by applying the following formula:  

d = 
 

 

where, 

d = coating thickness 

˂ Ґ ŦǊŜŜ-space wavelength 

n = refractive index 

For silicon nitride with a refractive index of approximately 2 and in order to minimize 

optical reflection at 600 nm - where the absorption of silicon is maximum - the silicon nitride 

film should have a thickness of around 75 nm [4]. 

There are several ways of depositing this layer. However, the most widely used system is 

the plasma-enhanced chemical vapor deposition (PEVCD). The machine used for the 

deposition is shown in Figure 18. During this process, the SiNx:H film is formed in a reaction of 

silane (SiH4) and ammonia (NH3). The conditions of temperature and pressure are in the ranges 

of 200-450 °C and 0.01-0.1 mbar, respectively.  

 

 

Figure 18. PECVD equipment for silicon nitride deposition [CENER] 

 

4.1.5.-  Screen printing of the contacts  

 

In order to extract the electrons from a solar cell, it is necessary to deposit metallic 

contacts on the front and rear surfaces. As metals are opaque to light, to maximize optical 

power the front metallized area should cover the smallest area of the surface cell and extract 
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the maximum number of electrons. However, contacts cannot be too small in order to avoid 

electrical power losses. A compromise should be found. On the rear side, the shadowing 

problem is not critical since light is not incident directly on this surface.  

The front usual configuration is composed by a few big contacts, called busbars, between 

2 and 5 depending on the cell surface, and a higher number of thin contacts, called fingers, on 

a direction perpendicular to busbars (Figure 19). 

 

Figure 19. Schematic of a standard design of front contacts. 

 

The equipment used to fulfill the screen-printing process step (Figure 20) consists mainly 

on screens and pastes as well as a screen printing machine. The screen used is mounted with a 

certain tension into an aluminium frame and has areas that are blocked off with an emulsion, 

and opened areas where the paste can go through. The screen is positioned on the machine 

just above the front side of the wafer, existing a small and defined distance between both, 

which is called snap-off distance. 

 

Figure 20. Picture of the screen-printing machine (left) and its inside with the screen and the squeegees used 
(right) [CENER] 



Final Degree Project  21/97 
Contact optimization on crystalline silicon solar cells 
  
 
  

 
 

  

Two squeegees, each of them located against the other, are responsible for the printing 

process. Depending on the direction of the printing, one or the other squeegee moves. The 

main steps of this process are illustrated in Figure 21.  

 

 

Figure 21. Main steps of the screen-printing cycle [17] 

 

Front contacts 

It consists on the deposition of the silver metallic paste on the front side of the wafer and 

above the silicon nitride layer. Buses and fingers are formed, whose width and distance 

between them depend on the design of the screen. 

Silver paste is used as a conductive metal because of its good contact properties, 

conductivity and excellent solderability.  

To start the process, one of the squeegees is moved without pressure over the screen. 

This way, the screen openings are uniformly filled with Ag paste, which is called flooding of the 

screen. Then, the squeegee is moved with a previously defined pressure, pressing the screen 

locally against the wafer surface and pushing the silver metallic paste through the opened 

areas of the screen onto the wafer surface.  

After finishing this process of printing, the wafer is transported to a drying oven.  
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The main components of the front paste are the following [17]: 

Á Silver powder. Represents a 70-85% in weight. It is mixed with particles of different 

shapes, responsible for the paste conductivity and the cohesion of the contact.  

The rest of the components are sensitive to the device surface that is wanted to be 

contacted as well as to temperature profiles and processing times.  

Á Powder of glass frits. Constitutes up to the 5% in weight of the paste. Glass frits are metal 

oxides. Their function is to melt the dielectric layers by forming eutectic alloys of lower 

melting point. These are deposited on the silicon nitride layer, allowing the metal particles 

to reach the silicon emitter.   

Á Organic compounds. To transport the suspended silver and glass particles. Inside this 

group we find organic solvents to allow the mixture be used as a paint, and organic 

binders to maintain the particles joined. 

Á Other additives to change the rheological properties of the mixture. They are found in 

proportions lower than 2 % in weight.  

 

Rear busbars 

It is an optional step that only takes place when series interconnection of cells is wanted 

to be done to form modules. This step is necessary since it is not possible to solder onto the 

screen-printed Al contact. To print these busbars, a silver and aluminium (Ag/Al) paste is used, 

so that they can be easily soldered to tabbing ribbons. According to the geometry, they need 

to be large to allow certain misalignments in the process, and small to reduce efficiency losses 

(there is no Al-BSF underneath the busbars). 

After printing, the wafer is transported to a drying oven, in order to evaporate the 

solvents that screen-printing pastes contain.   

 

Rear contact 

In this step, the aluminum paste to form the rear contact is printed in the rear side of the 

wafer. 

The pattern of the screen used for this printing has a different geometry from the one 

used for the front contact, it covers the whole back surface of the wafer.  

Comparing this paste with the silver one, apart from the different metal particles, the rest 

of the components are of similar chemistry.  

After printing, a drying process in an oven is needed as in the other screen-printing steps.  
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4.1.6.-  Firing  

 

Once the printing process is finiǎƘŜŘΣ ōƻǘƘ ŦǊƻƴǘ ŀƴŘ ǊŜŀǊ ǎƛŘŜǎΩ ŎƻƴǘŀŎǘǎ are fired 

simultaneously in a firing furnace, shown in Figure 22, which is called cofiring process. For that 

purpose, a RTP (Rapid Thermal Processing) equipment is used. Pastes are designed in order to 

follow a common thermal final treatment to create the contact at the same time in both sides 

of the cell. 

It is important to dry each of the contacts after printing and before firing to avoid metallic 

contamination that would cause a shunting problem of the p-n junction.  

During firing, the wafer is subjected to changes in temperature during a period of time 

(Figure 23). This results on chemical and structural changes inside the printing pastes and 

substrate surfaces. 

 

Figure 22. RTP equipment [CENER] 

 

At the beginning of the process, at the front side and at temperatures below 600 °C, the 

organic compounds that keep the dried metallic pastes attached to the surfaces are burned 

out. At the same time, the hydrogen contained in the silicon nitride layer is released into the 

bulk of the wafer to passivate electrical defects [17]. 

In the second step, the firing peak, higher temperatures are reached and the formation of 

the contacts takes place. Glass frits melt the silicon nitride and silver particles suffer a sintering 

process that creates a conductive film. Previously, during the chemical reaction liquid Pb 

etches the surface in some places, where then, during cooling, silver crystallites form the 

ohmic contact with the emitter. Then, a conductive contact is formed during the solidification 

of the silver and the glass frits mixture. This contact is a combination of a direct contact 

between the sintered silver and the silver crystallites, a tunneling contact through frits, and 

regions without electrical contact.  
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With respect to the rear side, aluminium paste follows the same burn out of organic 

components. During the firing step, the aluminium melts and can go through the oxide of the 

particles, reaching the silicon surface. In the next step, cooling down, silicon is rejected from 

the melt, and recrystallizes as the epitaxial Al-doped layer called Back Surface Field (BSF). 

One problem of firing is the bowing. It is produced when temperature gets below 577 °C, 

because of the differences of thermal expansion coefficients between the Al contact and the 

silicon. It is created when the melted alloy solidifies with the eutectic composition. This bowing 

problem is larger when reducing silicon wafer thickness, so this limits the possible reduction of 

thickness of the cell.  

 

Figure 23. Temperature profile of the cofiring process in the furnace [17] 

 

4.1.7.-  Edge isolation 

 

This step consists on the removal of doping around the edge of the solar cell. During 

emitter diffusion process, phosphorus diffused also takes place over the edges and rear side of 

the wafer. This creates shunt paths between the front (n-type) and back (p-type) surface [18]. 

The removal of the phosphorus diffusion around the edge isolates electrically the front emitter 

from the rear cell, as can be seen in Figure 24 b). This way, shunt resistance is increased and 

the efficiency of the solar cell increases.  
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Figure 24. Comparison of (a) a cell with no edge isolation, where front and back side are linked, and (b) a cell with 

front edge isolation [18] 

 

Laser edge isolation is one of the most used techniques because of the high speed and 

precision of its beam. According to S.R. Reddy [18], laser edge isolation processes shows an 

increase of average output power of solar cells by 3.45% compared to the plasma edge 

isolation process. The process can be performed by scribing a groove by laser (Figure 25) on 

either front or back side of the solar cell.  

 

 

Figure 25. Picture of the laser equipment [CENER] 
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4.2.-  SOLAR CELL CHARACTERIZATION  

4.2.1.-  IV Curve measurement 

 

The IV curve represents the operation points of a solar cell, so any alteration on its 

operation is reflected on this curve.   

It can be traced with natural radiation of the sun or by using a solar simulator. In any case, 

measurements should be corrected to Standard Test Conditions or STC (1000 W/m2, 25°C and 

AM1.5G spectrum). By the measurement of the curve, all electrical parameters described in 

section 3.1.-  BASICS OF SOLAR CELLS are obtained.  

The curve follows the shape shown in Figure 8. From that measurement, series and 

parallel resistance values can be approximately obtained.  

A big value of series resistance can be due to bad metallic contact. It makes the slope of 

the curve around the open circuit voltage decrease, as can be observed in Figure 26 (left), and 

it has also a big impact on the fill factor.   

A reduction on the value of parallel resistance is linked to fabrication defects and 

therefore, indicates the presence of shunts in the solar cell. It causes an important reduction 

on the current generated, since it finŘǎ άŀƭǘŜǊƴŀǘƛǾŜ ǇŀǘƘǎέ ǘƻ Ŧƭƻǿ ǘƘǊƻǳƎƘΦ Lǘǎ Ƴŀƛƴ ŜŦŦŜŎǘ ƻƴ 

the curve is a decrease on its slope near the short circuit current point (Figure 26 (right)). As it 

occurs with the series resistance, it has a big influence on the fill factor.  

 

Figure 26. Effect of series and parallel resistance on the IV curve.  

 

For the measurement of the curve, a solar simulator is used. This system uses calibrated 

light source and a temperature controller, since a solar cell is sensitive to both.  
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Figure 27. Configuration of the equipment for the measurement of the IV curve [4] 

 

For routine measurements, a reference cell is used to calibrate the light source. A 

reference cell is a cell previously measured and certified, and should be electrically and 

optically as close as possible to the cell under test.  

To control temperature, the cell test block is cooled to keep the temperature of the cell 

ŦƛȄŜŘ ǘƻ нр /Σ ŀǎ ǎƘƻǿƴ ƛƴ Figure 27. 

During data acquisition, a load resistor is varied from zero to infinity. The variables that 

are directly obtained from this test are open-circuit voltage, short-circuit current density, and 

voltage and current density at maximum power point. From these ones, others as fill factor or 

efficiency previously mentioned can be obtained.  

 

4.2.2.-  Electroluminescence 

 

It is a characterization technique based on the picture capturing of solar cells in order to 

study their quality. Solar cells transform electromagnetic radiation emitted by the sun into 

electric energy. This technique consists on reversing the process, making current flow through 

the cell so that it emits radiation. This radiation is captured by a remotely-controlled camera.  

The emission range of silicon solar cells falls in the range of 1000-1200 nm, range in which 

Si-chip cameras have a lower response. Some filters limit the camera response to the emission 

range of solar cells. However, this range is relatively small so high capture times are used.  

The method is based on the capture of two complementary images. The first one, called 

the high polarity one, is taken by flowing a value of current similar to the short-circuit one 

through the cell. For capturing the second one, the low polarity one, a value of current of a 

10% of the applied previously is applied.  












































































































































