
 
1 

 

SCHOOL OF SCIENCE & ENGINEERING 

 

INVESTIGATION AND MINIMIZATION OF LOSSES IN SILICON SOLAR CELLS 

TO ENHANCE THEIR POWER EFFICIENCY 

 

CAPSTONE DESIGN 

 

SUBMITTED IN 

APRIL 2018 

 

BY 

AYOUB LAOUIJA 

 

SUPERVISED BY 

DR. ABDERRAZZAK ELBOUKILI 



 
2 

 

Table of Contents 
 

Student Statement .............................................................................................................................6 

Acknoledgement ................................................................................................................................7 

Abstract .............................................................................................................................................8 

Introduction ......................................................................................................................................9 

Renewable Energy ........................................................................................................................9 

History of Solar Energy .............................................................................................................. 10 

Photovoltaic Solar Energy Description ...................................................................................... 11 

Silicon Solar Cells ....................................................................................................................... 11 

Solar Panels ................................................................................................................................. 11 

Advantages of Solar Energy ....................................................................................................... 12 

SWOT Analysis ........................................................................................................................... 13 

Methodology.................................................................................................................................... 14 

CHAPTER 1: Extraction and Fabrication of Silicon From Sand ................................................. 15 

Introduction ..................................................................................... Error! Bookmark not defined. 

Silicon properties ........................................................................................................................ 17 

Different types of silicon ............................................................................................................. 18 

Impurities in silicon .................................................................................................................... 18 

Silicon conductivity ..................................................................................................................... 19 

Extraction and industrial fabrication of Silicon ......................................................................... 20 

Silicon refining ........................................................................................................................ 20 

Purification of Si...................................................................................................................... 25 

CHAPTER 2: Fabrication Process of Silicon Wafers From Purified Silicon ............................... 27 

Crystallization of Silicon : Czochralski (Cz) process ................................................................. 28 

Tailing the ingots ......................................................................................................................... 29 

Slicing .......................................................................................................................................... 30 

Cleaning ...................................................................................................................................... 30 

Chemical cleaning ....................................................................................................................... 31 

Final cleaning stage ..................................................................................................................... 31 

CHAPTER 3: Fabrication Process of Silicon Solar Cells .............................................................. 33 

Saw-damaged layer removal ....................................................................................................... 34 

Texturing ..................................................................................................................................... 34 



 
3 

Emitter diffusion (junction formation) ....................................................................................... 35 

Edge isolation .............................................................................................................................. 37 

Anti-reflection coating ................................................................................................................ 37 

Metal contact formation (metallisation) ..................................................................................... 38 

Contact firing ................................................................................... Error! Bookmark not defined. 

Working principle of a Silicon solar cell .................................................................................... 39 

CHAPTER 4: Mathematical Models of Silicon Solar Cells ........................................................... 42 

Transport equation ..................................................................................................................... 43 

Poisson’s equation ....................................................................................................................... 45 

Generation ................................................................................................................................... 45 

Recombination ............................................................................................................................ 46 

CHAPTER 5: Investigation on Different Losses Happening Within a Silicon Solar Cell ............ 48 

Reflection losses........................................................................................................................... 49 

Bulk recombination losses .......................................................................................................... 50 

Series resistance losses ................................................................................................................ 50 

CHAPTER 5: Simulating a Silicon Solar Cells by Reducing Losses ............................................. 52 

Why PC1D ? ................................................................................................................................ 53 

PC1D description ........................................................................................................................ 53 

Design and optimization ............................................................................................................. 56 

Front surface texturing ........................................................................................................... 57 

Reflectance .............................................................................................................................. 60 

Bulk recombination ................................................................................................................. 60 

Final design ............................................................................................................................. 61 

Graphical analysis ................................................................................................................... 64 

STEEPLE Analysis ......................................................................................................................... 67 

 

 

 

 

 

 

 

 

 



 
4 

 

List of figures 
 

Figure 1: Different types of renewable energies ...............................................................................9 

Figure 2: Representation of a a solar cell, solar module, and solar panel ..................................... 12 

Figure 3: Silicon shape .................................................................................................................... 16 

Figure 4: Silicon refining process ................................................................................................... 20 

Figure 5:Raw Silica used to produce Silicon .................................................................................. 21 

Figure 6: Furnace arc ..................................................................................................................... 22 

Figure 7: Different reactions occuring in the furnace arc ............................................................. 23 

Figure 8: Silicon melting ................................................................................................................. 24 

Figure 9: Metallurgical grade Silicon ............................................................................................. 24 

Figure 10: Cz process ...................................................................................................................... 28 

Figure 11: Ingot shape .................................................................................................................... 29 

Figure 12: Removed ingot end ........................................................................................................ 29 

Figure 13: Slicing operation ........................................................................................................... 30 

Figure 14: Final wafer .................................................................................................................... 32 

Figure 15: Random pyramid texture.............................................................................................. 35 

Figure 16: Inverted pyramid texture.............................................................................................. 35 

Figure 17: Doping (N-type and P-type) representation ................................................................. 36 

Figure 18: Solar cell with anto-reflection coating materials .......................................................... 38 

Figure 19: Doped wafer .................................................................................................................. 39 

Figure 20: Diffusion representation ............................................................................................... 39 

Figure 21: P-N junction representation.......................................................................................... 40 

Figure 22: Steps of the working principles of a solar cell .............................................................. 41 

Figure 23: PC1D first interface ...................................................................................................... 54 

Figure 24: Angle change in pyramid .............................................................................................. 58 

Figure 25: Pyramid depth representation ...................................................................................... 59 

Figure 26: The inputs and outputs of my solar cell design ............................................................ 63 

Figure 27: I-V graph of my solar cell ............................................................................................. 64 

 

 

file:///N:/capstone-updated3.docx%23_Toc511481446
file:///N:/capstone-updated3.docx%23_Toc511481447
file:///N:/capstone-updated3.docx%23_Toc511481448
file:///N:/capstone-updated3.docx%23_Toc511481449
file:///N:/capstone-updated3.docx%23_Toc511481450
file:///N:/capstone-updated3.docx%23_Toc511481451
file:///N:/capstone-updated3.docx%23_Toc511481453
file:///N:/capstone-updated3.docx%23_Toc511481454


 
5 

List of Table 

Table 1: Physical properties of Silicon ........................................................................................... 17 

Table 2: Results of Isc, Vop, and Pmax with angle change ............................................................ 58 

Table 3: Results of Isc, Vop, and Pmax with depth change ........................................................... 59 

Table 4: Results of Isc, Vop, and Pmax with reflectance change................................................... 60 

Table 5: Results of Isc, Vop, and Pmax with lifetime change ........................................................ 61 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

file:///N:/capstone-updated3.docx%23_Toc511481525


 
6 

Student Statement 
 

 

 

 

________________________________________ 

Ayoub Laouija 

 

 

 

Approved by the supervisor 

 

 

 

 

________________________________________ 

Dr. Abderrazzak Elboukili 



 
7 

 

 

Acknoledgement 

I would like first to thank my beloved parents for everything they have done for me since the 

9th July 1995. From elementary school to Al Akhawayn University, they have always been 

here for me. I would like also to thank my dear siblings for their continuous support, and all 

the funny moments I have spent with them during my stay at Al Akhawayn University. As far 

as Dr. Abderrazzak Elboukili, I cannot thank him enough. He was very devoted and helpful 

through the semester, and was always available when we needed him. I had Dr. Elboukili in 

three classes, and thanks to him I discovered university mathematics and got familiar with the 

American learning system. Also, special thanks to Dr. Alj for his coordination and advices 

through the whole semester. I would like also to thank a special person who was my Reading 

professor during my first semester Dr. Chafik, I always considered him as a big brother and a 

very good friend, he has always been a good listener. And finally, I want to thank everyone 

who helped me be what I am now : faculty, staff, and friends. To this moment, my journey at 

Al Akhawayn University comes to an end. Let’s go for a new exciting adventure. 

 

 

A BIG THANK YOU TO YOU ALL! 

 



 
8 

Abstract  

In this capstone design project, I am going to identify the different sources of losses that exist 

in silicon solar cells. Then, we are going to develop and validate innovative and cost effective 

designs and methods to eliminate or reduce most of these losses. And, reducing the losses in 

solar cells will increase dramatically their power efficiency.  

Today, the efficiency of most of silicon solar cells in the market is around 17%. This means we 

are converting only 17% of the solar energy into electricity. And, the 83% left of the solar 

energy is lost within the Silicon solar cell. Then, the results and the findings of this capstone 

design project will be of great importance to the designers and manufacturers of silicon solar 

cells around the world.  

And, we are going to use the open source software PC1D to design and test the performance of 

new silicon solar cells that we are going to propose. Indeed, using this advanced software will 

allow us to change the key parameters of our Silicon solar cells such as doping and thickness 

based on our findings on order to come up with an highly efficient Silicon solar cell that can be 

manufactured and used in the future. 
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Introduction 

Renewable Energy 

Renewable energies are inexhaustible energies generated by natural and free sources that are in 

a continuous replenishment: the sun, the wind, the waterfalls, the heat of the earth… Unlike 

classical energies, the utilization of renewable energies does not generate any pollutant 

emissions. Renewable energy is the energy of the future; nevertheless, it is still under-exploited 

compared to non-renewable energy. Indeed, sustainable energy constitutes only 20% of the 

global electricity consumption [1], which is extremely low and negligeable compared with the 

great discoveries and researches in this field. On the other hand, it is mandatory to say that sun 

remains the most important source of energy on the eart, that is why photovoltaic solar energy 

is the most efficient and most used one nowadays. 

 

 

Figure 1: Different types of renewable energies 
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History of Solar Energy 

It’s as clear as crystal that solar energy has always been present in the life of the planet and 

extremely crucial for the improvement of life on the earth. Different human civilizations, 

through history, have tried to come up with innovative strategies and designs to take advantage 

of the sunlight. Therefore, solar energy is not recent, solar energy is one of the oldest and first 

energies that have been used to produce electricity in the world. For a long time, it has been the 

only source of energy, and also the origin of some other sources such as hydraulic and biomass 

energies. As follows, the main mportant steps in the history of solar energy.  Ancient Egyptians, 

5000 years ago, have mde the sun something sacred. Sun, at that time, was venerated, and was 

of a huge importance. This can be noticed through their buildings and monuments where sun is 

omnipresent. Since then, engineers and scientists have been devoting their lives for designing 

new ways and approaches to bring us energy from sunlight. 100 years ago, Heron of Alexandria 

desgined and built a solar machine for pumping water. During the 18th century, Saussure, a 

Swiss physicist, invented solar collectors for scientific purposes, and Lavoisier, a French 

physicist and chemist, made a solar oven that heated up to 1,755 ° C to melt platinum. In 1839, 

the French physicist Edmond Becquerel discovered the photovoltaic effect and invented the 

photovoltaic cell that we use nowadays. In 1900, several "bioclimatic" homes used the solar 

energy in Mexico, and more than 1,600 solar water heaters were launched in California state in 

the US. In 1953, Felix Trombe, a French chemist, built a 15kW solar oven at Mont-Louis in the 

Pyrenees [2]. He has also developed passive solar heating systems. In 1970, the most powerful 

solar oven in the world was created reaching a temperature of 3500 ° C in the Pyrenees as well. 

However, huge efforts are being made to actually improve the solar energy, and more precisely 

to improve its efficiency which is still very low compared to what science and technology have 
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reached. Therefore, huge efforts and studies are still to make in this field to meet the world’s 

energy needs [2]. 

Photovoltaic Solar Energy Description 

Solar energy or the photovoltaic solar energy, as it is actually called, comes from the conversion 

of sunlight into electricity through semiconductor materials mainly Silicon. Indeed, 

semiconductors materials have the ability to release their electrons when affected by the 

sunlight. This is called the photovoltaic effect. Photons, which are light components, are the 

particles that produce energy. As a matter of fact,  photons strike the electrons and discharge 

them which create an electric current ; meaning electricy power that can be used. The electricity 

produced through the process previously explained can be either  directly used as a power, or 

stored in batteries. The photovoltaic solar that generates electricity is called solar panel, and it 

is composed of photovoltaic modules, which themselves are made out of small photovoltaic 

cells connected together. Those small solar cells are made from Silicon and then called Silicon 

solar cells [3]. The Silicon solar cell is the main component of the electricty production process 

as it is where all the photovoltaic operations are made and performed. 

Silicon Solar Cells 

The photovoltaic cell, which is made of Silicon, is a square shaped electonic semiconductor 

component that composes a photovoltaic solar panel. It is the component responsible for the 

electricity production as previously explained. 

Solar Panels 

Solar panel is a middle-size board intended to absorb the sunlight to generate electricity or 

heating, and composed of photovoltaic modules. A photovoltaic module is made out of 

connected solar cells. Solar photovoltaic panels constitutes the photovoltaic set responsible for  
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creating and supplying solar electricity within the commercial applications. Each single module 

is evaluated by its DC output power, which is normally between 100 and 365 watts. The 

efficiency of a solar panel generallly usually does not exceed 17% due to the different losses 

that happen both within the Silicon cell and the whole panel [4]. Those losses happen mainly 

within the solar cell since it is where all the major photovoltaic operations are carried out.   

 

 

 

 

 

 

 

Advantages of Solar Energy  

 Solar energy is renewable, inexhaustible, and non-polluting 

 Solar energy is clean, so it does not emit greenhouse gases and contaminating substances 

 Solar energy  offers hot water and some heating needs with low cost 

 The installation and maintenance of solar panels are cost effective 

 Solar energy is silent unlike wind and hydraulic energy 

 Solar energy is extremely efficient [5] 

 

Figure 2: Representation of a a solar cell, solar module, and solar panel 
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SWOT Analysis 
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Methodology 

My capstone design will be divided into four main chapters as follows : 

 CHAPTER 1: Extraction and Fabrication of Silicon From Sand 

 CHAPTER 2: Fabrication Process of Silicon Wafers From Purified Silicon 

 CHAPTER 3: Fabrication Process of Silicon Solar Cells 

 CHAPTER 4: Mathematical Models of Silicon Solar Cells  

 CHAPTER 5: Investigation on Different Losses Happening Within a Silicon Solar 

Cell: 

 CHAPTER 6: Simulating a Silicon Solar Cells by Reducing Losses, using PC1D to: 

 Design innovative structures where the losses will be eliminated or reduced 

 Calculate the power efficiency of these innovative structures 

 Simulate the current and voltage characteristics 

 Simulate the effects of the dimensions 

 Simulate the effects of the front surface texturing 

And, finally we will perfom a STEEPLE analysis so that we can deal with the social, 

technological, economic, environmental, political, legal, and ethical parts of my capstone 

project. 
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CHAPTER 1: Extraction and 

Fabrication of Silicon From Sand 
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What is Silicon ? 

Actually, integrated circuit technologies still rely on Silicon as the most efficient semiconductor 

material. Silicon is a semiconductor material whose band gap is well adapted and suitable to 

the constraints imposed by applications on temperatures, from 0 to 100 ° C. It efficiency and 

performance drastically decrease at higher temperatures. 

Silicon, which was discovered in 1824 by J.J. Berzelius in Stockholm, Silicon (Si) is a hard 

gray chemical element found in nature, it mainly comes from sand, quartz, agate, and other 

sources. After the oxygen, it is actually the second most abundant element found on earth. 

Indeed, it mades more than 27.8% of the earth’s crust. As far as Silicon, it is the most used 

semi-conductor, which obviously means that it is not a good electrical conductor [7], by 

dopping Silicon we can keep control of the resistivity. This is the main use of sem conductor 

materials. 

Silicon does not exist in the free state, but in the form of compounds, found in nature, in the 

form of dioxide silicon (SiO2), silica (in sand, quartz, cristobalite, etc.), and other silicates 

generally found in rocks, clays and land.  

Silicon belongs to the 4th column of the periodic table of elements because it has 4 electrons on 

its peripheral layer. It is a crystallogen. Its symbol is: Si, and its atomic number is 14. The figure 

below shows how Silicon looks like after going through a whole fabrication process [8]. 

 

  

 

 

 

Figure 3: Silicon shape 
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Silicon Properties  

 Silicon crystals are gray to black, usually hexahedra, which is a cubic form. The amorphous 

phase is a dark brown powder. Silicon is an excellent semiconductor, so its electrical 

conductivity is obviously much lower than the electrical conductivity of metals. Also, it is 

insoluble in water at normal temperature. Silicon is not as ductile as metals [9]. As any other 

element, Silicon has physical properties. The table below shows the main physical properties 

of Silicon (atomic number, atomic weight, melting point, density, oxidation state, and finally 

electron configuration): 

 

 

 

Table 1: Physical properties of Silicon 
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Different Types of Silicon 

The silicon used for photovoltaic cells must be of high purity. Like most of chemical elements, 

silicon can exist at ambient temperature under the amorphous state and the crystalline state, 

which is divided into monocrytalline and polycrtistalline. 

  Monocrystalline silicon 

The creation of devices starts with the production of a highly pure monocrystalline material. In 

our case, we obtain monocrytalline Silicon ingots of high purity through the Czochralski 

process. These ingots have a diameter of 300mm, and high photovoltaic yields of 15% [10]. 

 Polycrystalline silicon 

A large ingot can be made by cooling a mass of molten silicon. The ingot obtained is composed 

of many large crystals, separated by grain boundaries. This material is obviousy less 

homogeneous than monocrystalline silicon, and thus less efficient (13%). These polycrystalline 

silicon ingots are going to be sliced into 200mm to 400 mm chips using wire saw called wafers 

[10]. 

 Amorphous silicon 

Amorphous silicon, as its name indicates, has a disordered atomic structure, not crystallized, 

vitreous, however its light absorption coefficient is around 1000 times the crystalline Silcion 

absorption coefficient [10]. 

Impurities in Silicon 

Impurities occupy different locations in the silicon structure, interstitials locations (mainly for 

metallic impurities), substitutional locations (for dopants B, P, Al ...). Impurities most of the 
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time combine with each other in order to form complexes and precipitates [11]. Impurities in 

Silicon are divided into four main types : 

 The dopants (B, P, Al, ...) 

 Fast diffusers (Fe, Cr, Cu, ...) 

 Slow diffusers (Al, Ti, Au, ...) 

 Light elements (O, C, N, ...) 

 

Silicon Conductivity 

Good thermal conductivity is the most important characteristics of a semiconductor. The 

conductiviy depends on the temperature, but varies depending on the amount of impurities. In  

silicon monocrystal, and at room temperature, few electrons are thermally excited  and move 

from the valence band to the conduction band, and then the flux of these free electrons and 

positive holes create a curent . Therefore, this current is the sum of the flux of the charge carriers 

(holes and electrons) [12]. The conductivity σ is related to the density of the charge carriers n 

and p, and to their mobility μ by the relation:  

 

 

 

            [12] 

 q: is the charge of the electron 

 n and p: the densities of electrons and holes 

 μ: the coefficient which, at a given temperature, relates the average drift rate from the 

carrier to the applied electric field 

Equation 1: Conductivity of Silicon 
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Extraction and Industrial Fabrication of Silicon  

After describing Silicon element, and explaining its main aspects, we will go deeper and 

investigate the extraction and industrial fabrication process of Silicon whose source is just 

sand. 

Silicon Refining 

 

 

In 2006, 93% of the photovoltaic market was still based on silicon technologies 

(monocrystalline and polycrystalline). Based on a need of 15t / MW, the photovoltaic 

industry consumes each year about 40,000 tons of silicon to produce 5GW of photovoltaic 

panels, 90% of them is from Silicon. According to the US Geographical Survey, the 

worldwide Silicon production  was about 5 million tons in 2007 [13]. The share of the 

photovoltaic industry thus represents just 1% of world production. Obtaining this material 

comes at the end of a refining process that can be separated into two major stages. 

Figure 4: Silicon refining process 
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Transformation of natural Silica (mainly quartz) into metallurgical grade silicon or MG-Si. 

This operation is done in an oven called arc furnace. It is the most used machinery in the 

metallurgical industry. The purity of MG-Si is from 98 to 99% [14]. 

The second transformation is the purification of metallurgical grade silicon to obtain solar 

grade or SiG-Si, which has a purity of 99.9999%. The most used method, copied from 

electronics field, uses chemical reactors to get polycrystalline silicon or poly-Si. The entire 

photovoltaic module production chain is the most energy intensive stage. This step is very 

coslty and the output needs to have an extremely high purity that tends to 100%, so new 

chemical as well as metallurgical methods are being explored. 

The exctraction and fabrication process of Silicon is described as follows 

Silicon, the second element of the earth's crust, is obtained from silica or Silicon SiO2 

contained in quartz, sand, and rocks which are abundantely available in nature. This 

reaction, called carbothermal reduction, is performed in extremely high temperatures, and 

involves a mixture of quartz and carbon species (reducers of the coke, coal and wood), 

which will combine with the oxygen of the quartz to give monoxide and then carbon dioxide 

[15]. This reduction was discovered and implemented in the beginning of the 20th century. 

 

 

 

 

 

In order to produce one ton of metallurgical silicon, the following elements are consumed 

[15]: 

Figure 5: Raw Silica used to produce Silicon 
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 2500 kg of quartz. 

 800 kg of charcoal. 

 200 kg of petroleum coke. 

 1200 kg of wood. 

 90 kg of graphite electrodes. 

 11,000 kWh. 

Reduction of silica by carbon is performed at a temperature of 1700 ° C 

The energy required for the reaction is provided in the form of an electric arc by electrodes 

in graphite, inside metallurgical ovens known as arc furnaces. 

 

The chemical reactions happening in the arc furnace are extremely complex. There are different 

temperature zones in the arc furnace [16]. In each of these zones a specific chemical reaction 

occurs as it is shown in the figure below: 

Figure 6: Furnace arc 
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Through this process, SiO (gas) is formed. Therefore, we have to keep porous charge in 

order for the gases to circulate. 

After casting the silicon in a pocket, an additional crucial operation needs to be done in 

order to eliminate impurities such as aluminium and calcium. This operation is called air 

refining. These impurities, aluminium and calcium, form a slag containing alumina, lime 

and silica. This slag floats and then easily eliminated. 

The molten silicon we got is recovered in "pockets", and oxygenated by air insufflation to 

obtain oxides of calcium and aluminum which will be eliminated and extracted by 

separation of the slag. Silicon is then shaped by cooling and molding in ingot molds. 

 

Figure 7: Different reactions occuring in the furnace arc 
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Figure 8: Silicon melting 

 

The final purity of metallurgical grade silicon is 98 to 99% [24], a rate impurities of about 

15000 ppm (Fe, Ca, Mg, Al, C, O, V, Cr, Mn ...), with constraint of boron and phosphorus 

contents of the order of 20 to 500 ppm [15]. 

 

 

 

 

 

 

This process consumes a huge amount of energy, since around 14 kWh of electricity is 

consumed in order to produce 1 kg of MG-Si. CO2 emissions are high as well: around 3.14 tons 

of CO2 are emitted for 1 ton of MG-Si produced, which is very high and harming [24]. That is 

why new quotas of CO2 emissions are being set in order to stop this process, and encourage the 

development of new and innovative metallurgical processes that are clean. This process is done 

in order to create silicon solar panels that are clean. The contrast, here, is that solar energy itself 

is clean and does not emit CO2 and other harming substances; however, in order to manufacture 

Figure 9: Metallurgical grade Silicon 
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the solar panels we will need to get the metallurgical and solar Silicon, which are both energy 

consuming and CO2 emitting.  

To sum up, Silcion comes from Silica (SiO2) which is naturally quartz found mainly in beach 

sand and rocks. To obtain Silicon, the silica is reduced (oxygen removed) through a reaction 

with coal, charcoal and heating to 1500-2000 °C in an arc furnace through the following 

equation as fully explained above in this Chapter 1. 

 

Purification of Si 

Solar silicon (SiG-Si), or polycrystalline silicon (poly-Si) is obtained by purifying the 

metallurgical silicon we first got. The solar silicon serve to the fabrication of silicon ingots. 

There are many processes to fabricate solar silicon, but the two major ones are: the chemical 

process and the metallurgical process. Actually, the chemical way takes up most of market with 

two major processes from trichlorosilane (75%) and monosilane (25%) [15]. It is more energy 

consuming than the metallurgical way, and it is extremely dangerous due to the use of 

chlorinated products. However, it allows to get a material of higher purity, and that is why it 

has been developed.  

Chemical route: Siemens process 
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Siemens processes is about the strong attraction of Silicon atom Si for chloride ions Cl. They 

consist in synthesizing gaseous compounds containing silicon, mainly chlorosilanes, to purify 

them by distillation and then to polycrystalline silicon by thermal decomposition. The major 

variants are the trichlorosilane, monosilane and tetrachlorosilane routes. This route results in 

huge quantities of chlorinated waste so it has to be done large industrial sites in order to meet 

the environmental requirements.  

 

Metallurgical route: Elkem process  

The major challenge of Elkem process, as a metallurgical process, is to minimize production 

costs while ensuring good quality for solar applications. On the other hand, a lot of industrialists 

and researchers are making their best in order to come up with processes that might reduce the 

emition of harminf gases, so that an economy energy can be reached. Metallurgical processes 

consist of a sequence of consecutive melting and crystallization to progressively remove 

impurities. Many techniques are being used, depending on the case. 

Now, we got a highly purified Silicon (99.99%) that will be melted once again and crystallized 

into ingots. These ingots will be cut into wafers and then transformed into solar cells through a 

series of steps. 
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CHAPTER 2: Fabrication Process of 

Silicon Wafers From Purified Silicon 
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After describing every single step of the Silicon fabrication process, we will see how this 

purified Silicon is transormed into wafers. So, once the purification step is done, comes the 

crystallization step of the purified silicon. The output of this phase is a silicon ingot in the solid 

state. There are two main methods of crystallization. The method we will be dealing with is the 

“Czochralski” process since it is the most used one. 

Crystallization of Silicon : Czochralski (Cz) Process 

Coming from the name of its inventor Jan Czochralski (1916), this old and efficient 

technology is known to be low cost.  

In order to produce Cz ingots, the silicon charge is melted in a quartz crucible. Dopants (boron 

and phosphorus) are added through this process to boost the n-type or p-type silicon. A 

monocrystalline silicon seed containing a crystallographic orientation is placed in contact with 

the surface of the melt. The crystallized silicon takes the crystallographic orientation of the seed 

which is slowly pulled towards the up to the desired diameter [17]. Therefore, the print speed 

increases till the  speed at which the crystal grows with the wanted diameter is reached. The 

figure below describes each step and component of the Cz process that results in ingots. 

 

 

 

 

 

 

 

 
Figure 10: Cz process 
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The ingots we get at the end of Cz process are as follows: 

 

Figure 11: Ingot shape 

 

Tailing the Ingots  

Tailing the ingots is basically removing the ends of the ingot either poorly crystallized or rich in 

impurities. The ends are next reshaped in an another production cycle. During the Cz process, the 

diameter of the ingot lightly changes which constitutes undulations on its surface. So that this problem 

can be avoided and in order to obtain ingots that have the same diameter, cylindrical polishing needs to 

be carried out. 

 

 

Figure 12: Removed ingot end 
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Slicing 

Cylindrical ingots of silicon retrieved at the end of the tailing step are then sawn into thin chips 

of 200 micrometers thick which are called wafers. The cutting operation of ingots is performed 

by a wire saw. This cutting results in losses due to the small thickness of sawn slices (300 μm). 

The most common saw loss is called Kerf loss. The sawing step is a crucial factor in the 

photovoltaic cells production cost [25].This operation is decisive as this defines both the 

efficiency and the cost, as previously stated. So, it needs to be gently performed by industrials. 

 

 

Figure 13: Slicing operation 

 

Firts Cleaning 

This step involves removing abrasives and contaminants with solvents and ionized water. 
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Chemical Cleaning 

During the previous steps, some oxide impurities are formed on the wafers surface. These 

impurities are either metallic and removed by an acid solution, or organic and eliminated by a 

basic solution [18]: 

 Acidic solutions: HNO3, CH3COOH 

 Basic solutions: KOH 

Soda (NaOH) is not used because sodium is a violent pollutant for oxides. 

The oxide is finally attacked by a solution of hydrofluoric acid (HF). A chemically neutral 

surface is then obtained before "mirror" polishing. 

 

Final Cleaning Stage 

After the first cleaning step, itis necessary to carry out a degreasing and a stripping on the 

surface by removing all the impurities, which is not covered with a protective layer. 

 3 minutes in a bath of hot trichlorethylene (degreasing) 

 3 minutes in an acetone bath (to remove trichlorethylene) 

 3 minutes in ethyl alcohol (to remove acetone) 

 5 minutes in deionized water 

 10 minutes in the basic solution SC1 (3 NH4OH + 7H2O + 3H2O2) to boiling 

(eliminates organic impurities by regenerating the native oxide), 

 5 minutes in deionized water 

 10 minutes in the acid solution (HCl + 6 H2O + H2O2) to boiling (eliminates metal 

impurities by regenerating the native oxide) 

 5 minutes in deionized water 

 1 minute in hydrofluoric acid (removal of the native oxide)  



 
32 

 5 minutes in deionized water [18] 

 

 

Figure 14: Final wafer 

 

Then, the wafers are ready to be  transformed into cells, which will make it possible to exploit 

the properties of semiconductor of the silicon and transform the applied sunlight energy into 

electricity. 
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CHAPTER 3: Fabrication Process of 

Silicon Solar Cells 
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After we get the solar wafers, we can move to the solar cell manufacturing process. It is during 

this process that the losses minimization is done in order to get a highly efficient solar cell. The 

steps of the solar cell manufacturing process are fully explained below: 

Saw-damaged Layer Removal 

Before starting the solar cell manufacturing process, a saw-damaged and infected surface layer 

need to be removed from the wafers. So, using a wire saw, from 10 to 20 microns is scratched 

from wafers’ both sides [19]. Then, wafers are rinsed in deoinised water with fewAlkaline 

etches. 

Texturing 

Texturing is one of the most steps in the solar cell manufacturing as it is the step where 

reflectance is minimized. Indeed, the Silicon wafer reflects more than 35% of the applied light. 

And by texturing the Silicon wafer, this reflectance percentage dramatically decreases to 10% 

and then the efficiency increases.Chemical texturing is the most used one. Silicon wafers are 

put in a weak solution of sodium hydroxide, potassium hydroxide, as well as isopropanol at 

80C, then random distributed pyramids are resulted, and the wafers are textured.  
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Figure 15: Random pyramid texture 

 

 

Figure 16: Inverted pyramid texture 

 

Emitter Diffusion (Junction Formation) 

The silicon wafers got after the sawing step are thus made in a reactor so that the doping can be 

performed. 

What is doping? 

Doping is a method of making the P-N junction. This involves introducing impurities into the 

Silicon, in our case, to modify its electrical properties and control its charge carriers flux.  
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Obviously, there are two types of doping: the N type (Negative region) and the P type (Positive 

region). 

 

 

Figure 17: Doping (N-type and P-type) representation 

 

Type N doping 

N-type doping consists of adding a phosphorus atom to the crystalline structure of Silicon. 

Phosphorus, which has 5 electrons on its outer electronic layer, is going to combine with 4 

Silicon atoms, leaving thus a free electron. This addition gives the crystal structure a negative 

overall charge. 

Type P doping 

P-type doping involves adding a boron atom to the the crystalline structure of silicon. Boron 

containing 3 electrons on its outer electronic layer will combine with 4 Silicon atoms, thus 

leaving a free hole. This addition gives the crystal structure a positive overall charge. 

The 3 methods of doping: 

 DISSEMINATION   

 EPITAXIAL GROWTH  
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 ION BOMBING  

Edge Isolation 

Amid a n-type diffusion from the gas stage on p-type substrates, the emitter is generally shaped 

on the whole surface of the wafer. Thusly, shunts are framed between the n-type and the p-type 

area of the silicon solar cell. Mechanical, plasma drawing, and laser cutting are all incorporated 

in the procedures for edge isolation. In plasma setching, roughly 2 to 5 microns of silicon wafers 

are expelled from the edges, in this way making the front and the back emitter electrically 

isolated. Watchful treatment of the silicon wafers is important to stay away from harms [19]. 

Anti-reflection Coating 

The front surface is very critical because it is important and crucial in defining the efficiency 

of a solar cell. So, the main objective, here, is the reduction of its reflectance. The solution is to 

apply an anti-reflection coating that has a high absorbance and low reflectance. Usually, 

materials with refractive indexes between 1.4 and 2.7 are used as anti-reflective coating [19]. 

The higher is the refractive index the higher is the reflectance, and Silicon has a reflective index 

of 3.97 that is why we need to use a material whose refractive index is within the range 

previously stated. The most used anti-reflection coating materials are titanium dioxide and 

silicon nitride. 
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Figure 18: Solar cell with anto-reflection coating materials 

 

Metal Contact Formation (Metallization) 

The methodology of contact  arrangement of action is a fundamental step in the solar cell 

manufacturing process since it impacts diverse properties. The front side metallisation system 

utilized decides the shadowing and arrangement protection misfortunes; the producer 

dissemination profile and surface of doping fixation; and additionally the decision of certain 

passivation systems. For high-productivity solar cells it is wanted that front cathodes have low 

arrangement protection and low zone scope. The most broadly utilized metal reaching strategy 

for Silicon solar cells is screen-printing. This innovation is basic, efficient, practical, and it 

minimizes concoction squanders with almost no natural effect. In addition, this is an 

entrenched innovation that has been practically speaking since the start of the 1970s [19]. The 

front side reaching is accomplished by a screen-printed silver glue, while the back side 

terminal development and surface passivation are accomplished by alloying a screen-printed  

aluminum glue with silicon. The glues are in this manner dried in a broiler at a  temperature of 

roughly 300C. 
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Working Principle of a Silicon Solar Cell 

As explained before, in the process of manufacturing a photovoltaic cell, the wafers, obtained 

by sawing the purified silicon ingots, will undergo either an n-type doping or a p-type doping. 

The rest of the process is to associate an n-doped wafer with a type p-type wafer: 

 

Figure 19: Doped wafer 

 

The electrons in excess of the n-doped region tend to diffuse to the p-region (where they are a 

minority). It is the same for the holes in the opposite direction. 

 

Figure 20: Diffusion representation 
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The electrons and holes are then concentrated at the interface between the two regions (p-type 

and n-type) 

 

 

Figure 21: P-N junction representation 

 

This generates an electric field creating a potential barrier at the central area. This area becomes 

an insulator and is called the p-n junction. The electric field thus created pushes the electrons 

towards the n-type zone and the holes towards the p-type zone. Under the effect of the electric 

field created by the p-n junction, the electron diffuses at the end of the n-type region, and the 

hole moves at the end of the p-type region. When the two faces of these two zones are connected 

by a conductor, a current is created because the electron will combine with a hole. A 

photovoltaic cell consists of an n-doped wafer placed on a p-doped wafer [20]. The interface 

between the two wafers is called the p-n junction. The n-doped region, which is located at the 

top, will correspond to the part of the cell exposed to solar radiation, and where the electron 

flux is abundant. 
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Figure 22: Steps of the working principles of a solar cell 
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CHAPTER 4: Mathematical Models of 

Silicon Solar Cells 
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Transport Equation 

The transport equations refer to the flux of electrons in a semiconductor material. So, we are 

talking here about two important phenomena which are drift and diffusion.The average 

velocity of an electron, which it reaches under the effect of an electric field is called Drift 

Velocity. Its expressed in the following equation: 

 

Equation 2: Drift velocity 

 

Where: 

 E: the electric field 

 e: the magnitude of the electric charge 

 t: the time of collision between electrons  

 m: the mass of the electron 

 

 

The drift current is when electrons move to the holes part (Jn), or when the holes move to the 

electrons part (Jp). To express those equations we will need to substitute the mobility equation, 

which is written below, in the  drift velocity: 

 

 

Equation 3: Mobility equation 

 

And, then the drift current equations: 
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Equation 4: Drift current (electrons) 

 

 

Equation 5: Drift current (holes) 

 

Where: 

 n: electrons 

 p: holes 

 

As far as diffusion, it is basically the flux of either electrons or holes from high concentrations 

areas to low concentration ones, it is a natural phenomenon. So, diffusion current is the current 

produced by the motion of those charge carriers (electrons and holes). The diffusion equations 

are expressed as follows: 

 

Equation 6: Diffusion current (electrons) 

 

Equation 7: Diffusion equation (holes) 

 

The current density is the sum of drift and diffusion currents. We do the sum to get the final 

transport equations for both electrons and holes: 

 

Equation 8: Current density (electrons) 
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Equation 9: Current density (holes) 

 

Poisson’s Equation 

The generation of an electric field by free eletric charges is explained in the following equation: 

 

Equation 10: Posson's equation: Generation 

 

Where: 

 p: holes 

 n: electrons 

 e: the magnitude of the electric field 

 Nd+: the donor atom 

 Na-:  the acceptor atom 

 ε: the permitivity of the semiconductor (Silicon in our case) [23] 

 

The donor atom (Nd+) loses an electron so it, obviously, has a positive charge. As far as the 

acceptor atom (Na-), it gains an electron so it becomes negatively charged. 

 

Generation 

Generation cannot happen without the sunlight energy, as it is the major component that excites 

electrons and holes to move from the valence to the conduction band. When moving, charge 
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carriers can move freely within the circuit, and combine with each others creating the p-n 

junction, as previously explained. 

The most important generation occuring across the solar cell is the optical generation. Its 

equation is expressed as follows: 

 

Equation 11: Optical generation 

 

         [23] 

Where: 

 α: the absorption coefficient of light in the semiconductor (Silicon in our case) 

 N0: flux of photons in the surface of the solar cell 

 Rf: the reflection coefficient, it is calculated using the following equation: 

 

 

 

Where : 

n1 : the refractive index of the air (as first medium) 

n2 : the refractive index of silicon 

x : the lenght penetrated into Silicon 

 

Recombination 

Recombination is actually the opposite of generation. When electrons are excited, they move 

from the valence band to the conduction band, however during this flux some electrons may 
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not reach the conduction band as they recombine with holes in the valence band, so energy is 

obviously lost. There are three types of recombination: 

 Shockley-Read-Hall Recombination: in this recombination, electrons are stuck in trap 

levels, which are energy levels far from the energy gap edge. So, we neglect the 

electrons-holes combination in the valence band [23]. The equation of this type of 

recombination is the following: 

 

         Equation 12: Shockley-Read-Hall Recombination 

 

 Radiative recombination: it is the opposite of the photon absorbtion process. Electrons 

go back to the valence band and then radiate a photon. Its equation is as follows: 

 

Equation 13: Radiative recombination 

 

 Auger recombination: when the electron combines with a hole, there is no photon 

emittion, the energy goes to another electron in the conduction band. The Auger 

recombination defines the lifetime of a solar cell as well as its efficiency [23]. Its 

equation is the following : 

 

Equation 14: Auger recombination 

 

 

 



 
48 

CHAPTER 5: Investigation on Different 

Losses Happening Within a Silicon Solar 

Cell 
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Reflection Losses 

The top surface of the solar cell is where reflection loss happens because it is where light is 

applied and absorbed. Obviously, Isc, which is the short circuit, is affected by reflection losses 

as the reflection means that absorbance is reduced, and then the amount of abdorbed charge 

carriers is low which negatively affects the Isc as a flux of charge carriers. Thus, in order to 

ameliorate the Isc, it is mandatory to decrease the reflection and increase the absorption. When 

it comes to Silicon, it is a highly reflective material. The light absorbed constitutes a small 

portion, and then the flux of electrons is lowered which results in a low efficiency [21]. 

The reflectivity of Si is as follows: 

 

Equation 15: Reflection loss 

 

 

Where : 

 ηSi(λ): the refractive index of Silicon 

 k(λ): the extinction coefficient 

Both of them are functions of the wave length (λ). However, the good news is that these values 

are known, ηSi = 3.9 and k = 0.05 [21]. Once the reflectivity is found, the photon flux  

Ф(x, λ) of Silicon can be calculated as follows: 

 

Equation 16: Photon flux 

 

Where R (λ) Si is the loss due to refection previously listed 
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Bulk Recombination Losses 

As previously explained, when the semiconductor, Silicon in our case, contains impurities, an 

energy gap is created and constitutes what is called a trap where charge carriers stay [21]. 

This phenomenon is explained as follows, by the Shockley and Reed hall model : 

 

Equation 17: Bulk (SHR) recombination 

 

Where: 

 no: the lifetime of holes in N and P regions ז 

 po: the lifetime of electrons in N and P regionsז 

 n1: the equilibrium electrons concentration 

 p1: the equilibrium holes concentration 

 n: the intrinsic electrons concentration during equilibrium 

 p: the intrinsic holes concentration during equilibrium 

 

Series Resistance Losses 

This may be the most famous and obvious loss. Series resistance losses increments colossally 

when the solar cell is working at high intensities. This high intensity is acquired when a daylight 

is centered around the sunlight based cells with the assistance of focal points or mirrors [21]. 

The intensity is the ratio of the aperture area and the receiver area as given below: 
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Equation 18: Intensity ratio 

 

Where: 

 Ac: is the aperture area of mirrors 

 Ar: is the receiver area (solar cell area)  

The short current Isc at X is the product of the ratio X and the initial short circuit Isc current: 

 

Equation 19: Shot circuit current at X 
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CHAPTER 6: Simulating a Silicon Solar 

Cells by Reducing Losses 
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After listing and explaining some of the losses happening within a Silicon solar cell. And in 

order to reduce these losses, I decided to use a software called PC1D in order to design and 

simulate my own Silicon solar cells. The purpose is to design  a highly efficient Silcion cells 

by reducing some losses, for that I need to change few equations’ parameters that are available 

on PC1D, and then check the efficiency each time.  

Why PC1D ? 

PC1D is a software for designing, modeling, and simulating solar cells. It was created in 1982, and 

users had to pay in order to use it, however thanks to Dr. Donald Clugston, from the University of 

New South Wales (UNSW) in Sidney, it has become free since 2008. PC1D is simple to use which 

makes it the most used software in the field. 

As its name indicates, PC1D works in one-dimension. Indeed, it analyzes the flux of charge carriers 

in one dimension and simulates the results by solving the drift/diffusion model explained by a set 

of equations in chapter 3.  

By downloading the software, a set of files are available to help the user in his design and modeling 

as well as some resources the user may need to work with and run the simulation. 

PC1D Description 

Once we click on PC1D.EXE, the application is launched, and we get the following interface 

with some parameters filled that we may need to change, as well as some options that we may 

need to add. 
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Figure 23: PC1D first interface 

 

 

The first thing we notice in the interface, is the solar cell at the right. It is, obviously, the solar 

cell we will design and model using our own parameters. 

The first section is « Device », it defines the characteristics of the whole solar cell. Its 

parameters are explained below : 
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 Device area : is the area of the whole cell 

 Surface texturing : in PC1D we cannot chose the anti-reflection coating material, so 

texturing is the only way to reduce the reflection. It is done by putting a set of pyramidal 

structures on the surface in order to decrease the reflectance and increase the 

absorbance. Those pyramids have a depth and an angle that we need to enter. We need 

to choose the values that will increase the efficiency. 

 Reflectance : when the sunlight is applied to solar cells, a huge portion of light is 

reflected, the current is then lowered and the efficiency is decreased. And since we 

cannot chose our anti-reflection coating material, we enter the reflection percentage.  

 Emitter contact: N-type charges contact 

 Base contact: P-type charges contact 

The second section is the regions, region P and region N. They have the same parameters, the 

difference is that region N contains a high density of electrons and region P contains a high 

density of holes. The major parts of this section are described as follows : 

 Thickness: it varies depending on the region, and knowing that region N is where the 

light is applied and the flux of electron is extremely so it should be small to allow 

electrons to traverse the band gap in a faster way, which increases the efficiency. 

 Material: my capstone design projet is about Silicon solar cells, thus the material we are 

going to work with is Silicon (Si). It is avalaible in the library of PC1D, we just need to 

double click on this part to get the choices and choose Silicon. Once it is done, all the 

Silicon properties required in other parts are updated. 

 Doping type: it depends on the region. Doping N-type is done by injecting a group V 

material such as phosporous in the Silicon which belong to the group IV in order to 

increase the quantity of electrons. As far as the P-type doping, it is done by injecting a 

group III material such as Boron in the Silicon to increase the quantity of holes. 
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 Recombination: as explained before, it is when an electron recombines with a hole in 

the valence band which lowers the electrons flux, then current, then efficiency.      

Then, we get the excitation section. We just need to open the file ONE-SUN.EXE from the 

library to get all the sun’s properties uploaded in other parts.  

The last section is the results. As its name indicates, the following outputs are displayed : 

 Short circuit Ib 

 Max base power out 

 Open circuit Vb 

After getting these results, we can have the graphs displayed depending on the parameters we 

want. In my capstone design project I will use the I-V and I-V/P graphs as they are the one that 

matter the most in our analysis. 

Design and Optimization 

To perform this optimization, I will have to minimize the losses happening in the solar cell. The 

major losses are listed and explained in Chapter 4, and in order to minimize some of them we 

will use PC1D in order to change the parameters that affect the equation, and then increase the 

efficiency. 

When we talk about losses and efficiency, the first thing that comes to our minds is reflectance, 

more precisely front surface reflectance where the sunlight is applied. So, we will change the 

front surface texturing parameters, which are the « angle » and the « depth » to increase the 

efficiency. Then, and since we don’t choose the anti-reflection coating in PC1D, we can directly 

choose the reflectance percentage.  

As seen in Chapter 4, the recombination equation is as follows : 

 



 
57 

Equation 20: Bulk recombination 

 

 

Thus, the higher are the lifetimes of holes and electrons (זp and זn) the lower will be the 

recombination value. We will implement it in PC1D to see changes in current time. 

As far as the thickness, we will focus more on the N-type region because it is where the sunlight 

is applied. So, a smaller N-type thickness implies a smaller band gap, and then 

a higher flux electrons that when combined with holes create the current. In the P-type region, 

I attributed the value 100 μm to the thickness. The range is 100μm - 500μm, so I chose the 

smallest value to get a higher current. 

Moving to the standard parameters, the material used is Silicon, thus all its properties have 

constant values and are direclty uploaded to be used such as : dielectric constant, band gap, 

intrinsic concentration, and refractive index. 

Finally, concerning the common capacity and the total area of the solar cell, we will use the 

standard values used in the solar cells manufacturing industry, which are as follows : 

 Common capacity = 0.1W/cm² 

 Total device area = 100cm² 

 

Front Surface Texturing  

Angle 
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Table 2: Results of Isc, Vop, and Pmax with angle change 

Angle (deg) Current (A) Voltage (V) Power output (W) 

20  |-3.601 |  0.7565 2.322 

55  |-3.660 |  0.7569 2.357 

85  |-3.793 |  0.7576 2.436 

 

 

Figure 24: Angle change in pyramid 

 

Through these results, we can notice from PC1D that the range of the angle is obviously 

(0<Angle<90). It cannot be « 0 » otherwise there will be no texturing and no effect on 

efficiency. And, it cannot be « 90 » otherwise the sunlight will not be able to penetrate the solar 

cell, a huge portion will be reflected. As shown in the previous data and results, increasing the 

angle results in higher power output and then a higher efficiency. We can explain this by the 

fact that when the angle is extremely small, it tends to the flat shape and then lowers the effect 

of texturing. Thus, the smaller is the angle the lower is the efficiency. Our choice for the angle 

will be : 85 degrees. 
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Depth 

The depth in the « Front surface texturing » means the depth of each single pyramid. We will 

keep the most optimal value of the angle, and optimize the value of the depth as shown in the 

table below: 

 

 

Table 3: Results of Isc, Vop, and Pmax with depth change 

Depth (μm) Current (A) Voltage (V) Power output (W) 

10  |-3.792 |  0.7533 2.412 

3  |-3.793 |  0.7559 2.427  

0.1  |-3.793 |  0.7576 2.436 

 

 

 

Figure 25: Pyramid depth representation 

 

From the data and results above, the smallest depth is the one which gives us the highest power 

output. This can be explained by the fact that when pyramids are deep, a small amount of 

photons would pass through them which means that the great portion will be reflected. This 

will imply that electrons will not be excited and then the flux will be low which negatively 

impacts the current and the power output. So, our choice will be 0.1μm.  
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Reflectance 

As we have mentioned before, the choice of the anti-reflection coating is not available in PC1D, 

so we directly choose the reflectance percentage. The standard value that was in the interface 

of PC1D is 10%. I decreased to 5% which is, obviously, more optimal because just 5% of the 

incoming sunlight will be reflected instead of 10%. I decided not to choose a value smaller than 

5% to stay credible. The results are as follows :  

 

Table 4: Results of Isc, Vop, and Pmax with reflectance change 

Reflectance (%) Current (A) Voltage (V) Power output (W) 

10  |-3.593 |  0.7564 2.317 

5  |-3.793 |  0.7576 2.436 

 

Bulk Recombination 

As explained above and according to the recombination equation. Mathematically speaking, in 

order to reduce the value of the recombination, we need to increase the values of the lifetimes 

 of charge carriers. We chose three different values, one of them is very small to show (nז p andז)

the great different in terms of power output. However, once again we need to stay rational 

because charge carriers are nanoparticles, and then their lifetimes should not relatively big. 

Applying this in PC1D confirms our mathematical assumption as shown in the figures below : 
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Table 5: Results of Isc, Vop, and Pmax with lifetime change 

Lifetimes (μs) Current (A) Voltage (V) Power output (W) 

1000  |-3.593 |  0.7515 2.254 

2000  |-3.793 |  0.7576 2.436 

 

Final Design 

By implementing all the optimal values above, I got my final simulated design. It has a max 

output power of 2.436, and to find its efficiency we will use the following formula:  

 

         Equation 21: Solar cell efficiency 

 

 

 E = 0.1 W/m2 

 A = 100 m2 

 

 

The value we found is as follows: 

η = (2.436)/[(0.1)*(100)] = 24.36% 
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The figure below shows all the inputed values, discussed before, as well as the results we got: 
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Figure 26: The inputs and outputs of my solar cell design 
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Graphical Analysis 

The curve below displays the change of voltage (V) with respect to the current (I). Current is 

the flux of electrons, and the voltage makes that electrons flow or current happen so that 

energy can be produced. 

The Isc (short circuit current) here is the maximum current |-3.793 |A, and the Vop (open 

circuit voltage) is 0.7576V. 

It starts by a steady state, and then moves to the exponential state. 

  

 

Figure 27: I-V graph of my solar cell 

 

The following graph displays the I-V/P curve, and then shows the of the voltage (V) and 

output power (P) with respect to the current (I): 
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Figure 28: I-V/P graph of my solar cell 
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Conclusion 
 

Basically, everything comes from nature ; however, to make this nature beneficial for us, 

humans, we need to do millions of researches and investigations that can last for years and 

years. In my capstone design project, I have performed a complete investigation on Silicon solar 

cells. Starting by Silicon product and how it is extracted, and processed from sand. Then how 

this Silicon, which is one the most used semiconductors, is transformed into a Silicon wafer.  

Afterward, I explained the fabrication process of a Silicon solar cell from the wafer we got 

previously, and how it work as well as the mathematical models included in it. Then, I moved 

to what matters the most: losses. I explained them both mathematically and theoritically so that 

I can reduce them using PC1D. Indeed, in order to minimize those losses, 

I focused on four main parameters to reduce losses and get the highest efficiency possible. I 

choosed the most optimal values as explained previously in this chapter. As a final result, the 

solution I propose is decrease the reflection by choosing Silicon Nitride as an anti-reflection 

material because of its high refractive index. Then, the manufacturer needs to perform the front 

surface texturing. Pyramidal shapes should have an angle close to 90 degrees, which is the 

maximal value possible. Also, the depth must be small to allow the photons penetration. If one 

of those requirements is not respected, the efficiency may drastically increase. Then, 

manufacturers need to lower the charge carriers lifetimes, this is a very hard operation as it is 

performed in the nano scale, but this can happen by increasing the doping which is going to 

decrease the recombination rate whihc results in a higher electrons flux and finally greater 

efficiency. The Silicon solar cell I have designed has an efficiency percentage of 24.36%, this 

is a high percentage compared to what is available in the marlet and to he latest researches ; 

however, science and engineering are always moving forward, and this percentage is going to 

increase with time. 
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STEEPLE Analysis 

 

Social 

People in all over the world have become aware of the importance of moving from the classical 

energy to the solar energy. First, it will allow them to benefit from electricity at extremely low 

cost through using Silicon solar panels. Second, launching solar energy plants will lead to the 

creation thousands of jobs, as it is the case in Morocco where huge solar plants are being 

installed (Noor). 

 

Technological 

Silicon solar cells which are the main component of Silicon solar panels are of the most 

important and advanced technological innovation in the world after years of research and 

devotion. Creating energy, more precisely electricity from an abundant source is something that 

will ensure the future of humans in the following years. 

 

 

Economic 

Using Silicon solar panels will dramatically decrease the electricity consumption bills. Also, 

the solar cells manufacturing and the Silicon solar panel installation are cost effective if we take 

into consideration the permanent electricity outputted people will benefit from. Furthermore, 

every energy that comes from an inexhaustible source is money saving. 
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Environmental  

Solar energy is a clean energy. It has an extremely low CO2 emission compared to classical 

energies which is aligned with the aim of all the worldwide environmental organization as well 

our country, Morocco, where the COP22 was organized in order the sensitize the world about 

the scaring threats of global warming. Using solar energy will make this world better. 

 

 

Political 

Political institutions are actually being oriented toward clean energies. In Morocco, investing 

in clean energies is considered as an essential right of any Moroccan citizen (article 31). In 

some countries CO2 emission is restricted to some rates, if not respected the violator is subject 

to a fine. 

 

Legal  

Using PV solar panels are not against any law in almost all countries, in contrast it is 

encouraged. It is allowed event for private use.  

 

 

Ethical 

Silicon solar panels are respecting all the ethical principles, they do not produce anything 

harming to people.  If implemented, they will make the world healthier and cleaner.  
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