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ABSTRACT 

 

 
In this capstone design project, there will be a development and study of new designs for 

bifacial silicon solar cells. Bifacial silicon solar cells belong to most recent technology for solar 

cells and, they are still under investigations in different research laboratories.  

 

Bifacial silicon solar cells receive illumination from both sides. As known that the silicon 

solar cells and solar panels that exist in the market today are still single-side illuminated devices. 

Therefore, this will be an investigation and study of innovative designs for bifacial silicon solar 

panels as well. It will cover the study of which types of proposed designs will maximize the output 

power of these new bifacial solar panels. Also, a comparison of the performance of single-side and 

double-side solar panels under different illuminations and temperatures.  

 

PC1D or other open source software will be also used to design the proposed bifacial solar 

cells and simulate their electrical characteristics as: optical efficiencies, short circuit currents, open 

circuit voltages, and output powers. We will find out if we could find open source software that 

could be used to design and test the bifacial solar panels. Also, there will be a use Solid Work 

Software to design the proposed bifacial solar panels. 

 

Concerning the action plan, the first step will be about the literature review and state of the 

art of the Bifacial Silicon Solar Sells (BSSCs) and Panels (BSSPs). Secondly, there will be a 

creation of innovative designs of Bifacial Silicon Solar Panels. After completing the creation, an 

application of PC1D software or other software in order to design innovative structures of BSSCs, 

simulate and analyze their output efficiencies and simulate their current and voltage characteristics. 
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INTRODUCTION 

 

 Water, sun, wind, wood and other plant products are all natural properties capable of 

bringing energy through technologies developed by humans. The claim for energy is growing 

decade after decade an unforeseen level which leads the whole world to speed up in the usage of 

unpolluted and renewable energy resources to supersede fossil fuels. Also, these energies have the 

advantage of complementing each other. For instance, photovoltaic solar energy provides 

electricity on fine and clear days, while in cold and windy days, wind turbines are the ones working 

to produce the electricity due the presence of clouds.  

 Solar energy is actually considered as an important type of sustainable power sources. It is 

the energy emitted by the sun in the form of electromagnetic waves or any other energy obtained 

by capturing solar radiation. One of the most used and simplest methods for producing solar energy 

is of photovoltaic conversion, which consists of transforming solar energy into electrical energy by 

means of solar collectors. Nowadays, the global production of the photovoltaic energy exceeds 35 

GW according to the EPIA (European Photovoltaic Industry Association) [1].  

 The solar cell constitutes of semiconductors materials which changes the sunlight into 

electrical energy. The photovoltaic effect is happening as soon as a photon is captivated in a 

material composed of positive p-type and negative n-type doped semiconductors, referred to as p-

n or n-p junctions. The majority of solar cells that are used in the world are fabricated from Silicon 

which is extracted from sand. There exist two types of crystalline Silicon mostly used in the 

industry which are monocrystalline and polycrystalline solar panels. Both of these solar panels are 

highly good in terms of performance but the monocrystalline has great strength than polycrystalline 

which results in fewer defects. Also, the monocrystalline solar panel is costlier and needs less area 

than the polycrystalline one. 
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 Each Silicon cell is made of four components: - a cover of glass at the top – a silicon wafer 

– a backing cover – a conducting material linking each side of the silicon wafer together in a circuit. 

The silicon is doped with group 15 or 13 elements creating a region of doped p-type and n-type 

materials. This will result in an overflow of electrons in n-type and an overflow of holes in p-type. 

These two types are tightly relative to each other which forms a PN junction in which electrons 

spread out from the n-type to the p-type material. Due to the light absorbed by the semiconductor, 

extra free electrons and holes are created which lead the electric field to make holes flowing to the 

p-type and electrons to the n-type. Therefore, the electric current is generated because of the 

electrons that are flowing through an outer wire to the p-type in order for them to connect with 

holes.  

 

Figure 1: Photovoltaic Technology 
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STEEPLE ANALYSIS: 

 

 Steeple analysis is a planned methodical tool that takes into account seven external aspects 

that can have an impact on a project. The factors are social, technological, environmental, 

economic, political, legal, and ethical. The Steeple analysis of this capstone project is shown in this 

diagram: 

 

 

Figure 2: STEEPLE Analysis 
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CHAPTER 1: Bifacial Silicon Solar cells  
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1.1 The use of Silicon: 

  

 Silicon is frequently used for solar cells and panels because it is actually the second general 

available component on the earth’s crust after Oxygen and it’s not poisonous. For the technological 

characteristic, the surface oxide that will be formed because of the blast to air contains rough, 

strong, and compact features. Also, the surface conditions of silicon oxide take the ability to be 

passivated good enough than other types hence that would deliver high-performing devices [2]. In 

fact, it is the most corporate semiconductor material and since it’s a certified technology, banks are 

automatically going to give reduced interest rates for having them. The last feature is that Silicon 

possesses a perfect absorption and by putting a huge index of refraction inconsistency, it will 

automatically permit the light be inverted. 

 

 

Figure 3: Abundance of elements in Earth's crust 
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1.2 Types of Silicon material: 

 

 Regarding the Silicon materials present in the market, there are firstly the thin films which 

are materials extremely small that range between few micrometers (µm) [3]. The layer of thin films 

has a highly large absorption capability, which consequently make photons absorbed effectively. 

The efficiencies of the recent thin-film cells vary from 10 to 16% [2]. This material is composed of 

four specific types: 

 Amorphous silicon (a-Si) 

 Cadmium telluride (CdTe) 

 Copper indium gallium selenide (CIS/CIGS) 

 Organic photovoltaic cells (OPC) 

 

Figure 4: Thin Film cell 

 The second material is monocrystalline silicon (Mono-Si), which has a great efficiency 

(between 15 and 23%) due to its purity [4]. Also, its crystal holds huge grains. The monocrystalline 

silicon solar panels don’t require greater spaces for fixings and produce a lot more electricity than 
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thin films solar panels. The value of their lifetime is the maximum one among all the types of 

silicon, however their cost is high. 

 

Figure 5: Monocrystalline cell 

 Finally, the material available is polycrystalline silicon (p-Si) or multicrystalline silicon 

which is actually a small grain material. Its fabrication is so simple, does not take a lot of time, and 

of course less costly [2]. They are composed as well of some regions called grain boundaries which 

are positioned between the grains. The range of the polycrystalline material’s efficiency is varying 

between 14 and 17% according to recent sources [2].  

 

Figure 6: Polycrystalline cell 
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1.3 Fabrication processes of Silicon: 

 

 Concerning the fabrication, Silicon (Si) is taken out from the reaction of Sand (SiO2) and 

Carbon (C) while heating them in an arc furnace. The silicon obtained is called metallurgical grade 

Silicon and it is actually impure, so we must to convert it to the solar grade silicon which is purer. 

This is called the Siemens process in which a refinement done by water distillation is occurring 

and from we obtain the final Silicon used after for the fabrication of solar cells [2].  

 The Siemens operation consists of numerous steps. First, Silane gas (SiH4) is produced out 

from Metallurgical Grade Silicon. This gas is extremely known for its great purity and can be 

applied in several uses in the photovoltaic manufacturing, LCD, and thin film industries. The 

Siemens reactor fires up the Silicon to get rods that have a conservatively great purity [2].  

  

 

    Figure 7: Siemens Reactor 
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 The subsequent step is to manufacture the silicon ribbon straightly from the silicon. The 

manner of ribbon is better than the ingot one in terms of the efficiency and cost. This method takes 

around 14 minutes to get an appropriate wafer [2].  

 In general, there are two chains in which the ribbon is hauled during the process of fusing 

the silicon. More specifically, the silicon is putted in a specific furnace in which it is liquefied at a 

temperature of 1400 °C. Also, there’s a spring that pulls through the bottom of the furnace until the 

liquid silicon which is in the top in order to get the wafer in a persistent manner [2].  

 

 

Figure 8: Ribbon Growth 

 

 After attaining the silicon wafer, there are some other refinement processes that are 

performed in order to eliminate the contaminants that were caused by the saw process. In order to 

enhance the efficiency of the solar cell, the project will be based on the bifacial concept which is 

one of the recent developments in the photovoltaic field [6].   
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1.4 The idea behind a Bifacial Silicon Solar cell: 

 

 The bifacial solar cell is efficiently transforming the sunlight into electricity from the top 

side and also from the bottom side. Hence, this means that the bottom side won’t hold aluminum 

which has a reflexive characteristic but there will be an another coating that lets sunlight to infiltrate 

in it [7]. 

 

               

                                                       Figure 8: Bifacial Solar Cell 

 

1.5  Types of Bifacial Silicon Solar cell: 

 

 These Bifacial Solar cells can be classed to three categories: 

-Bifacial double junction cells: are cells that contain the p-n junction in the front side as well as the 

rear side. So, this will be either p+np+ or n+pn+ configuration. At the rear side, there will be an 
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assembly of lengthy-wavelengths photons which will rise the transfiguration efficiency of silicon 

solar cells [7]. 

 

Figure 9: n-type Bifacial double junction Cell 

 

-Bifacial back surface field solar cells: have either pp+ or nn+ junction that take equivalent 

electrical split on the contrary face to where the simple polar pn junction is positioned. By 

passivating the region, the efficiency of conversion will effectively rise [7].  

 

Figure 10: Back Surface Field bifacial solar Cell 

 

- Bifacial single junction cell: has a regular configuration which is established of only p-type and 

a n-type part. Phosphorous and Boron that have adhesives are the ones done for making their 

regions [7]. 
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Figure 11: bifacial single junction Cell 

 

1.6   Fabrication of a Bifacial Silicon Solar cell: 

 

 The type of bifacial solar cell that is frequently found is npp+ since it is considered as the 

simplest one to be constructed. In this project, npp+ type is chosen for the simulation. The 

difference between the Monofacial and Bifacial solar fabrication process is after the cutting 

deterioration elimination and wafer dusting step which leads to the transformation a Monofacial 

cell process into a bifacial cell process. This transformation includes two complex steps which are 

the BBr3 diffusion and in-situ oxidation step, and SiO2 and SiNx load on the bottom side step in 

which many other sophisticated technologies are used [7]. 

 During the first step of removing cutting deterioration, another cleaning process is used for 

the bifacial solar cell in order to prevent the furnace from impurity at high temperatures since the 

next step is boron diffusion. The reaction performed in this process is shown in the following 

formula: 
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Table1: Steps of mono and bifacial processes 

  

 After this step, there is the boron dispersion which is only done for the bifacial solar cell 

since it is also focusing on the rear surface. Actually, “Diffusion is a physical process that refers to 

the net movement of molecules from a region of high concentration to one of lower concentration” 

[8]. For the semi-conductors, it gives the pn junction. The formula for the diffusion profile is given 

here as [7]:  
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“Where Ns is the surface concentration, erfc is the complementary error function, 2√𝐷𝑡 is the 

diffusion length, and x is a specific position” [7]. 

 Moreover, this diffusion is happening due to carrier recombination and generation 

processes in which electrons and electron holes are formed and completely removed [9]. In order to 

set a precursor on the surface, numerous methods can be used such as “screen printing, roller 

printing, spin-on or spray on coating, atmospheric pressure chemical vapor deposition (APCVD)” 

[7].  

Moreover, since the diffusion process needs high temperatures to happen fastly, a specific 

tube furnace is used as shown below [10]. This furnace is called a BBr3-based open-tube furnace 

which contains two O2 canals, that have dissimilar extents of gas streams and two N2 canals, that 

are different in which one is considered as a carrier gas that flows into the BBr3 bubbler and the 

other goes straightly into the furnace tube [10]. 

 

Figure 12: Scheme of a BBr3-based open-tube furnace 
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At the left part of the tube as shown in the figure above, five copies should be placed and 

have exactly the same features as the wafers [7]. This is done in order to have a perfect dispersion 

homogeneity for the whole tube and all the wanted wafer surfaces [7].  Also, three copies have to 

be placed at the end of the tube for a steady homogeneity along the whole tube. Concerning the 

process, when the gas mixture enters the furnace, it results in a reaction between BBr3 and Oxygen 

[7]:  

 
 

 

 After this step, we obtain a liquid B2O3 which will be also reacted with the Silicon surface 

[7]: 

 

 

 

The result of the reaction before is SiO2 and boron. This last will be after reacted with the 

Silicon due to the boron concentration gradient and produce a Si-B compound which can be also 

named the boron rich layer (BRL):  

 

 

 

This resulted layer (BRL) make the wafer non-hydrophobic [12]. Therefore, it must be 

removed to carry on the solar cell process. During five minutes, BRL can be taken off by mingling 

it with HF, as shown in the table 2, in order to get a small region recombination speed, and a good 

resistance to chemical assaults [12]. 
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Table 2: Steps of Boron diffusion 

After this step, Silicon Nitride (SiNx) should be deposited at the front surface layer of the 

solar cell since it has a weak reflection and imbibition losses and a good surface passivation on n-

type emitter compositions [13]. The industrial plasma enhanced chemical vapor deposited (PECVD) 

machine is used here for Silicon Nitride (SiNx) because of its ability to deposit thin layers from a 

vapor to solid [13].  

Also, in order to keep high efficiency of the whole bifacial solar cell, the inner reflection at 

the bottom side should be taken into account by deposing a mskinny layer of SiO2 according to the 

following reaction [13]: 
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Figure 13: The industrial PECVD machine developed by OTB-Solar 

After this step, the two coatings of Silicon oxide and boron dispersed have to be removed. 

This process is called texturization of silicon surfaces which leads to a decrease in the reflection of 

the surface [7]. In 2 minutes, the first layer of SiO2 is detached in a HF solution and then the next 

layer of boron is detached in a NaOH solution for the duration of 10 minutes [7].  

 

Figure 14: Before and after the texturization process 
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After finishing texturization, the process of phosphorous diffusion is also performed by 

putting the wafers in a tube that is heated in the diffusion furnace. The reaction responsible for this 

diffusion is principally between the silicon and liquid phosphoryl chloride (POCl3) 
[7]. The 

transporter gases N2 and O2 are transporting the liquid POCL3 in order to produce the phosphorus 

pentoxide (P2O5) on the region [7]: 

 

 PECVD is used to put an anti-reflexion7 cover of SiNx which makes the wafer anti-

reflective and also passivated [14]. According to C. Duran, the thickness should vary between 70 

and 75 nm in order for the solar cell to captivate approximately the whole emission. The toning 

rule is used here where n1 is the refractive index, and d1 is the thickness.  

 

In the Figure 14 below, an experiment done by Duran where there are two different wafers 

in which one is texturized and the other not [7] 

.  

Figure 15: Reflectance of a texturized and non-texturized wafer 
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 Screen printing is the next step which is used for the front and back surfaces to make the 

mobile electrons be able to generate a current [7]. According to PV Education, this technique starts 

by pushing the surface with a metal paste which will result in a thick layer [  

And for the rear side, light have to be absorbed in it in contract with the simple solar cell in 

which Aluminum is used to coat the surface and no light can pass through [7]. After this, each side 

will be separately put in a furnace to dry to get the final solar cell as shown in the figure 14 [16]. 

 

 

Figure 16: A bifacial solar cell with a mirror on the back  

  

 The next process is using fire the front and rear side to make particles then to create contacts 

at the silicon surfaces. Then there’s the process of edge separation which protects from the short 

circuit between the top and the bottom surface. 
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Figure 17: A final bifacial solar cell  

 

 

 

 

. 
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CHAPTER 2: Mathematical Modelling of Bifacial Solar cells 
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2.1   PN Junction: 

 
A PN junction is formed due to the interaction between a semiconductor of type N and a 

semiconductor of type P. This junction allows electricity to flow in one direction and not the other. 

N-type material has free electrons while P-type material has holes and this results a depletion region 

at the middle after the diffusion of mobile electrons into vacant holes. This region stops the move 

of electrons into P-type material which leads to a positive charge in the N-type region and a 

negative one in the P-type region [15].  

 

 

Figure 18: PN junction  

 

When the sunlight hits the solar cell, extra energy is added in which photons are absorbed 

which leads to a greater energy state for electrons. This energy makes the electrons to move 

excitedly in both sides of the semi-conductor. Because of the presence of the electric field, electrons 

and holes cannot cross it and therefore they will go in the opposite direction. Hence, if there’s an 

external circuit, they will go through it and generate a current [15].  
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2.2: Bifacial Solar cell characteristics: 

 
According to PV Education, an important step is to look more deeply in the benefits of this 

new technology by computing its efficiency. To be able to maximize the efficiency, many aspects 

are taken into account such as the Current-Voltage (I-V) measurements which is the most important 

characteristic [7]. Some specific standards are considered in most laboratories while measuring I-V 

which are as the following [15]: 

1- Air mass 1.5 spectrum  

2- Intensity of 1 kW/m2 

3- Cell temperature of 25 °C  

4- Four-point probe to remove the effect of cell contact resistance 

 

Since the above criteria needs more time and a lot of money, there’s a simple way that can 

give approximately the same results. This method consists of a modest IV tester as shown in the 

figure 16 [7]. 

 

Figure 19: Simple Structure of an IV tester for a Monofacial solar cell 
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 Concerning the assembly shown in the figure above, the current and voltage is found 

independently from the current voltage source. The illumination of the lamps adds some heat to 

the solar cell which excites the electrons and holes to be mobile in order to get the current wanted. 

Since we are dealing in our study with bifacial solar cells, we can add another lamps at the bottom 

for the rear side as shown in the figure below. 

 

Figure 20: Simple Structure of an IV tester for a bifacial solar cell 

As it is shown in the figure, the structure is similar to the monofacial solar cell but another 

illumination is added at the bottom. The level of this illumination is less three times than the one 

at the top since it is only considered as the radiation reflected by the earth. 



34 

 

2.3: The drift-diffused model: 

 
The drift-diffused model is about some specific equations that designate the conduct of 

solar cells [18]. This model can be functional for various semiconductor devices such as the solar 

cell since it consists of border settings, motion, generation, and recombination mechanisms. Also, 

it is mainly about three linked equations in which the main variables are electron concentration n, 

hole concentration p, and potential ψ. In this model, we assume a stable state, constant temperature, 

and complete ionization [19].  

2.3.1: The drift-diffused equation: 

The electrons and holes are responsible for the current stream, so their current density is as 

the following: 

 

Where the first part of the equations stands for the drift current of the holes and electrons, 

while the second part stands for the diffusion equations. Also, q refers to the electric charge, µ 

stands for the mobility, ε is the electric field strength, and D is the diffusion constant that are 

formulated according to the Einstein equation as: 
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As explained before, the notion of diffusion is generally about the movement of the charge 

exporters from the regions of the low concentrations to the ones with high concentrations. While 

the drift current is the drive of electrons to the region of holes and vice versa [18]. 

2.3.2: The Poisson equation: 

The Poisson equation is the liaison between the electric field and the charge density [18]. 

Therefore, the equation is written as the following: 

 

Where: 

 ND refers to the donor  

 NA refers to the acceptor  

 ρp refers to the stuck holes 

 ρn refers to the stuck electrons 

  refers to the electrostatic potential 

Stuck electrons and holes are included in this equation since they are disturbing the 

degradation of the solar cell performance.  

2.3.3: The Continuity equation: 

The continuity equation is the last equation in which it gathers the overall impact of the 

carrier recombination and generation. In this equation, we consider steady state conditions in order 

to have the following equation: 
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 Where: 

o G is the net generation level 

o  U is the net recombination level.  

In fact, the generation level is the rate by which free electrons and holes are joined together, 

while the recombination rate by which they are abolished. As shown in the figure 18, the generation 

is the process by which electrons cross into the conduction band after receiving the required energy. 

Also, the recombination is when mobile electrons drop into a vacant hole. 

 

 

Figure 21: Recombination and Generation processes 

 The generation rate is: 

 

 Where: 

 ∝ stands for the absorption coefficient 

 𝑁0 stands for the photon flow 
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 x stands for the deepness of the illumination passing the semiconductor. 
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CHAPTER 3: Bifacial Solar cells using PC1D  
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3.1: Description of PC1D: 

Personal Computer One-Dimensional (PC1D) software is a one-dimensional solar cell 

modeling program. It’s quite simple and fast to use for the simulation, and development of solar 

cells. Actually, the software has graphical user interfaces that provide solutions of the drift-

diffused, continuity and Poisson equations [20]. 

PC1D has numerous libraries files found in the photovoltaic industry such as the Silicon 

material used in this capstone project. It is considered as the best programs for understanding the 

behavior of solar cells since its creation in 1982. In 2008, it was updated by the University of New 

South Wales in Sidney, Australia to get along with the recent developments in the photovoltaic 

industry [21]. 

Concerning the operation, PC1D works in three main steps: 

 Put the desired parameters 

 Run the simulation 

 obtain the results 

As shown in the figure 19, The core window contains five principal sections: 

1. Device: is the part representing the solar cell’s whole surface. 

2. Region: is the specific region of the solar cell in which there are the main parameters 

such as the thickness, type of materials… 

3. Excitation: is the part where the desired conditions are considered to demonstrate 

the performance of solar cells. 

4. Results: is the section where the output of the behavior of solar cells is shown 

5. Device Schematic: is the scheme of the solar cell chosen. 
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Figure 22: Core window of PC1D 

 

3.2: Simulation and results: 

 3.2.1: Simulation using PC1D: 

In this simulation, npp+ bifacial solar cell is chosen which means that there will be many 

factors effecting the performance of the device. It is selected since its configuration is the simplest 

and most used one among all others. PC1D is used due to its simplicity concerning solving the one-

dimensional equations that comes from recombination indicators. Hence, PC1D will help to 
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optimize the performance of npp+ bifacial solar cell. Also, the cost of fabrication should be as low 

as possible in this study. This can be achieved by trying to use less material.  

After many tests done in PC1D, the parameters shown in the table 3 are chosen for the 

design of our bifacial solar cell since they give a high efficiency of 28.29%.  

 

Table 3: Parameters found for the bifacial solar cell 
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 Our configuration consists of a P-type region that will be diffused at the front side with N-

type and at the rear side with P-type. Furthermore, the texturization will be performed on both sides 

in order to reduce the impact of recombination. Finally, the spectrum is AM15G since it is the 

universal spectrum used in most solar cells. However, the intensity of the front side will be higher 

three times than the one in the rear side since the light reflected by the soil is lower. Consequently, 

we got the final design in PC1D as following: 
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Figure 23: Final design shown in PC1D 

 

3.2.2: Analysis & Discussion: 
 

In each parameter shown in the table 3 or in the figure 20, there’s a detailed explication of 

its chosen value and which is surely increasing the solar cell theoretical efficiency. The same 

parameter can be similar or different in both sides due to type of texturization or the light intensity 

absorbed… Therefore, this simulation is helping to understand the effect that parameters have on 

the solar cell. 
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Starting by the first parameter, the device area is chosen to be 100 cm2 since it’s a standard 

value non-changeable set by software developers. As stated before, AM15.G is always constant as 

well as the light intensity in the front side which is 0.1 W cm-2. However, since there should also 

be light at the rear side, the value is assumed to be less three times than the one at the front side 

(0.033 W cm-2). 

As mentioned before, the texturization will be done at the front and rear side since the light 

will be absorbed by both sides. Consequently, both sides will have a texture depth of 2.5 µm and 

an angle of 21°. The previous values are selected since as we decrease or increase them, the 

efficiency of our bifacial solar cell goes down. This can be explained by the fact that when the 

depth is very low and high, reflective losses are not performed in a good way. Also, when the angle 

is more or less than the value found, the photons could not reach the inner area of the cell.  

For the exterior reflectance, it will be 2% for both sides because this is the best value that 

gives a high efficiency. Because the circuit in PC1D could go through the front or to the rear side, 

there should be an activation of the top and bottom contact. As explained in the previous chapters, 

the top contact is at the N-type surface which has a huge quantity of electrons while the bottom 

contact is at the P-type surface which knows a surplus of holes. The values assigned to them are 

the best one for maximizing the efficiency of the device. 

Concerning the thickness of the whole device, it is determined to be 200 µm since it 

provides a high efficient bifacial solar cell. From the simulation in PC1D, I noticed that when the 

thickness is taken less than 200 µm, the efficiency decreases, and when the thickness increases, we 

obtained approximately the same efficiency. Besides, we have to take in to account that using less 

material will decrease the cost of the device. 



45 

 

The mobility is inversely proportional to the carrier mass which means that the mass of 

electrons is the lesser one which let electrons move more rapidly than holes. Hence, the value 

picked for carrier motility of electrons and holes respectively is 1412, and 442 cm2/Vs.  

The material used here is surely Silicon due to the reasons stated before. Since the software 

has this material, many values were already set and should remain constant. There is the dielectric 

constant which has a value of 11.9, the band gap which has 1.124 eV, and the intrinsic concentration 

at 300 K has 1×1010 cm-3. All other values such as the refractive index and free carrier absorption 

have standard values. 

Finally, we are left with two main impacting parameters which are the recombination and 

doping. In fact, the recombination is set automatically by PC1D but we must change it in this 

simulation for each region. The doping level and carrier recombination are related to each other 

since when the doping level is lower than 1017 cm-3, the carrier recombination doesn’t affect the 

efficiency of the solar cell. For this reason, the bulk recombination is chosen to be 2000 µs because 

its P-type doping level of 1.51×1015 cm-3 which is obviously less than 1017 cm-3.  

Regarding the front and side recombination, their values are affected by the doping level of 

both sides. Since the N-type doping level is 5×1017 cm-3 for the front side, the recombination is 

responsible for the variation for carrier lifetime. From using the equations of recombination that 

are mentioned in the second chapter, we were able to fix a value of Sn = 1×106 cm/s that provides 

a high efficiency for our bifacial solar cell. Whereas for the rear side, the surface is a P-type one 

with a value of 1×1020 cm-3. Since the doping level of the rear side is superior than 1018 cm-3, the 

Auger recombination is the most influential in terms of the variation for transporter lifespan.  

Actually, The Auger recombination consists of three elements participating in its operation 

which are the electrons and holes that are combined with each other, and additional close electron 
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or hole that is benefiting from the emitted energy [2]. Therefore, considering the recombination 

equations and the different trials, the efficient value found is Sp = 1×105 cm/s. 

 

3.2.2.1: Optimization of the doping level of the three surfaces: 

The figure 21 shows the three surfaces and their doping level that affects the efficiency of 

our bifacial solar cell. The depth factor is considered as 1 µm for both sides. 

 

Figure 24: Surfaces of the Bifacial solar cell  

First, we start by testing the doping level of the front side (Emitter) which is a N-type. In 

the table 4, we used three different levels of doping were evaluated by keeping the doping level of 

the bulk and rear surface at 1.51×1015 cm-3, and 1×1020 cm-3 respectively. 
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Table 4: Impact of Emitter Doping on the power output 

 From the table 4, we deduce that the optimal value for the emitter doping level is 5×1017 

cm-3 since as we decrease or increase it, the power output goes down. Also, we conclude that after 

a small change in the doping level, the power output decreases a lot. Hence, this doping level will 

maximize the efficiency of our bifacial solar cell. Here is a graph showing the output power 

performance as a function of the front side doping level.  

 

 

Figure 25: Power output versus front side doping level 
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  The doping level of Bulk surface plays a huge role in determining the variation of bifacial 

solar cell efficiency. This surface also influences the front and rear sides since it is the largest one. 

Hence, to test the doping level of the bulk side which is a P-type. In the following table, we used 

three different levels of doping were evaluated by keeping the doping level of the front and rear 

surface at 5×1017 cm-3, and 1×1020 cm-3 respectively.  

 

 

Table 5: Impact of Bulk Doping on the power output 

  

By analyzing the table above, we understand why 1.51×1015 cm-3 is the optimal value for 

the bulk doping level. Furthermore, there’s no short circuit current after decreasing the doping level 

to 1.51×1014 cm-3 which means that there’s not a flow of charges. As it is shown in the graph, 

when we increase or decrease the doping level from 1.51×1015 cm-3, the efficiency of our bifacial 

solar silicon cell diminishes. This change can go back to what we explained before about having 

great doping concentrations causes good possibilities for carrier recombination. 

To be able to understand more the changes occurring in the power output of the bifacial 

solar cell, here is a graph displaying the output power performance as a function of the bulk doping 

level. 
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Figure 26: Power output versus bulk doping level 

Finally, the last and most important surface in the bifacial solar cell is at the rear side. 

Concerning the simulation, we considered three different doping levels of doping that were 

evaluated by letting the doping level of the front and bulk surface at 5×1017 cm-3, and 1.51×1015 

cm-3 respectively. Here is a table showing the changes occurring due to the variation of the front 

side doping level: 

 

Table 6: Impact of Rear Side Doping on the power output 
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 The table 5 confirms that 1×1020 cm-3 is the optimal value than can be set to maximize our 

bifacial solar cell efficiency. Furthermore, there’s no short circuit current after decreasing the 

doping level to 1×1019 cm-3 which means that there’s no stream of charges. The following figure 

is a graph of the output power performance as a function of the rear side doping level. 

 

 

Figure 27: Power output versus Rear side doping level 

 

3.3: Calculation of the efficiency of our bifacial solar cell: 

After finishing the simulation in PC1D in which all parameters that have a positive impact 

on our device is determined. Consequently, the most favorable doping for front, bulk and rear side 

were 5×1017 cm-3, 1.51×1015 and 1×1020 cm-3 respectively. And as shown in the figure 20, the 

three output results obtained are: 
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Short-circuit current (amps) 

 

Open-circuit voltage (volts) 

 

Maximum power output (watts) 

 

-5.00 

 

0.6837 

 

2.829 

 

Then, the formula for measuring our bifacial solar cell will be set by the following equation:  

  

     =
2.829

1000∗0.01
 

     Ƞmax = 0.2829 = 28.29 % 

 After using the formula, the value gotten for the maximum efficiency is 28.29 % where: 

 The incident radiation flux is assumed to have a standard fixed value of 1000 W/m2 

 Area of collector is simply the area of our device in m2 

 

To add more clarification, the figures below are the different curves describing the behavior 

of our bifacial silicon solar cell. For the first curve, we can notice the variations of current as a 

function of the change in voltage.  
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Figure 28: I-V curve of our bifacial solar cell 

  

 The second figure shows four different curves of process parameters affecting the behavior 

of the device. The first curve is about energy bands which is the difference between the top period 

in the valence band and the lowest one in the conduction band. Secondly, the generation and 

recombination curve is describing the behavior of electrons and holes. The third curve is 

demonstrating the variation of doping densities as we are getting away from the front surface. The 

final curve is representing the changes of carrier densities as we are getting away from the front 

surface. 
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Figure 29: Energy bands curve of our bifacial solar cell 

 

 

Figure 30: Generation & Recombination curve of our bifacial solar cell 
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Figure 31: Doping densities curve of our bifacial solar cell 

 

Figure 32: Carrier densities curve of our bifacial solar cell 
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CHAPTER 4: Bifacial Silicon Solar Panels  
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4.1: Introduction to the Bifacial Solar Panels 

To increase the power output from the bifacial solar cells, they should be connected and 

condensed to form huge panels. Actually, Bifacial photovoltaic solar panels catch not only the 

straight solar emission arriving on the front side, but also the emission reflected and captured by 

the bottom side after. Actually, the main role of a bifacial panel is to protect solar cells from the 

exterior surroundings. 

Bifacial cells are usually coupled in series so that the voltage level of the panel is often 

adjusted on the voltage rather than current to minimize conductive losses. In chapter 3, we were 

able to get the maximum voltage from a single cell which is 0.6837 V, so by connecting numerous 

solar cells in series, we get our bifacial solar panel with a voltage of 16.4 V (in case of 24 cells). 

However, a large amount of aspects affects negatively this value. Each cell is linked to the other 

by tinned copper strips welded to both the busbars of the front face of the first cell and the rear face 

of the other cell. Each row forms a string of cells, and all the rows form the skeleton of the module. 

As it is shown in the figure 27, The skeleton is then encapsulated in a transparent resin such as 

EVA (Ethylene Vinyl Acetate), with a tempered glass on the front face and an opaque polymer on 

the backside for the case of Monofacial solar panel. 

Recent researches mainly concerns about the materials creating the panel. The parameters 

to be improved are multi-physical. All these parameters, that are interrelating with each other, need 

to be optimized according to a precise use or climate environment which can have need of 

performance and a certain lifespan. Thus, these stated criteria can be preferred: cost, 

weightlessness, elasticity, reprocessing, aesthetics, resistance to certain conditions. 



57 

 

 
Figure 33: Structure of the monofacial solar panel 

 
The parameters to be enhanced to get the best out of the energy production of a bifacial 

panel inclined on the ground or on a flat roof of a given surface are numerous such as the angle of 

orientation of the modules, their elevation, the separation between the rows of the modules and the 

albedo of the ground. Ideally, to achieve this, it is necessary to compare bifacial and monofacial 

solar panels, both installed with their optimal settings which are not necessarily the same. This is 

difficult to carry out without complete simulation tools (optical and electrical), but these tools have 

not yet been developed. The albedo of the Earth-atmosphere organism is the portion of solar energy 

which is replicated back to space. It should be between 0 and 1. The more reflective a region, the 
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greater is its albedo. The components that contribute most to the albedo of the Earth are fogs, snow 

and ice regions, and vaporizers. 

 

Figure 34: The amount of reflected solar radiation foe each type of surface 

 

4.2: Modeling steps for bifacial Solar Panels: 

. The modeling system is constituting of three sections: Irradiance arriving to the top side, 

Irradiance attaining the bottom side, and Site position information.  

4.2.1: Modeling of the irradiance arriving to the Front side: 

This irradiance is firstly decomposed of the direct irradiance at the sloped panel top region 

which is measured utilizing the position of the sun and the beam normal irradiance.  Secondly, 
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there’s the diffuse irradiance which can be calculated by using the straight illumination produced 

by the anisotropic angular shadow. The Perez model is able to provide a set of equations to solve 

this irradiance. Here is the equation of the Perez model that results in the diffuse irradiance: 

 

Where: 

 

Where IPV: Diff(Iso): refers to the isotropic diffuse illumination. 

 IPV: Diff(C): refers to the circumsolar diffuse illumination. 

 IPV: Diff(H): refers to the horizon shining diffuse illumination. 

 VFM→Sky = (1 + cos(θT))/2: stands for the panel-to-sky view factor 

AOICir is the angle of incidence for circumsolar diffuse light 

 

 

4.2.2: Modeling of the irradiance arriving to the Rear side: 

 

In fact, the irradiance is much similar to the front surface in terms of the straight and sky 

diffuse irradiance. However, there is an additional irradiance which is of ground-reflected 

irradiance which needs more sophisticated equation of the View factor (VF). This last measures 
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the fraction of the flux emitted by an isothermal region and isotropic emission received by another 

region in a non-participatory medium. The formula of the View factor is as the following: 

 

 Where: 

 S refers to the variance between an important point of panel and a precise shadow  

 θ is the angle between S and the normal vector of the shadow 

 A is the area of shadow 

 

4.2.3: Site location information: 

 

In fact, the climate conditions have a huge role in the variation of the bifacial Solar panel 

efficiency. Therefore, not all areas in the world has similar climate conditions. For example, the 

figure 35 displays the global horizontal irradiation (GHI) in Morocco [24]. Global Horizontal 

Irradiance is the entire quantity of shortwave radiation captured from the radiation by an area 

parallel to the soil.  

From the figure 35, the city of Ouarzazate captures more insolation than the capital of 

Rabat, with extensive periods of principal straight light and absorbs a great room temperature on 

regular [24]. Otherwise, the city of Rabat would have great periods of diffuse radiance and a cold 

weather. Also, this figure represents the distribution of the global horizontal irradiance at the 

kingdom of Morocco, in which we can conclude that the distribution is more uniform and reaches 

out to great irradiances in more than the half of the country.  
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Figure 35: The distribution of the GHI in Morocco 

 

4.3: Application of bifacial Solar Panels in Morocco: 

 
 Actually, the two main parameters that affect the power output of bifacial modules are the 

dimensions of the reflective area, and the elevation of the panel. In order to investigate these 
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parameters, we used a previous study done for the city of Cairo in Egypt since its global horizontal 

irradiance is similar to the one of Ouarzazate as it can be shown in the figure below [24]: 

 

Figure 36: The distribution of the GHI in Ouarzazate and Cairo  

 

4.3.1: Impact of the dimensions of the reflective area:  

According to the study, they took four different reflective areas with the following values: 

500, 112.5, 50, and 12.5 m2 respectively [25]. As it is shown in the figure 37, the length L is 

considered higher two times than the width W [25]. The white color is used here as for fresh snow 

as shown in the figure 34 because it absorbs particular wavelengths from the absorbable shadow.   
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Figure 37: Demonstration of the reflective region 

 

After finishing their simulations, they got the results shown in the figure 37 of a graph of 

the annual energy yield as a function of the reflective region/panel region in Cairo [25]. Concerning 

the work done, they used a bifacial solar panel with an elevation of 0.5 m and two different albedo 

coefficients of 0.2 and 0.5 [25].  

 

Figure 38: AEY as a function of the RA/MS 
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 Through this simulation, we conclude that higher surface areas gives higher output powers 

for the bifacial solar panel. Furthermore, the ratio of RA/MS obtained from the highest surface area 

is 3563 in Ouarzazate. 

4.3.2: Impact of the Bifacial solar panel elevation:  

According to many experts, having higher elevations for the bifacial solar panels results in 

great efficiencies because it is explained by the fact that the shadow for the panel is small. However, 

this study found out the opposite after testing five different bifacial solar panel elevations (0, 0.5, 

1.0, 1.5, 2.0, 2.5 m) by keeping the previous surface area for the reflective soil. Here is the graph 

demonstrating the results measured [25]: 

 
          

Figure 39: AEY as a function of the RA/MS 

  

 From their analysis, it is obvious that the 1.0 m elevation is the most efficient one that can 

be used for improving the efficiency of the bifacial solar panel in Ouarzazate [25].  

 

4.3.3: Conclusion from this study: 
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Regarding the study, we conclude that Ouarzazate can follow the same parameters for the 

elevation and dimensions for the surface area in the coming solar energy projects. These bifacial 

solar panels with the given parameters will produce better quantities of energy compared with 

monofacial modules. 
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CONCLUSION 
 

During this capstone, many efforts were performed since the beginning of the semester 

about the performance optimization of bifacial photovoltaic silicon solar panels. Actually, 

numerous difficulties were encountered concerning the simulation methods that would applied to 

our Bifacial solar cells and panels.  

Concerning the whole work, we started by giving detailed information about the 

photovoltaic industry, Also, we went through defining the idea behind bifacial solar cell process 

starting from the sand to its specific configuration. Then, advanced equations for the bifacial solar 

cells and panels were used to describe their behavior and motion during the process such as the 

drift-diffused, Poisson, and carrier generation and recombination equations.  

Next, we used PC1D software that enables us to measure the performance of our bifacial 

solar cell by performing many experiments. After getting the values desired for the current, voltage 

and power output, the theoretical efficiency of our bifacial solar cell is measured to be 28.29%. 

From the simulation, this optimal value was found after detecting the main parameters affecting 

our device and which are the doping levels of the three surfaces.  

Finally, our final task was about the bifacial solar panels and their applications in Morocco. 

Moreover, we discussed the way the bifacial solar panel should be structured in order to increase 

its efficiency. Therefore, we could understand that three modeling steps can explain the process of 

our panels. Then, we were able to understand that the use of this new technology in Morocco could 

be successful in more than the half of the country.  
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