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ABSTRACT 
 
 

AHRAR AHMED CHOWDHURY.  Design, Modeling, Fabrication & Characterization of 
Industrial Si Solar Cells. (Under the direction of DR. ABASIFREKE EBONG) 

 
 

 Photovoltaic is a viable solution towards meeting the energy demand in an 

ecofriendly environment. To ensure the mass access in photovoltaic electricity, cost effective 

approach needs to be adapted. This thesis aims towards substrate independent fabrication 

process in order to achieve high efficiency cost effective industrial Silicon (Si) solar cells.  

Most cost-effective structures, such as, Al-BSF (Aluminum Back Surface Field), FSF (Front 

Surface Field) and bifacial cells are investigated in detail to exploit the efficiency potentials.  

First off, we introduced two-dimensional simulation model to design and modeling of most 

commonly used Si solar cells in today’s PV arena. Best modelled results of high efficiency Al-

BSF, FSF and bifacial cells are 20.50%, 22% and 21.68% respectively. Special attentions are 

given on the metallization design on all the structures in order to reduce the Ag cost. 

Furthermore, detail design and modeling were performed on FSF and bifacial cells. The FSF 

cells has potentials to gain 0.42%abs efficiency by combining the emitter design and front 

surface passivation. The prospects of bifacial cells can be revealed with the optimization of 

gridline widths and gridline numbers. Since, bifacial cells have metallization on both sides, a 

double fold cost saving is possible via innovative metallization design.  

Following modeling an effort is undertaken to reach the modelled result in 

fabrication the process. We proposed substrate independent fabrication process aiming 

towards establishing simultaneous processing sequences for both monofacial and bifacial 

cells. Subsequently, for the contact formation cost effective screen-printed technology is 

utilized throughout this thesis. The best Al-BSF cell attained efficiency ~19.40%. Detail 

characterization was carried out to find a roadmap of achieving >20.50% efficiency Al-BSF 



iv 

cell. Since, n-type cell is free from Light Induced degradation (LID), recently there is a 

growing interest on FSF cell. Our best fabricated result of FSF cell achieved ~18.40% 

efficiency. Characterizations on such cells provide that, cell performance can be further 

improved by utilizing high lifetime base wafer. We showed a step by step improvement on 

the device parameters to achieve ~22% efficiency FSF cell. 

Finally, bifacial cells were fabricated with 13.32% front and 9.65% rear efficiency. 

The efficiency limitation is due to the quality of base wafer. Detail resistance breakdown was 

conducted on these cells to analyze parasitic resistance losses. It was found that base and 

gridline resistances dominated the FF loss. However, very low contact resistance of 20 mΩ-

cm2 at front side and 2 mΩ-cm2 at the rear side was observed by utilizing same Ag paste for 

front and rear contact formation. This might provide a pathway towards the search of an 

optimized Ag paste to attain high efficiency screen-printed bifacial cell. Detail investigations 

needs to be carried out to unveil the property of this Ag paste. 

In future work, more focus will be given on the metallization design to incorporate 

further reduction in Ag cost. Al2O3 passivation layer will be incorporated as a means to attain 

~23% screen-printed bifacial cell.   
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CHAPTER 01: INTRODUCTION 

1.1. Statement of the Problem 

Electricity is one of the key needs for economic, education and social advancements. 

However, today there are more than 1.2 billion people -17% of global population [1] in the 

world without access to electricity, partly because of cost or lack of natural/human resources. 

The cost of generating, transmitting and distributing electricity can be high, irrespective of 

the source. There are two sources of electricity generation: (i) renewable and (ii) non-

renewable. The renewable sources include wind, photovoltaic, hydro, geothermal etc. Non-

renewable include fossil (oil), coal, natural gas and nuclear.  The key advantage of fossil fuel 

energy source lies on the cost-effectiveness, but the carbon foot print is a major concern. 

Renewable energy on the other hand, is free from carbon emission, provides an alternative 

solution towards clean and environmental friendly energy. That is why total electricity 

generation with renewable energy is desired, and its growth is rapidly increasing in recent 

years as illustrated in Fig. 1. 1. World Net electricity generation prediction.. More so, the 

projection growth of future renewable energy since 2015 is high in contrast to the shrinkage 

of non-renewable energy consumption as shown in Fig. 1.2. In particular, solar PV and wind 

have the highest growth compared to other renewable energy sources. Internationally, China 

and Taiwan lead in the PV growth in recent years as shown in Fig.1. 3. This growth has 

greatly influenced the CO2 emission reduction. Locally, in United States the amount of CO2 

emission avoided due to the introduction of solar PV from the year 2010 to 2014 is shown 

in Fig. 1.4. This is an exponential rate of reduction in CO2 emission compared to the early 

2000s. 
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Fig. 1. 1. World Net electricity generation prediction. [2] 

Fig. 1. 2. Growth Prediction of Renewable energy resources in the future decade.[2] 

Further prediction in Fig. 1.5 shows that solar will outperform the coal energy resource in 

the coming decade. The key reason for solar PV becoming the major energy resource can be 

understood by the rapid decrease in levelized cost of electricity (LCOE) as shown in Fig. 1.6. 

The average cost of solar since 2016 is 0.131 USD/KWh, which is in the cost range of fossil 

fuel. This is a major stride given that over a decade ago, it was more than three times. In 

spite of this cost reduction, the levelized cost of electricity from solar needs to meet the DOE  
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 Fig. 1. 3. Global annual production of PV industry since 2005. [3] 

Fig. 1. 4. Utilization of solar PV has reduced the CO2 emission in recent years.[4] 

Sunshot goal of 3 cent/kWh in 2030. Thus, it is prudent to design, model, fabricate, 

characterize and analyze simple solar cell structures with low-cost processes but achieve 

higher efficiencies. 
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Fig. 1. 5. Solar Energy will dominate and compete in comparison with energy resources.[5] 

 

Fig. 1. 6. Levelized cost of electricity of different energy resources pinpoints that solar PV 

increasingly become more affordable from year 2010 to 2016. [6] 

 

0.131 USD/KWh 
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1.2. Thesis Objectives and Outlines 

Since silicon is still the main substrate for commercial solar cells, and the Al-BSF has 70% 

market share, most of the work was focused on understanding the steps to improve the 

efficiencies at both cell and module levels without increasing the cost.[7]  Thus The 

objectives of this thesis work include the cost effective solar electricity through  

(i) design and modeling of simple Al-based solar cells which can be fabricated using the same 

processing steps, irrespective of substrates, 

(ii) use a two-dimensional computer model (PC2D – personal computer two-dimensional) 

[8] to account for lateral current and voltages to avoid losses and improve the efficiency, 

(iii) understand the losses associated with both substrates types; (p and n type) in particular 

front and rear recombination, shading, and the emitter total area, and 

(iv) use this information to design and fabricate bifacial solar cells and then characterize to 

understand the efficiency limitation. 

To decrease the cost without compromising the cell efficiency has been the desire of the PV 

community. Therefore, this work highlights simple processing sequences to achieve high 

efficiency, irrespective of substrate type.  Both p and n type wafers can have the same Al print 

and dry on the rear surface, before rapid thermal firing to form either a high-low (BSF) or p-

n junction for p-type and n-type substrates, respectively. However, while the p-type high-low 

junction reduces recombination, the n-type p-n junction forms the emitter but requires high 

minority carrier life time to achieve high efficiency. Substrate independence process is shown 

in Fig. 1.7.  
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Fig. 1. 7. Identical processing sequences for substrate independent fabrication technique. 
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Fig. 1.8. shows the current and future prediction of industrial size large area solar cells 

according to ITRPV [ref]. With advancement of process technologies, the p-type BSF cells 

can reach ~20% efficiency while the n-type cells can achieve much higher efficiency ~23.5% 

with slight variation in the design such as in the n type IBC [ref]. Thus, the proposed 

processing technique - substrate independent has enormous advantage since both n and p 

type cells can be produced simultaneously. This can also lead to simpler and efficiency 

matching of cell to module levels.  This is demonstrated in Fig. 1.9.   

Fig. 1. 8. Average Stabilized efficiency in large area industrial solar cells.[7] 

Typically, solar cell efficiency further deteriorates when it is integrated into modules because 

of the associated series resistance due to ribbon connectors. The efficiency loss is a strong 

function of mismatch primarily due to the interconnect between the cells in series 

configuration. [9]  The interconnect for same type cells (either p or n type) is usually high  



8 
 

 

Fig. 1. 9. Interconnection between solar cells connected in series for module fabrication. (a) 

represents interconnect when same type wafers are connected while (b) represents simpler 

interconnection thus reducing the mismatch loss. 

because of the series connection of anode and cathodes in the adjacent cells. In a module 

composed of a combination of n and p type cells interconnection can be made quite easily 

since all anodes and cathodes can be made on the same sides for all cells as shown in Fig. 1.9.  

This potential advantage further mitigates the loss in the module level and thus could be 

significant in attaining high module efficiency. [10] One concern in implementing the 

substrate independent fabrication is the current mismatch in adjacent wafers. To address 

this, we propose a) to use multiple streamlines to achieve different current output wafers and 

then, b) opting wafers with same current output to be utilized in the module fabrication.   

Finally, by using the understanding from both n and p type cells the bifacial cell structure 

was investigated to further increase the efficiency through double sided illumination. The 
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prospect of bifacial cell is growing more interest as predicted by ITRV-2017 roadmap in 

Fig.1.10. The trend behind shifting the interest towards bifacial structure is due to the more 

output power generation utilizing both front and rear sides of the cell. It can be observed 

that in the next decade percentage of bifacial cells will increase to 30% in the world market 

share.  Hence, simple screen-printed and cost effective bifacial solar cell is explored in this 

thesis. By adapting the concept of substrate independent fabrication process, additional 

boron diffusion can be implemented in order to manufacture the bifacial cell as illustrated in 

Fig. 1.11. This fabrication process will reduce the complexity in the module fabrication and 

hence mismatch loss can be further reduced. In ref. it is discussed that by using alternate p 

and n type wafers in the module the interconnect can be much simpler. For this purpose, 

asymmetric (p or n) cells are needed to be flipped in the module connection. Thus, substrate 

independent fabrication process has the potentials of establishing simultaneous 

manufacturing process in the industrial production line.   

 

 

 

 

 

 

 

Fig. 1. 10. Prospective of bifacial cell technology in the future Si production line. [7] 
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Fig. 1. 11. Substrate Independent Process for both monofacial and bifacial cells. 

The thesis is organized in the four clusters; a) first off, basic solar cell working principles of a 

solar cell, b) Investigation of Al-BSF solar cells through modeling, fabrication and 

characterization, c) Analysis of FSF cells and d) Exploring the potentials of bifacial. The 

summary of chapter based discussion are as followed.  

Chapter 01 discusses the motivation, statement of the problem and thesis outlines.  

Chapter 02 discusses basic working principles of a solar cell. The mechanisms of absorption, 

generation and transportation is discussed. The equivalent circuit and corresponding 

electrical output parameters are presented. The loss analysis is explained to understand the 

specific performance limitation of a solar cell. Finally, characterization tools are discussed in 

order to interpret the experimental cell results accordingly.  

Chapter 03 discusses the modeling, fabrication and characterization of n-type FSF cell. 

Modeling is performed in the light of PC2D to account the two-dimensional characteristics 

of device. Specific attention is paid to the front contact metallization design in order to 
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reduce the Ag cost. The electrical characterization includes I-V characteristics, Suns-VOC 

lifetime measurement, contact resistance measurement and the spectral response of the cell. 

Finally, a roadmap towards attaining cost effective and high efficiency ~20.50% Al-BSF solar 

cell is presented.  

Chapter 04 encompasses the FSF solar cells modeling, fabrication and characterization. FSF 

cells are modelled to adapt the concept of extended rear emitter. Lateral characteristics are 

discussed in detail which is important for carrier conduction in n-type solar cell devices. The 

prospects of extended emitter are modelled to access the electrical output parameters. 

Following the modeling, identical substrate independent fabrication process is followed as 

utilized in the processing of Al-BSF cells. Finally, a blueprint for the attaining ~22% FSF 

cells is modeled and recommended.  

Chapter 05 demonstrates modeling, fabrication and characterization of Bifacial Solar cells. 

Due to the bifaciality characteristics the cell was experimentally measured from both sides of 

the cell. The difference between from the front and rear side electrical output parameters are 

discussed subsequently. The loss analysis is discussed to further improve the cell 

performance. Finally, a roadmap to achieve cost effective and high efficiency ~21.68% 

bifacial solar cell is presented.  

Chapter 06 enlists the future work including novel metallization design and Al2O3 rear 

passivation of bifacial solar cells. 
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CHAPTER 02: BASIC WORKING PRINCIPLE OF A SOLAR CELL AND GENERAL 
MEASUREMENT TECHNIQUES 

2.1. Introduction 

In this chapter, the basic working principles of a solar cell, electrical and optical losses, and 

the measurements techniques are discussed. Understanding of every layer with the associated 

losses is critical to design and modelling of solar cell. Measurement techniques such as the 

light-voltage measurements, Suns_VOC, Lifetime, internal quantum efficiency etc. provide 

the electrical and optical output parameters for a given solar cell structure.    

2.2. Basic Working Principles of a Solar Cell  

A solar cell is an optoelectronic device that converts the optical energy to electrical energy 

without any polluting bye product. The illumination sunlight is the primary source of energy 

consumption. The working of a solar cell relies on three basic principles: a) Absorption, b) 

Generation and c) Collection.   

2.2.1. Absorption 

When a solar cell is exposed to sunlight, the total energy absorbed depends on the optical 

properties of the device such as the metal coverage, absorber surface, anti-reflection (AR) 

coating thickness and refractive index, and the surface area. The absorption also depends on 

the thickness and bandgap of the semiconductor material – direct or indirect. When incident 

sunlight has a certain energy greater than the bandgap, the electron and hole pairs are 

generated as shown in Fig 2.1. However, if the incident sunlight energy is less than the 

bandgap of the absorber, there will be no absorption, thus heat generation, which is 

unwanted. The incident sunlight energy required to generate the electron hole pairs can be 

expressed in the following relationship: 
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                                                                                                                  (2.1) 

Where h is the Boltzmann constant~ 1.38×1023 k, c is the speed of light and  is the 

wavelength of the incident sunlight. For instance, in silicon material, the incident sunlight 

energy should be greater than >1.12 eV, which the bandgap of Si. 

  

Fig. 2. 1. Absorption mechanism when (a) incident sunlight has energy greater than the 

bandgap (b) Rest of the energy is transferred to heat energy. The image is taken from ref. 

[11] 

2.2.2. Generation  

A solar cell is a p-n junction, which carriers on each side of the junction leads to the creation 

of an electric field. Generated electron hole pairs created after the absorption mechanism is 

impacted by this internal electric field. The minority carrier electrons in the p side in vicinity 

of the junction is transferred to the n side. Same happens to the minority carrier holes in the 

n side which is transferred to the p side.  This phenomenon is further explained in Fig. 2.2.   

Electron-hole pairs created relatively far from the junction thus need to be involved in this 

process. Therefore, it is important to maintain a high bulk lifetime which causes diffusion 
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length to be long enough such that electrons and holes located far from the junction can be 

collected without recombining themselves. Typically, for a solar cell operation diffusion 

length should be three times larger than the device length.  

 

Fig. 2. 2. Charge carriers swept to the n side (electrons) by the internal electrical field at the 

p-n junction. The image is taken from ref. [12] 

2.2.3. Collection 

After generating electron-hole pairs, electrons at the n side (which essentially a majority 

carrier) and holes at the p side (majority carrier) accumulate therefore a charge imbalance is 

created. These free charge carriers cannot cross the junction due to the potential barrier 

created by junction. In this condition, if an external load is connected the electrons at the n 

side travel through the load and spend energy before it recombines at the p side contact with 

a hole. This spent energy is the source of electricity. A pictorial illustration of absorption, 

generation and collection is shown in Fig. 2.3.     
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Fig. 2. 3. Basic working principle of a solar cell. The image is taken from ref. [12] 

2.3. Electrical Equivalent Circuit 

The electrical equivalent circuit of a typical solar cell is presented in the one-diode model as 

shown in Fig. 2.4. The current-voltage relationship can be written as,  
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Here, IL is the light generated current, I0 is the recombination current inside the diode, v is 

the voltage across the solar cell, n is the ideality factor, k is the Boltzmann constant, and T is 

the temperature. In standard test condition, T=298 K (25 0C). 

In the short circuit condition, voltage across the terminal is zero and the current represents 

the maximum current that can be collected from the solar cell. From the above relation when 

V=0,   

Lsc II                                                                 (2.2) 
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Fig. 2. 4. Electrical equivalent circuit of a solar cell. 

The ISC is called the short circuit current which is a function of total generation, hole 

diffusion and electron diffusion lengths, 

          
)( pnsc LLqGI 
                                                            (2.3) 

In the open circuit condition, current inside the solar cell is zero and the maximum 

attainable voltage across the solar cell terminal is called as open circuit voltage, VOC. From 

equation (2.1), if I=0 then V=VOC 
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Here, VT is called the thermal voltage, in STC, VT = 25mV. It should be noted that, ideality 

factor (n) is ~1 in the simplified relationship (2.4). However, practically n might deviate 

from 1. For a good solar cell, n~1-1.10.  

2.4. Loss Analysis 

 

Fig. 2. 5. Schockley Quessier Limit and related efficiency loss in a p-n junction. The image is 

taken from ref. [11] 

The Schockley Quessier limit determines maximum efficiency attained by a p-n junction 

device as shown in Fig. 2.5. However, this assumption only considers the direct bandgap 

materials. Hence, indirect bandgap material such as Si is limited to only ~30% efficiency. 

Recently. Ritcher et al [13] calculated highest efficiency that can be attained by a Si solar cell 

device as ~29.43%. In a practical solar cell, both electrical and optical loss contribute to the 

performance degradation. A brief discussion of most dominant electrical and optical loss is 

presented here.  
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2.4.1. Optical Loss 

Optical loss directly impacts the current generation in a solar cell. In order to obtain 

maximum short circuit current, optical loss must be curbed considerably. Optical loss 

primarily consists of (i) absorption, (ii) reflection, and (iii) shading.  

2.4.1.1. Absorption Loss 

When light is incident on the solar cell, the intensity of light decreases as it travels through 

the device. This is known as Lambert-Beer law that can be formulated as, 

)exp()( dIdI O                                                      (2.5) 

Where IO is the incident lights intensity and d is specific distrance that light travels inside the 

cell. Since, incident light also transmits through the device, therefore the total absorption can 

be quantified by substracting the transmitted from abosrbed light.  

)exp()( dIIdI OO
abs                                                 (2.6) 

Fig. 2.6. shows aborption coefficeints of some common semiconductor materials. It can be 

observed that materials that have lower bandgap have absorption at higher wavelengths. For 

example GaAs has absorption at higher wavelengths. Also absorption coefficient depends on 

the type of bandgap. For example GaAs and InP are direct bandgap materials, hence have 

better absorption compared to Si at visible wavelengths (400-700 nm).  For Si, blue has the 

highest absorption coefficient and thus most of the blue wavelength lights are absorbed 

within a few nanonmeter at the front side of the cell. At the same time, the red light is 

abosbed well in the optical path length of ~60 µm. Beyond the optical path length ~100µm 

infrared light is hardly absorbed and almost 90% of the light is transmitted.   
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Fig. 2. 6. Absorption coefficients of common semiconductors. The image is taken from ref. 

[11] 

In a solar cell, since all light is absorbed in all layers of the cell, absorption loss in every layer 

needs to be considered which is known as parasitic absorption. This can be quantified as 

internal quantum efficiency, IQEOP.  

2.4.1.2. Shading Loss 

Due to the contact metallization, the incident light sees an obstruction at the front side. This 

causes total irradiance reduction and thus lower current generation. The shading loss can be 

interpreted as metallization factor which quantifies total metal fraction (AM) to front surface 

area (ATotal), 

Total

M
M

A

A
F                                                            (2.7) 
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One approach to reduce the shading loss is to utilize finer gridlines at the front metallization. 

However, this in turn increases the series resistance and lowers FF. Thus, an optimization is 

needed to achieve maximum current generation without compromising the FF.  

2.4.1.3. Reflection Loss 

Incident sunlight is not absorbed completely due to the reflectance loss. Reflection in a solar 

cell can be categorized as: 

a) Front surface reflection and 

b) Rear surface reflection 

 

 

 

 

 

 

Fig. 2. 7. Textured surface with different clean chemistry.The image is taken from ref [15] 

To minimize the reflection at the front surface two techniques are applied usually, a) 

texturing and b) antireflection coating (ARC) deposition. Texturing front surface allows 

more absorption by increasing optical path length. A typical texturing technique is the 

random pyramid structure as illustrated in Fig.2.7. Another commonly textured technique is 

the inverted pyramid.  
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Commonly used antireflection coating layer for the screen printed solar cell is SiNX. The 

thickness of anti-reflection coating is chosen such that dielectric material is one quarter of the 

wavelength of incoming to ensure minimum reflection.  

ARC

O
ARC

n4
d


                                                         (2.8) 

Where, λ0 is the wavelength of the incident light, nARC is the refractive index of dielectric 

material and dARC is the thickness of the ARC layer.  

2.4.2. Electrical Loss  

2.4.2.1. Resistive Loss 

Resistance loss impact cell performance severely, especially the FF. The FF decreases due to 

high series and low shunt resistances.  

 

 

 

 

 

Fig. 2. 8. Components of series resistance (RS) in Al-BSF cell. 

For a solar cell. series resistance has six components which is shown in Fig. 2.8. Here, 

a) R1= Resistance in the rear back Al contact.  

b) R2= Base resistance, 
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c) R3= Emitter Resistance. 

d) R4= Contact Resistance between metal and Si. 

e) R5= Gridline resistance. 

f) R6= Busbar resistance. 

The shunt resistance however originated from the shunting of rear Al to the front metal Ag. 

Another shunting path is in the Si/gridline interface due to over-firing of the front metal 

contact. The leakage current via shunt resistance affects the cell performance drastically and 

reduces FF.  

2.4.2.2.  Recombination Loss 

The recombination loss governs VOC directly in the cell performance. Recombination 

naturally represents the phenomenon of electrons falling on to the holes and thus creates 

nonexistence of minority carriers in the device. Considering the device perspective, with a 

moderate lifetime, there is less chance of recombination in the base. On the flipside, 

recombination at the surfaces are very predominant due to the surface non-regularity 

characteristics. Both front and rear surface thus need to be well passivated to minimize the 

recombination. Moreover, from the material perspective recombination can be classified as:  

a) Radiative  

b) Auger, and  

c) Shockley-Read-Hall. 

To consider the effect of all recombination in the device, following relationship can be 

written [14],  



23 
 

SRHRadAugerbulk

1111


                                                (2.9) 

The minority carrier lifetime τ reduces as the recombination occurs. Therefore, to achieve a 

high minority carrier lifetime recombination needs to be minimized. 

2.5. General Measurement Techniques of Solar Cell 

This section outlines the detail measurement and characterization techniques that is used in 

solar cell process. The electrical characterization includes I-V measurement, Suns-VOC 

measurement, WCT-120 photoconductance lifetime measurement, Internal quantum 

efficiency measurement and 4 point-probe contact resistance measurement.  

The I-V measurement extracts the electrical output parameters of a solar cell by utilizing 

flash lights mimicking one sun intensity. The Suns-VOC measurement gives the cell VOC, 

Pseudo efficiency and FF without series resistance, while WCT-120 lifetime tester is 

measures the minority carrier life time of the cell. Spectral response and quantum efficiency 

measurement traces the recombination at various locations in the device, such as bulk, front 

and rear surfaces. Finally, contact resistance measurement with 4-point probe was utilized to 

measure the contact resistance of a solar cell.   

2.5.1. I-V Measurement 

The I-V measurement of solar cell is a key tool to determine the electrical output parameters 

of a solar cell. The I-V graph extracts comprehensive device parameters: RS, FF, VOC, JSC, n 

and ղ. Additionally, pseudo FF data is seemingly important to attain the maximum 

squareness from a solar cell. In Fig. 2.9. I-V curve of solar cell is shown in dark and 

illuminated conditions. The most important feature is the maximum power point condition 

which indicates highest FF achievable from a sample solar cell. The series resistance recorded 
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at this point is the total series resistance of a solar cell. For a finished cell, n factor should be 

around ~1. A high ideality factor >1 is an indication of over fired contact or/and shunt 

resistance. Thus, to optimize the contact firing, an n factor of close to 1 along with low RS is 

expected.  

 

 

 

 

 

 

 

 

 

Fig. 2. 9. Solar Cell I-V curve in dark and under illumination. Image is taken from ref. [11] 

2.4.2. Suns-VOC measurement 

The Suns-VOC measurement is a key technique to interpret the material characteristic of the 

solar cell device. The effect of series resistance is not taken into account during this 

measurement, thereby material property and shunting can be realizable from the 

measurements. In Fig. 2.10 Suns-VOC measurement is shown in contrast to the light IV 

measurement. The pseudo FF measurement gives the opportunity to gauge highest FF that 

can be achievable in this technique. Other notable features are VOC at 0.1 sun and VOC at 1 

sun where first measurement signifies Vmax at the maximum power point condition and later 
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measurement represents the implied voltage free from series resistance. VOC independent of 

series resistance is also called implied voltage. This can be shown as,[15]  
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Finally, output shunt resistance is considered to measure the shunt resistance which might be 

rooted in the material property or overfired contact during the belt furnace contact 

formation. Even though, JO1 and JO2 are two other parameters that need to be low enough 

for a good solar cell performance, however these are the fit parameters rather than the correct 

representation of recombination currents in the quasi-neutral regions and space -charge 

regions.   

 

 

 

 

 

 

 

Fig. 2. 10. Deviation of Suns-VOC I-V curve from light I-V curve due to independence of 

series resistance effect. The image is taken from ref. [14] 
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2.4.3. Photoconductance Lifetime Measurement  

The photoconductance lifetime tester is a crucial tool for determining device characteristics 

at different development stages of the solar cell. The contactless measurement is illumination 

dependent and creates minority carrier lifetime graph and inverse lifetime graph which is 

independent of Auger recombination. The effective lifetime of a solar cell is the combination 

of bulk lifetime, front surface passivation, Sfront and rear surface passivation, Srear, [16] 
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Where, W is the thickness of the test wafer. In lifetime measurement technique, both front 

and rear surface passivation are dependent on excess carrier concentration. Therefore, (2.11) 

can be modified as,  
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Where, J0f and J0b represent recombination current at front and rear surfaces, respectively; Δn 

is the excess minority carrier and Nd is the dopant concentration.  

2.4.4. Contact Resistance Measurement 

The 4-point probe quantifies the contact resistance and emitter sheet resistance via 

transmission length method. The concept was first proposed by Wenner in 1916 with the 

aim of measuring earth resistivity. [17]Later Valdes utilized this method for the application 

in semiconductors.[18]  In 1964 Shockley first proposed to use this technique in metal-

semiconductor interface. [19]The strip width needs to be maintained at 2mm for this 

measurement technique. The current is injected into the probes and corresponding voltage is 

measured in both directions. With a varying length between the probes, contact resistance 
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can be calculated for several positions. And finally, the average of the multiple points of the 

contact resistance can be calculated accordingly.   

 

 

  

 

 

Fig. 2. 11. Four-point probe contact resistance measurement technique. The image is taken 

from ref. [18] 

2.4.5. External Quantum Efficiency  

The external quantum efficiency quantifies the fraction of the number of carriers collected to 

the number of photons incident on the device. If each photon contributes a carrier to the 

electrical conduction then quantum efficiency is 1, which is an ideal case. As shown in Fig. 

2.12 the quantum efficiency of a solar cell however varies on the photon wavelengths. 

External quantum efficiency can be written in following expression: 

 

                                                        (2.13) 

The deviation to the ideal case generally caused by the recombination in the device. The 

front surface recombination dominates at the blue wavelength response. Since in a typical p 

type solar cell the emitter is very narrowly formed at the front side, the emitter diffusion 
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length also influences the external quantum efficiency. The middle range represents 

recombination at the bulk and diffusion length. Since, recombination at the base is quite 

low, the resultant external quantum efficiency is close to 1. Rear recombination and base 

lifetime governs the quantum efficiency for long wavelength photons.   

In the measurement technique, a xenon gas discharge lamp was used along with filters and 

monochromator to provide the wavelength range required for this purpose. With a 

photodetector, the incident photon flux was quantified, and an ampere meter measures the 

minority carrier collection.  

 

 

 

 

 

 

 

 

Fig. 2. 12. External Quantum Efficiency and various recombination in a solar cell. 
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2.5. Summary 

Basic solar cell principle along with common measurement techniques are discussed in this 

chapter.  These measurement techniques are applied directly during the characterization of 

the fabricated solar cells. Additionally, detail loss analysis reveals major optical and electrical 

loss pertinent to the performance degradation of a solar cell. In order to improve the cell 

performance both optical and electrical design must be considered simultaneously.  
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CHAPTER 03: DESIGN, MODELING, FABRICATION AND CHARACTERIZAION 
OF   Al-BSF SOLAR CELLS 

3.1. Introduction 

The most simple solar cell structure in today’s PV arena is the full Al-BSF structure. In this 

chapter design, modeling and characterization of Al-BSF structure is carreid out. PC2D 

computer software, was employed which accounts for lateral and longitudual currents in the 

device. Following the modeling technique simple substrate independent fabrication process is 

implemented. Since, Ag metallization cost is a concern behind high cost of Al-BSF cells, 

special attentions were give in the front contact design. Finally, a roadmap for attaining high 

efficiency cost effective Al-BSF cells is presented in commerical screen-printing technique.  

3.2. Design Approach of  Solar Cell  

Fig. 3.1. illustrates a typical thought process that goes into the design of a solar cell. Since a 

solar cell is an opto-electronic device, both optical and electrical considerations must be 

made to overcome efficiency losses. Reflections, absorptions and transmissions associated 

with a) ARC layer, b)  metal contact and c) passivation layers of front and rear side are solely 

responsible for optical performance of a solar cell. On the flipside, a) recombinations at front 

surface, bulk area and rear surface, and b) resistive characterisitcs at metal contacts, emitter, 

FSF layer and BSF layer are the contributors to electrical output performance. In this 

section, we layoout the layer by layer design approach to attain high efficiency industrial size 

cell. 
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Fig. 3. 1. Flow Diagram for the simulation algorithm in PC2D. 

3.2.1. Metal Contact Design 

Metal Contact is an important aspect that influences both electrical and optical performance 

of a solar cell. As shown in Fig. 3.1, designing metal contacts can vary the cell performance 

significantly. In a typical solar cell, metals contacts can be breakdown to gridlines and 

busbare primarily. These metal contacts influences shading loss, gridline resistance and 

recomboniation current underneath the metals. Moreover, highly expensive silver paste 

consupmtion also depends on the metal gridline design and metallization technologies. [27] 

For instance, the front metal coverage of a conventional screen-printed silicon solar cell is 

about 5-8%. Therefore to achieve <5% shading loss with the gridline width of <50 µm is a 

goal with current current screen-printed technology. However, total series resistance 

increases as the contact area shrinks with decrease in gridline width. To maintain high FF 

while improving the gridline geometry street concept was introduced in our earlier paper in 

ref. [12].  The schematic of steet concpet in metallization design is shown in Fig. 3.2. with 
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the conventional 3BB no street design. Furthermore, in ref. [28] it is shown that with 5-BB 

design FF can be increased campered to the 3-BB design. A 5-BB design combining with 

streeet design is shown in Fig. 3.3. To exploit both electrical and optical performance we 

predominantly used 4s-5BB design throughout this thesis.  

 

 

 

 

 

Fig. 3. 2. Street concept in 3 BB (left) design results 2s-3BB (right) design. 

 

 

 

 

Fig. 3. 3. Street concept in 5BB (left) design results 4s-5BB (right) design. 

3.2.2. Front Surface Design 

To ensure the maximum absorption, we used conventional SiNx layer as an ARC layer on 

the top of front surface along with front metal contacts in the rest of the area. Since, this 

layer also provides sufficient passivation, experimentally extracted surface recombination 

velocity (SRV) was used. The ARC layer thickness was optimized using the PVlighthouse 
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OPAL 2 and Wafer Ray tracer. [20, 21]   Since, JSC is limited by the front absorption in 

ARC layer, we also used double stack SiNx/SiO2 layer to imrpove the JSC.  

3.2.3. Emitter/FSF Design 

The emitter in p-type cell (or, FSF in n-type cell) design influences electrical performance of 

a solar cell. Current trend of high sheet resistance >80 Ω/sq. approach is adopted during the 

cell design. The low doping concentration associated with high sheet resistance reduces 

recombination in the emitter and also passivation is better in a high sheet resistance emitter. 

[28-31] However, the contact resistance is effected due to high sheet resistance emitter which 

can be shown in following relationship, [22] 

  

d

c
N

1
                                                             (3.1) 

Here, ρc is contact resistivity and Nd is emitter doping concentration. To ensure the low 

contact resistance, therefore Ag paste needs to be developed such that contact resistance 

becomes independent of doping level. One such approach is to use tellurium based glass in 

the Ag thick paste which has the potential to reduce contact resistance. [32-35] In our 

design, we maintained 80-100 Ω/sq. sheet resistance with optimized Ag paste to reduce the 

contact resistance accordingly. Another approach is the selective emitter approach which 

allows high doping concentration underneath the metal contact and thus reducing the 

contact resistance. However, this is an additional process to the existing streamline process 

and we utilized this approach only during the modelling of PERC structure. Practically, with 

the secondary ion mass spectrometry (SIMS) technique the doping concentration was 

determined and during the modelling we used extracted data obtained from experiment. The 

emitter depth of ~0.35 µm was maintained with this high sheet resistance.  
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3.2.4. Base Design 

During the base design, it is important to note the effect of diffusion length on the cell 

performance. A high diffustion length allows minority carrier to contribute in the carrier 

collection prior to recombination. It also depends on the type of the material, wafer 

processing technique and doping concentration of wafer. Even though, a highly doped base 

is desired to ensure better electrical property in the device, however it reduces the diffusion 

length and thus lowers VOC. Moreover, diffusion length is a function of minority carrier 

lifetime. Therefore, an optimization of diffusion length, doping concentration and minority 

carrier lifetime is need for opting a particular base doping concentration. In our study, we 

used 2 ohm-cm base for the p-type cells with minority carrier lifetime varying from 50 µs to 

200 µs. For n-type materials we used high base resistvity >10 ohm-cm material to account 

the high injection with a minority carrier lifetime in the range of ~1000 µs to 10000 µs. In 

the n-type cell since junction is on the rear side, thereby a relatively high lifetime base was 

utlilzed to ensure maximum collection.  

3.2.5. BSF Design 

The premise of BSF formation is to reduce recombination in the rear surface of a p-type cell. 

A high-low junction (n++/n+) in the rear surface repels minority carrier electrons from the 

base side to recombine at the rear surface and hence imroves VOC. The BSF has high 

significance specially on the cells where rear side fully Al printed. In our design, BSF in p-

type cell (or emitter in n-type) was chosen based on the Al-Si alloy formed by the rear surface 

screen pinted Al contact.  Such standard BSF is around ~0.4 µm with 3×1018 cm-3 doping 

concentration.  
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3.2.6. Rear Surface Design 

Since Al-BSF and FSF cells have fully screen-printed Al in the rear side, the rear transmission 

is set zero for these structures. For the bifacial cell, the rear side was made mostly transparent 

along with the local metal contacts.  

3.3. Modeling of Solar Cell in PC2D 

Based on the design four different structures of solar cells are modelled in this section. The 

input parameters for the modelling are industrially compatible or extracted from theoretical 

calculation. The PC2D modelling software is used for this purpose. Since, the solution 

mechanism considers both lateal and longitudinal currents, important lateral properties such 

as, current crowding and lateral voltages are encompassed during the modelling. During the 

modeling in PC2D, other simulation softwares such as, PC1D, OPAL2 and Wafer Ray 

Tracyer are also employed to deliver the optimum input parameters. Detail algorithm for the 

PC2D simulation softwars is presented in Fig. 3.4.   

The PC2D solves the simulation region based on 20 by 20 metrices. The simulation region 

based on a unit area that is compatible for the entire area of a cell. In unit rows generally 

represents the lateral length or surface area and colums represent the length towards the 

depth or thicckness of the device.  By providing input parameters based on the contact and 

noncontact area the metrices can be designed. For an instance, while simulating Al-BSF cell, 

the left most colum is kept 1 and the other areas are gives 0 for ARC/ passivated layer. The 

simulation input parameters furhter require information on optical and electrical device 

parameters. The optical parameters include tansmission, haze, diffuse reflectance and spectral 

refleceance for both front and rear sides. Typically these values are opted from the 

experimental reflectance and quantum efficiency data to match entire spectrum. It is 
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important to note that, front metallization design also plays a critical role in the optical input 

parameters.  Since gridlines obscures the front illumination, transmission under the gridline 

column needs to be designed to represent the correct metallization factor (FM). For an 

example, if a 5% FM is designed, the contact column transmission is set 0% and the rest of 

the area is 100% for the passivated region. The calculation of FM accounts the contribution 

of gridlines and busbars. More so, if the rear side is fully opaque (Al-BSF, FSF, etc.) then 

rear transmission is set 0 for the all columns.  For accounting rear illumination in case of 

bifacial cells, 20 columns on the rear side is given input accordingly based on the 

metallization design.  

 

Fig. 3. 4. Flow Diagram for the simulation algorithm in PC2D. 

For setting electrical input parameters, FM is the most important to provide correct contact 

in the modelling. Moreover, since emitter doping profile effectively determines the surface 

passivation in the front and rear surfaces, thus recombination current (JO1) were 

parameterized accordingly based on the variation on sheet resistances. To find JO1 for a 

specific surface, the PC1D is setup with that specific surface layer (texture, doping profile 

and surface recombination velocity). The base life time was setup very high and rear surface 

recombination was made nominal. This ensures all the recombination occurring in the front 
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surface. By applying a forward bias of 0.5 volts across the junction, the dark current was 

calculated with following relation. 
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 Here, VT here represents the thermal voltage of 25 mV for T=300K. While modelling the 

JO1 it was made sure that all other external circuit elements (series resistance, shunt 

resistance, etc.) were excluded. The two components of JO1 are assigned as JOM and JOSiN. 

The JOM and JOSiN represents recombination currents beneath the metal contacts and SiN 

passivated regions respectively. 

Finally, an extrinsic series resistance is set for input series resistances which encompasses 

gridlines, busbar and contact resistances. PC2D internally accounts other series factor such 

as, base and emitter resistances. 

3.4. Modeling of Al-BSF Solar Cell 

The modelling of Al-BSF structure maintained the 5BB concept is becoming the mainstream 

market in PV industry.  For the gridline design we adopted the segmented street concept 

which has the potential of cost reduction while retaining almost same efficiency. The 

designed cell has industrial size cell area ~156×156 cm2 area on 2 ohm-cm p-type CZ based 

wafer.   The schematic of the PC2D Al-BSF structure is shown in Fig.3.5. The dotted area is 

the simulated unit area which is compatible to the entire cell area. As the energy band 

diagram illustrates in Fig. 3.4., the electrons moved by the electric field go to the front 

contact and holes go towards the back contact in opposite direction. The BSF helps to 

reduced recombination at the rear surface by creating high-low junction. 
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Fig. 3. 5. Energy band diagram of Al-BSF cell. 

 

 

 

 

 

Fig. 3. 6. Device schematic of Al-BSF solar cell in PC2D. the dotted area is the 

representation of the unit symmetric area repeatable for the entire region of the cell. 

3.4.1. Input Parameters 

Table 3.1 demonstrates detail input parameters for the modelling of Al-BSF structure. The 

parameters are extracted either by analytical calculated or from empirical data.  

n 

p 

p+ Contact 

Contact 

photon electron 

hole 
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 Table 3. 1. Electrical Input parameters for the simulation of Al-BSF Cell  

 

3.4.2. Results and Discussion 

Table 3.2 demonstrates the electrical output parameters of the modelled cell. The attained 

efficiency ~20.54% is the best reported efficiency for Al-BSF structure.  The major 

improvement in the cell performance is rooted on the improved FF which can be attainable 

with optimization of IR belt furnace firing in the contact formation. To attain the Jsc ~39.73 

mA/cm2 emphasize should be given on the optimization of front ARC layer. We propose 

double ARC layer of SiN/SiO2 which can attain 1.2%abs gain of our previous reported result 

using only single layer SiN as ARC layer. It should be noted that, we maintained same VOC 

~645mV compared to best reported cell which indicates that the wafer lifetime was 

Parameter  Value Source 

Minority Carrier Bulk Lifetime 1000 µs Experimental Data 

Wafer resistivity 10 Ω-cm Experimental Data 

FSF sheet Resistance Varied 60-100 Ω/sq Standard Doping profile 

FSF depth 0.35-0.48 µm Standard Doping Profile 

Back-junction emitter sheet 
Resistance 

20 Ohm/sq. Fabrication Standard 

Back-junction emitter depth 10 µm Fabrication Standard 

Gridline Width 55 µm Screen printed Fabrication 
Standard 

Busbar Width 0.9 mm major, 0.45 mm 
minor 

Uneven Busbar Design 

FSF Passivation 100-50000 cm/s Standard passivation 
Standard 

Metallization Factor (FM) 3%-5% Analytical Calculation 
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maintained exactly same. Furthermore, utilizing even a higher life time wafer ~21% Al-BSF 

is achievable.  

Table 3. 2. Simulation Result for Al-BSF Cell 

Sample 
Metallization 

Design 

VOC 

(mV) 

JSC 

(mA/cm2) 

FF 

(%) 

ղ 

(%) 

Simulation Cell 4s-5BB 644.96 39.73 80.25 20.54 

Best Cell [31] Continuous-4BB 647.00 38.76 80.92 20.29 

 

3.5. Fabrication of Al-BSF Cell 

An Industrial size Al-BSF solar cell is fabricated and characterized in this section. Since Al-

BSF cell growth has been almost saturated, special emphasize was given on the cost 

effectiveness of such structure.  We adopted 4s-5BB metallization design as an effort to 

minimize the Ag cost in a high efficiency cell.  The cells were fabricated based on ~156×156 

cm2 area on 2 ohm-cm p-type CZ wafer. The emitter sheet resistance ~80 Ω/sq. was 

maintained with gridline width ~50 µm in screen printed metallization technique. Fig. 3.7. 

shows the commercial process flow of detail manufacturing process. At UNC Charlotte 

Photovoltaic Research Laboratory (UNCC PVRL) we conducted a) back and front screen-

printing, b) drying and c) belt furnace co-firing steps. Initial steps were developed by 

MOTECH in industrial production line.    

3.5.1. Screen Printing Technique  

In 1970 screen printed technology was first developed. [23] In PV arena, screen-printed 

metallization technique is mostly commonly used due to its’ high throughput and cost-

effective nature. In screen printed technique it is critical to a) maintain continuous gridline 

without any breakage, b) achieve high aspect ratio and c)   finer gridline width.  To achieve 
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these goals screen-printing was conducted precisely. A schematic of screen-printing process is 

illustrated in Fig. 3.8.  

 

Fig. 3. 7. Standard commercial processing sequence of Al-BSF solar cell. 

After placing the wafer on the stage and screen on the holder, pastes are placed on the top of 

the screen. The printing process has two steps,  

a) Printing by front squeegee and push paste towards the back edge and,  

b) Spreading paste by front squeegee and push towards the front edge.  

The front squeegee is rubber made and tilted with a certain angle which is optimum for 

printing. In the first step, front squeegee pushes paste through the screen and based on 

design of the screen the same replica is printed on the wafer. The screen consists of mesh 

which has wires and emulsion. Paste travels through the opening, thus it is critical to have 

low viscosity when squeegee pushes the paste. It helps paste to completely go through the 
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screen. However, when paste is placed on the wafer following the first printing step it is 

important to have viscosity which reduces the chance of spreading. These dual characteristics 

of paste based on the sheer pressure is called the pseudoplasticity behavior. Moreover, a good 

printing thus depends on a) snap off (distance between wafer and screen) and b) pressure. 

High pressure and low snap off is desired for completion of transportation of paste through 

the screen. However, high pressure and low snap off concurrently increases the chance of 

spreading and thus wide gridline. Thus, to maintain a fine gridline both snap off and 

pressure was monitored precisely.  

 

 

 

Fig. 3. 8. Standard screen-printing mechanism. 

In the second step, the back   squeegee spreads paste throughout the screen uniformly and 

goes to its basic position. The back squeegee is made of stainless steel which has flat polished 

edge. It is critical to maintain uniform spreading of paste which helps the next wafer to be 

printed with same precision. Thus, for a batch printing, the back squeegee is critical to 

maintain uniform printing from wafer to wafer. 

Since, Al is fully screen printed at rear side, full area Al printing was conducted accordingly. 

The only concern with the rear Al printing is maintaining distance from the wafer edge to 

prevent shunting between front and rear contact. Therefore, precision alignment was 

maintained during the rear side printing. 
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3.5.2. Metallization Ag Paste 

Metallization paste determines a) printability b) conductivity c) contact resistance, d) 

solderability and d) adhesivity of printed gridlines. Ag paste is the most widely used in PV to 

provide these characteristics.  Three cluster components; 1) Ag powder, 2) glass frits and 3) 

organic binder generally form a Ag paste as shown in Fig. 3.9. The metal powder is the main 

component that shares ~80-90% of the paste. [24, 25] The glass frits assist to etch the 

dielectric layer and sintering during contact formation. 1-5% glass frits, such as, SiO2, 

Al2O3, PbO, TiO2, Te2O3, etc. are used for this purpose. The organic binders contribute 1-

15% of the paste which influences the paste properties such as, adhesiveness, pseudoplasticity 

and wettability.  

 

Fig. 3. 9. Major components of commercial Ag Paste. 

For the rear side, Al paste was used in this fabrication process. The Al paste is relatively 

simpler since the full rear area is covered. The rear Al impacts the BSF formation in the cell. 
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For this purpose, Al contact thickness >10 µm is desired. In our printing, we maintained 

~20-30 µm rear Al. 

3.5.3. Drying and Contact Co-firing 

After printing, both front and rear side was dried ~200 0C in a belt furnace. Following 

drying the cells were processed in the IR belt furnace. The IR belt Furnace is the key tool to 

achieve a high efficiency cell. During contact cofiring a) front contact is formed, b) sintering 

process occurs, and c) BSF is formed through real Al-Si alloy.  Fig. 3.10. shows the firing 

profile of commercial I-R belt furnace established in the UNCC PVRL laboratory.  

 

 

 

 

 

 

 

 

 

Fig. 3. 10. Firing profile of IR inline belt furnace and front contact formation. 

Contact co-firing has six zones with distinct set of temperatures. Zone 01-05 (0-600oC) dries 

out the rasins and organic binder.  And zone 06 is responsible for sintering, contact 
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formation and cool down.    The complete mechanism of contact formation depends on the 

temperatures from the zones.  With increase of temperature (i) the organic binders burn out 

at 300-400oC, (ii) Then glass frits start to metal, etch through the dielectric layer and 

reduced to its metal, <600oC (iii) Ag metal starts to dissolve into the melted glass frit metals, 

(such as Te, Pb, etc.) and Si dissolves to these solution, (600-800oC) and (iv) finally during 

cool down (after 600oC) Ag precipitates and embedded underneath the Si surface. These Ag 

precipitates are in the crystallite form which provides the pathway for current transportation.    

3.6. Characterization of Al-BSF cell 

3.6.1. Light I-V Measurement  

Fig.3.11. shows the electric output results of fabricated cells. The best cell had efficiency ~ 

19.4%. The light IV data for the best cell is shown in Fig.4.5. The VOC~641 mV, JSC~38.03 

mA/cm2 and ideality factor of ~1.04 was achieved. This high VOC is an indication good 

wafer quality. However, further improvements in VOC can be possible by detail monitoring 

the contact formation in IR belt furnace. The JSC is in good agreement with the SiN ARC 

coating. However, JSC can be further improved by optimization the layer thickness. The 

ideality factor in proximity to 1 represents that contact did not extent close to the junction 

thus forming an optimized contact. After firing, a high ideality factor generally caused by the 

overfired contact. In this case, since FF was while maintaining a low n thus reveals a good 

contact is formed. To further unfold the wafer characteristics, we further proceeded on the 

characterization in Suns-VOC. 
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 Fig. 3. 11. Light I-V measurement of best Al-BSF cell obtained from Sinton FCT-350 IV. 

3.6.2. Suns-VOC Measurement 

The Suns-VOC measurement was conducted in SinTon Suns-VOC characterization tool. The 

pseudo characteristics extracted from Suns-VOC measurement is independent of the series 

resistance effect. Thus, it shows the maximum implied data can be achievable from such 

wafer. The Fig.3.12. illustrates the Suns-VOC measurement data for the best cell. The 

implied VOC of ~ 655mV is an indication of very good wafer quality.  However, VOC at 0.1 

sun ~595 mV, which eventually became low ~544 mV for the finished cell.  This ~50mV is 

an indication that series resistance related voltage loss is a concern for this cell. To validate 

this, we further observed n factor at 1 sun and 0.1 sun. The respectively result shows 0.99 

and 1.04, which are in good agreement with light IV data. Hence, contact did not affect 

VOC. Furthermore, low JO1, JO2 and Rshunt of 4.2e-13 A/cm2, 5.1e-9A/cm2 and ~25000 Ω-

cm2 reveals that there is no shunting occurring in this cell. Therefore, we assume that emitter 
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might not be uniform throughout the entire area. Since, Suns-VOC measurement is based on 

point where probe is placed on the wafer, to get the idea of emitter uniformity we did 

SunsVOC measurement for multiple points. We found that VOC at 0.1 sun is reduced to 574 

mV for some measurements. Thus, based on our observations on the SunsVOC and light IV 

data we can conclude that a uniform can improve the cell performance significantly.  

Fig. 3. 12. Suns-VOC measurement of best Al-BSF cell. 

3.6.3. Pathway towards achieving high FF in Screen-printing technique 

Screen-printing metallization technique became mainstream for the solar cells fabrication in 

early 1980s. However, the FF was limited when low sheet resistance and high gridline width 

was used. With the advancement of Ag paste and firing conditions, recently high FF> 81.5 is 

achieved for the Al-BSF cell fabrication. The evolution of FF is shown in Fig. 3.13.  
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Fig. 3. 13. Evolution of FF reported in the literature. [26-31] 

Fig. 3.14. Illustrates various parameters impacting the FF. During the contact co-firing 

optimization, it was observed that a smaller dwell time (time above >600 C) essentially 

improved the contact formation. This is due to the fact that a short dwell time improves 

ramp up rate and ramp up rate. Ramp up rate facilitates to achieve uniform BSF and thus 

results high VOC. The ramp down rate however, does not allow any oxygen to grow at the 

front contact which results a low contact resistance. Depending on the paste rheology, glass 

characteristics the peak firing temperature also need to be optimized such that no over-fire or 

under-fire contacts are formed. Among the various constituents inside the Ag paste, Ag 

particle and glass frits mostly determine the contact resistance property. Glass frits needs to 

etch the dielectric layer, Moreover, the glass frits metal need to be conductive which 

improves the conductivity between bulk Ag metal and Si. Besides maintaining contact 

resistance gridlines also need to be continuous and void free which helps to maintain a low 

Rsh <80 Ω/□ 

Wf ~ 60-130 µm 

Rsh >80 Ω/□ 

Wf < 60 µm 
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gridline resistance. To achieve a low gridline resistance, paste properties such as, viscosity, 

pseudoplasticity, wettability and slumping need to set optimum. In this context, the printing 

parameters such as, printing pressure, printing speed and snap off also play a critical role to 

maintain good gridline resistance while not losing aspect ratio.     

 

 

 

 

 

 

 

Fig. 3. 14. Effect of various design and experimental parameters on FF. 

3.6.4. Optimizing BSF to achieve high VOC 

The BSF thickness needs to be optimized to maintain a high Voc. The relationship between 

firing profile temperature and BSF thickness can be expressed as, 
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Where, tAl  is the Al thickness, ρSi and ρAl are density of Al and Si and F(T) is the Si atomic 

weighted percentage of the molten phase at peak temperature  and F(TO) is the Si atomic 

weighted percentage at the eutectic temperature. These parameters ate generally determined 
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from Al-Si phase diagram. In the fabricated cells the Al thickness were measure 20-30 µm 

while alloyed at the peak temperature in the range of 750-850oC. The plotted Fig.3.15. 

shows that BSF thickness of 6.54-10.09 µm were maintained throughout the fabrication 

process.   

 

 

 

 

 

 

 

Fig. 3. 15. Modelled BSF thickness at varying peak temperatures. 

3.7. The Impact of Rapid Thermal Processing (RTP) on Cell performance 

From our observed data it was clear that rapid thermal processing IR belt furnace impacts the 

cell performance significantly. Since, contact formation results a high FF, therefore we 

explored into the rapid thermal processing on varying belt speed.  

3.7.1. Background of Rapid Thermal Processing  

Rapid thermal processing (RTP) has been deployed in the field of PY for more than two 

decades for (i) p-n junction formation (ii) contact anneals and (iii) forming gas anneals [32-

41]. The RTP is beneficial, especially the low thermal budget because the burst of energy 
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from the IR lamp can be used to heat only the desired region of the sample. Thus, the p-n 

junction formation is carried out for a much shorter time than the usual conventional 

furnace. The contact firing benefits from the fast ramp rates. A 30 second forming gas anneal 

(FGA) is as effective as the 20 minutes anneal in the conventional tube furnace [41]. RTP 

started with single tube, one wafer system, which showed so much promise for contact firing. 

In 2005, the belt furnace utilizing the infrared (IR) lamps with the fast ramps to implement 

the RTP concept on the production floor [42]. The thin film silicon on glass solar cell 

benefited from the RTP as well because of the short dwell time that resulted in effective 

hydrogenation of the bulk material [43, 44]. The multicrystalline solar cells benefited the 

most from RTP short dwell times because there is not enough time for the distribution of 

impurities to degrade the lifetime [45-47]. Screen-printed contacted cells became more 

efficient because of (i) uniform BSF formation that accompanies fast ramp up, [48] (ii) low 

contact resistance due to fast ramp down. Because of fast ramp down rates there is not 

enough time to grow oxide underneath the front grid lines, which would increase the contact 

resistance. Excellent hydrogenation is an added benefit of contact firing with RTP, which is 

observed at peak temperature -750°C for 1 second. [49-51] The short dwell time is beneficial 

to low quality silicon because metal impurities such as nickel and copper cannot There have 

been several RTP belt furnaces in the production lines for commercial solar cells. However, 

there has not been any commercial machine that can mimic RTP single tube furnace so that 

the ramp up rate is 100°C as reported by Meemongkolkiat [48] et al, which resulted in 

excellent open circuit voltage and high quality front contact. By mimicking the fast ramp 

rates of 2: 100°C, it is possible to improve the reliability of a solar cell, especially the light 

induced degradation (LID). The suppression of LID using RTP belt firing was first reported 

by Schmidt and Cuevas. [52] But their annealing time was such that the hydrogen in the 
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SiN will completely effuse out of the cell. Their experiment was based on evaporated contact 

which is not affected by redox reaction of hydrogen rather it is beneficial in removing the 

Schottky barrier to improve the contact resistance. However, for screen printed cells, such 

long time anneal in forming gas will compromise the adhesion of the gridline to silicon. 

3.7.2. Cell Processing 

 

 

 

 

 

 

 

 

 

Fig. 3. 16. Firing profiles with varying belt speed obtained from IR belt furnace. 

The cells were printed using 40 µm opening screens to 6 µm gridline widths, and then fired 

at 750-850°C peak temperature at varying belt speed of 200-400 IPM. The peak contact 

firing profiles with varying belt speeds are shown in Fig. 3.16. This impacted ramp up, ramp 

down rates, and dwell times as illustrated in Fig. 3.17., Fig 3.18. and Fig.3.19. respectively. 

The cells were then tested for the electrical parameters at standard test conditions.  
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Fig. 3. 17. Ramp up rate in °C/s as a function of belt speed. 

 

 

 

 

 

 

 

 

 

 

Fig. 3. 18. Ramp down rate as a function of belt speed. 
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Fig. 3. 19. Dwell time as a function of belt speed. 

3.7.3. Results and Discussion 

The efficiency of fast belt-speed Al-BSF is plotted in Fig.3.20. The best efficiency of 

~19.44% is reported at 350 ipm. As the belt speed increases ramp up, ramp down and dwell 

time is reduced. This effectively impacted the cell performance. The ramp up rate >100 

C/sec ensured uniform BSF and thus high VOC. In contrast, ramp down rate reduced the 

contact resistance, since oxygen did not have enough time to grow for a high belts speed. 

This ensured absence of void between contact and semiconductor. Thus, FF was improved 

for the high belt speed. Therefore, fast belt speed RTP process has the potential of increasing 

efficiency which can be instrumental for attaining high throughput. With the advancement 

of front-end fabrication throughput, improvement in the back-end metallization will allow 

synchronization in both front and back ends.  
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Fig. 3. 20. Efficiency of Al-BSF cells as a function of belt speed. 

3.8. Roadmap to achieve >20.5% Efficiency Al-BSF Solar Cell 

Fig. 3.21. shows a step by step improvement of cell performance aiming towards >20.50% 

Al-BSF cell. To accomplish this goal certain device modifications, need to be carried out. By 

utilizing a double layer SiN/SiO2 layer, the gain in JSC can improve the cell efficiency of 

0.22%abs. Secondly, the bulk lifetime and surface passivation needs to be further improved 

which can result an efficiency gain of 0.38%abs. However, the most important to attain a 

high efficiency Al-BSF cell, the FF needs to be further improved. Our modelled result shows 

that with 80.5 FF finally 20.50% efficiency Al-BSF is achievable. The FF improvement can 

be realizable with better Ag paste combining with more precise optimization in the IR rapid 

thermal cofiring.  
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Fig. 3. 21. Step by step improvement towards >20.5% efficiency Al-BSF cell. 

3.9. Summary & Conclusion  

Al-BSF cell are designed and modelled in this chapter. During design, special measures were 

taken to introduce cost effective and simple processing sequences. One such approach is to 

utilize the metal contacts design that retains same performance while reduces the Ag 

metallization cost. This design resulted Ag consumption of ~56 mg as compared to ~80 mg 

in a typical cell. Subsequently, optical and electrical parameters are employed in the PC2D 

simulation software for each structure. The modeled results are aimed to achieve high 

efficiency cells compatible with industrial streamline production. The best modeled 

efficiencies for Al-BSF is 20.50% which is gain of ~0.2%absolute compared to the best reported 

results. Following the modeling, ~19.40% industrial size Al-BSF cell is fabricated and 

characterized with commercial screen-printed technique. Fabrication process was investigated 
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in detail to unfold the aspects of efficient contact formation. The attained FF~79.50 can be 

further improved by optimizing IR belt furnace cofiring. Characterization results reveals that, 

the cell has prospect of improving performance provided with a uniform emitter. We also 

investigated the rapid thermal IR belt furnace firing on the cell performance. It was revealed 

IR belt furnace has enabled the realization of fast ramps> 100°C as obtained with the single 

tube RTP. This has been used to validate VOC of >640 mV in this work for Al-BSF solar cell. 

The fast ramp up enables the uniformity of the AI-BSF formation, while fast ramp down 

enables the low contact resistance and hence high fill factor. Subsequently. Finally, a 

roadmap is given to attain >20.5% efficiency by implementing a) double layer SiN/SiO2 

dielectric material, b) improved metallization design and c) higher lifetime base material.  
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CHATPER 04: MODELING, FABRICATION AND CHARACTERIZATION OF N-
TYPE FSF SOLAR CELL 

4.1. Introduction 

The conventional high efficiency p type solar cell suffers from light induced degradation 

(LID), which is dictated by boron-oxygen recombination centers. However, the density of 

the recombination is a function of substrate resistivity. Thus, the lowly doped substrate 

suffers the most LID [53] due to high density of defects and hence lower efficiency. Apart 

from LID, metal impurities such as Fe [54, 55] and physical impurities (dislocations) 

[56]can also impact the performance of a p-type substrate. To reduce the impact of LID and 

Fe metal impurities in a p-type substrate, gallium dopant was used. [57]However, the 

resistivity of the gallium doped silicon varies because of the very small equilibrium 

segregation coefficient of Ga (ko=0.008).[58] The cost of gallium doped wafers is also a 

concern because of the stringent specification of limited resistivity required by cell producers.  

 To mitigate LID the n-type substrates, which does not have the oxygen-boron 

recombination centers, can readily substitute the p-type.  There has been a growing research 

effort in the PV community to fully explore and exploit the n-type silicon. For instance, the 

International Technology Roadmap for Photovoltaic (ITRPV 2016)[59] has predicted that 

the n type wafers will dominate the market share after 2020  However, the cost of n-type 

substrate remains an issue because of lower production volume compared to the p-type 

counterpart. Also, the fabrication of an n-type cell can be expensive because of the boron 

diffusion to form the p-n junction (emitter). Typically, there are two major processes 

involved in the formation of rear junction: (a) Al-Si alloy emitter, and (b) Boron implant 

emitter. In case of Al-Si alloy emitter, the rear side is screen printed with full Al to facilitate 

the formation of emitter. This fabrication process requires only one high temperature 
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phosphorous implant or conventional tube furnace diffusion for the FSF formation. 

However, for the rear junction using boron implant, two high temperature processes are 

required to form (i) FSF and (ii) boron implant emitter. To reduce cost of production and 

maintain high efficiency, the additional high temperature step can be eliminated. Thus, by 

using screen printed Al and emitter formation simultaneously during metal contact co-firing 

step is key to maintaining high yield in manufacturing.  

This chapter we presented simple Al-Si alloyed formed FSF cell which can be easily 

fabricated with the conventional production line. Modeling is investigated in detail to 

understand lateral characteristics of such cell. After following the substrate independent 

fabrication process, the cells were characterized accordingly. Finally, A step by step 

improvement of such structure is modeled to attain a high efficiency FSF cell.  

4.2. Literature Review 

N-type cell structure, “PhosTop”, which consists front surface field (FSF), n type base and 

rear alloyed Al as back p-n junction was first investigated by Meier et al [60] . The premise of 

this structure is rooted in the utilization of rear junction    coupled with high minority carrier 

lifetime in n-type wafer. There are two major processes involved in the formation of rear 

junction cell; (a) Al-Si alloy emitter on the back side, and (b) Boron implant emitter. In case 

of Al-Si alloy emitter, the rear side is screen printed with full Al back, which facilitates the 

emitter formation. This fabrication process requires only one high temperature phosphorous 

diffusion of the FSF before the Al print and alloy. This one high temperature was necessary 

for low quality silicon wafers such as the dendritic web, which the first PhosTop, 14.2% 

efficiency, was demonstrated.[61] 
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Since then there have been several reports on high efficiency n-type screen-printed silicon 

solar cell including Kopecek et al [62] 16% commercial size cell.  Schmiga et al [63]reported 

19% in 2006 and 19.3% in 2010 [64]. Meier et al in 2011 [65] reported 19.1% efficiency 

using implanted phosphorus for FSF and boron for the p-n junction. The key development 

in their work was the extension of the emitter area, which limits the Al-alloyed rear junction 

cell, to increase short circuit current and improve the efficiency. However, two high 

temperature steps are required with the implant process: one for (i) FSF and (ii) boron 

implant emitter.  

The best reported commercial size FSF solar cell efficiency is 18.5% [66], which has emitter 

region bound by ~1 mm edge around the full Al back. Other recent n-type efficiencies are 

19.4% [67] and 19.7% [68]. The fabrication of these cells either include selective FSF or full 

coverage rear emitter, which is complex and expensive to manufacture. Thus, there is a need 

to establish a simple and cost effective high efficiency FSF cell process. 

4.3. Modeling of FSF Cell 

The schematic of FSF cell is presented in Fig. 4.1. This only difference with the Al-BSF 

structure is the FSF instead of emitter, while emitter in the FSF cell is at the rear side, thus 

forming the rear junction cell. In the follwing section, we first evaluate the FSF cell 

performance by optimizing the emitter and base area based on the lateral current and lateral 

voltages. Sequentially, we drew a road map for improving the cell performance based on the 

emitter coverage. Finally, passivation scheme is applied to extract the further potential of a 

FSF cell.   
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Fig. 4. 1. Device schematic of FSF solar cell. 

4.3.1. Front Surface Field Design 

 

 

 

 

 

 

Fig. 4. 2. Energy band diagram of n+-n-p FSF solar cell (the sketch is not scaled). 

As sketched in Fig. 4.2., the FSF in the n-type cell creates a high-low junction which 

effectively repels the minority carrier holes to recombine in the front surface. This electric 

field created by FSF thus improves the front surface passivation. For a high base resistivity n-

type material, the FSF contributes also to uniform lateral conductivity. Thus, the lower the 

peak surface doping concentration the more uniform the lateral voltage drop. This is shown 
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in Fig. 4.3. for FSF sheet resistance values of 60, 80 and 100 Ω/sq., respectively.  The minute 

difference between 80 Ω/sq. and 100 Ω/sq. sheet resistances suggests that at-least >80 Ω/sq. 

FSF sheet resistance is required to attain uniform lateral voltage drop.   Moreover, lower 

lateral voltage drops associated with high FSF sheet resistance would be beneficial towards 

the current trend of increasing sheet resistance in ensuring more transparent FSF.   
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Fig. 4. 3. Contour map for hole quasi-fermi potentials for 60 Ω/sq, 80 Ω/sq. And 100 Ω/sq. 

4.3.2. Base Resistivity 

For the n-type wafers the base resistance significantly impacts the cell performance. PC2D is 

used to confirm this dependence as shown in the contour plot of Fig. 4.4.  
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The contour plots are generated for different base resistivity to understand the injection-level 

dependence of the base at the maximum power point. Unlike the p-type base, the n-type 

base is sensitive to lateral conductivity which impacts the overall cell performance. Three 

base resistivity; 1 Ω-cm and 5 Ω-cm-cm and 10 Ω-cm-cm were considered. The contour 

plots represent quasi fermi potentials of minority carrier holes at maximum power points.  

The gradient of these potentials is essentially the flow of holes in the symmetric element of 

the device. It can be observed from the contour plots that, as the base resistivity 
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Fig. 4. 4. Contour map of hole quasi-fermi potentials for 1 Ω-cm, 5 Ω-cm and 10 Ω-cm base 

resistivity. 
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increases from 1 Ω-cm to 10 Ω-cm, the lateral fermi potentials decrease adjacent to the 

column 01.  For instance, 50 (24.15-23.65=50) mV difference in the lateral direction is 

observed in the contour plot of 1 Ω-cm base on its counterpart of 25 mV (23.08-22.83=25) 

and 20 mV (22.80-22.60=20) at 5 Ω-cm and 10 Ω-cm base resistivity. Thus, holes flow is 

increases incrementally from 1 Ω-cm to 10 Ω-cm base resistivity. 

4.3.3. Rear Junction collection efficiency 

The Al-Si alloy at the rear surface creates the p-n junction, hence a back junction solar cell. 

Therefore, high quality material is needed with high minority carrier lifetime for high 

collection efficiency. Simulation collection efficiency of the structure is as shown in Fig. 4.5. 

The maximum collection efficiency of ~97% is observed at 1010 nm, which is close to the 

rear p-n junction. But at 350 nm, a collection efficiency of ~ 96% is exhibited. Note that the 

minority carrier lifetime of ~1 ms was used in the simulation. 

 

 

 

 

 

 

 

Fig. 4. 5. Collection Efficiency of n+-n-p FSF solar cell. 
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4.3.4. Emitter Design 

The conventional rear side design of n-type FSF cell is shown Fig. 4.6. The 0.5 mm strip 

around the Al edge is maintained in this design. However, a gradual increase of 0.1, 0.2, 03, 

0.4 and 0.5 mm Al edge is further modeled to examine the output parameters. In Table II, 

Al coverage along with different extension lengths are represented in different areas.  For 

instance, Area A represent the base point with no extension and Area F represents the full 

emitter with 0.5 mm extension.    

 

 

 

 

 

 

 

Fig. 4. 6. The rear side sketch of a conventional n-type FSF cell. The 0.5 mm strip is 

maintained between the Al edge and wafer edge. The Al-Si alloyed emitter and junction is 

thus formed underneath the Al metal coverage. In this design, there is no extension of 

emitter and hence it is a base position. 
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Table 4. 1. Name Convention of Emitter Coverages 

 

 

 

 

 

 

4.3.5. Lateral Current 

Quasi-fermi potential of minority carrier is shown in the Fig. 4.7. The contour area of quasi-

fermi potential consists of 20 by 20 matrices, which represents the unit cell that is solved in 

the simulation design. The gradient of quasi-fermi potential represents the flow of minority 

carrier holes in the lateral direction. The uniform voltage distribution in the lateral direction 

is required for a uniform current flow, thus lower current crowding. As the emitter area 

coverage is from Area B to Area F, distribution of lateral voltage improved. For example, 

22.60 mV contour area extends gradually along the lateral direction with more emitter 

coverage. Following this trend, the best lateral distribution of voltage is observed in the Area 

F emitter coverage. 
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Fig. 4. 7. Contour map of quasi-fermi potentials of different emitter area coverages. 

Improvement in the lateral voltage distribution is observed as the emitter coverage is 
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extended gradually. This can be translated as lower current crowding advantage in the full 

extended emitter. 

4.3.6. Front Surface Passivation 

 

 

 

 

 

 

 

Fig. 4. 8. Modeled absolute efficiency gains when surface passivation is improved from 

50000 cm/s to 100 cm/s in extended emitter approach. The 0.12%absolute efficiency gain is 

observed in the full emitter.[69] 

The front surface passivation is an important degree of merit in the n-type FSF solar cell 

performance. Fig. 4.8. shows the absolute efficiency gain by improving the surface 

passivation from 50,000 cm/s to 100 cm/s. The 50,000 cm/s surface recombination velocity 

is utilized as a baseline for this simulation model. This data is extracted from the 

experimental result of internal quantum efficiency. It is clear from the figure that with full 

emitter, an absolute efficiency gain of ~0.12% is achievable. Thereby, highly passivated 

surface with full emitter can lead to the full potential of FSF cell. 
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4.4. Results and Discussion 

The best simulated efficiency is ~18.64%. However, by varying emitter coverage and surface 

there is scope to further improve the efficiency. The electrical output parameters with 

varying emitter coverage is shown in Fig. 4.9. By increasing coverage, a gain in JSC, VOC, FF 

and the total efficiency, ղ is realized. An absolute ~1.4% JSC gain is observed with a full 

emitter compared to the base.  This is mainly due to the increased carrier collection with the 

extension of Al edge in the rear side. The VOC is improved by ~3 mV since extended emitter 

causes better rear surface passivation. It is interesting to note that FF increases to 1.3 

%absolute in the modeled results. This can be attributed to better lateral current flow as 

shown in the contour maps in Fig. 4.7. An improved lateral current can result in a lower 

current crowding and hence a lower series resistance. Thus, a combination of improved 

collection, passivation and lateral current contributed to the total efficiency gain of 

0.33%absolute.  

Table 4. 2. Simulation Output Parameters of FSF cell. 

Sample 
Metallization 

Design 

VOC 

(mV) 

JSC 

(mA/cm2) 

FF 

(%) 

ղ 

(%) 

Simulated Cell 4s-5BB 638 36.3 79.1 18.64 
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Fig. 4. 9. Electrical output parameters with varying emitter area coverage. With full emitter, 

a ~0.33%absolute efficiency gain is observed from the modeled simulation. 

4.5. Fabrication Process of FSF Cell 

Cells were fabricated using the commercial process flow given in Fig. 4.10. A 10 Ω-cm base 

resistivity Czochralasky (CZ) n-type wafers were used with FSF sheet resistance of 80 Ω/sq. 

The wafers had 180 µm thickness and 239 cm2 surface area. Same processing sequences are 

utilized as used in the fabrication of Al-BSF structure. The only difference is the starting 
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wafer is n-type wafer. At UNC Charlotte Photovoltaic Research Laboratory (UNCC PVRL) 

we performed a) back and front screen-printing, b) drying and c) belt furnace co-firing steps. 

Since, same front Ag paste and rear Al paste were utilized for this purpose as used in Al-BSF 

structure, we maintained uniform process parameters during screen-printing and IR belt 

furnace cofiring. Thus, no further optimization was required to the existing fabrication line. 

 

 

 

 

 

 

 

Fig. 4. 10. Commercial solar cell processing sequence for FSF cell. 

4.6. Characterization of FSF cell 

4.6.1. Light I-V measurement 

Table 4.3 summarizes the electrical output parameters of the fabricated FSF cell. The best 

efficiency of ~18.4% was measured with the average efficiency of 18.1%. The best FF of 

79.3% compared to average of 78.5% was obtained.  The somewhat low FF is due to poor 

printing as was discovered after contact co-firing. The relatively low JSC value of ~36.1 

mA/cm2 can be attributed to the non-optimized peak front doping concentration and ARC 

thickness and refractive index. The smaller emitter area than the wafer size due to 0.5 mm 
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edge requirement around the back side to avoid shunting causes low JSC. However, if the Al-

Si alloy emitter is extended close to the wafer edge as demonstrated by use of implant boron 

[68] the JSC will increase. The VOC of only ~638 mV was measured, which is ~2-7 mV lower 

than the p-type Al BSF counterpart [70].  

Table 4. 3. Electrical Output Parameters OF FSF cells measured under Standard Test 

Conditions (AM 1.5G, 100mw/cm2, 25 C) 

Cell ID VOC  

(mV) 

JSC 

(mA/cm2) 

FF 

(%) 

ղ 

(%) 

Best 638 36.4 79.3 18.42 

Average (10 cells) 638 36.2 78.5 18.13 

4.6.2. Suns-VOC measurement 

The Suns-VOC measurement was carried to assess the wafer quality and shunting. There is no 

shunting effect is observed since implied VOC and RShunt was high enough from Fig. 4.11. 

Moreover, this was verified by JO1 and JO2 values of 4.9e-13 A/cm2 and 4.8e-13 A/cm2 

respectively. The ideality factor at 0.1 sun~1.09 was relatively high compared to the light IV 

n~1.04. This indicates that cells might had overfired which resulted a reduced 18.4% 

efficiency. The pseudo FF of 83.1% and pseudo efficiency of 19.4% indicates that cells has 

further potential to improve the cell performance by optimization in tailoring contact and 

gridline resistance during IR contact co-firing. Finally, the effective lifetime was observed 

which is ~800 µs. The bulk lifetime of this wafer was measured 1000 µs. The loss in lifetime 

might be due to the passivation in the base area since, IQE in the base area was not very 

promising. 
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Fig. 4. 11. Suns-VOC measurement for FSF cell. 

4.6.3. Series Resistance Breakdown 

 

 

 

 

 

 

Fig. 4. 12. Series resistance components of FSF Cells. 
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The series resistance pie chart is presented in Fig. 4.12. As anticipated the most contributing 

factor towards the series resistance is the base resistance. In the n-type cell the base resistance 

is chosen high compared to the p-type cells to account the high-level injection. Second, 

contributor factor was gridline resistance, which is an indication that gridline was not 

continuous and therefore a better printing can further reduce the gridline resistance and thus 

cell performance can be improved. The emitter and busbar resistance was expected to be 

same as it is observed for choosing this particular emitter and front Ag busbars. Although 

contact resistance was low, however from the Suns-VOC data reveals that there is still room to 

reduce contact resistance via co-firing optimization.  

4.6.4. Quantum Efficiency 

The IQE and reflectance graph for the best cell is shown in Fig.4.13. The blue wavelength 

response was relatively low than what is anticipated. This is might be due to 

thenonoptimized ARC layer. The reflectance data from the ARC layer verified that 

reflectance was high at the front surface which caused a reduction in IQE. Moreover, the 

response at the base was low which is due to bulk recombination. This might be caused by 

the low minority carrier lifetime. Although, 1000 µs lifetime is much higher compared to the 

p type material lifetime however, since the junction is located in FSF cell, a higher lifetime n-

type material is required to overcome the recombination at base. Finally. the high wavelength 

response was high which is an indication rear reflectance from full Al-Si alloy.  
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Fig. 4. 13. Internal quantum efficiency (IQE) – orange, and reflectance – blue, for the best 

FSF cell. 

4.7. Towards ~22% Efficiency FSF Solar Cell 

Table 4.4. and Fig. 4.14. shows a step by step improvements that can be carried out to 

realize up to ~22% efficiency. By reducing the wafer thickness to 140 µm and 5 ms minority 

carrier lifetime, efficiency gain of 0.22%absolute can be realized. Next, by decreasing the front 

surface recombination velocity (FSRV) to ~100 cm/s, another 0.57%absolute efficiency is 

obtained.   Another 0.04%absoulte efficiency can be attained if FSRV is further reduced to 10 

cm/s. A whopping 1.56%absolute efficiency is recorded by introducing the rear passivation 

and implement an n-PERT structure. Finally, a bifacial or Bi-PERT structure can give 

additional 0.32%absolute efficiency and leading to ~22% target. 
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Fig. 4. 14. Efficiency Gain Model of FSF Cell. 

Table 4. 4. Development of FSF Cell Performance 

Process  Cell Structure Development 

Present FSF  Best Experimental Cell with improved Front ARC 
layer 

Process b FSF  Optimized Base thickness (140 µm) + increasing 
bulk lifetime (5ms) 

Process c FSF  Increasing front surface passivation to 100 cm/s 

Process d FSF  Increasing front surface passivation to 10 cm/s 

Process e FSF Adopting extended emitter approach 

Process f n-PERT Introducing rear passivation 

Future Bi-PERT Converting the cell to the bifacial  
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4.8. Summary & Conclusion 

An industrial size n-type FSF solar cell was modeled, fabricated and characterized in this 

chapter. In modeling lateral characteristics are investigated in detail in adopting the rear 

emitter design. The best efficiency of ~18.4% is fabricated in this work. JSC of 36.4 mA/cm2 

was realized for the best cell due to use of non-optimum FSF peak surface concentration and 

less emitter due to 0.5 mm back edge requirement for the Al screen. VOC of 638 mV 

represents that there is recombination in the base area. Hence, a higher lifetime wafer is 

recommended to improve the VOC. Since, same production line is applied as followed in the 

fabrication process of Al-BSF cell, no additional steps are required in manufacturing line. 

The result indicates that if the emitter is extended to cover most of the back side, in addition 

to other improvements outline in the work, the FSF cells efficiency of ~22% is achievable. 
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CHATPER 05: MODELING, FABRICATION AND CHARACTERIZATION OF 
INDUSTRIAL BIFACIAL SOLAR CELL 

5.1. Introduction 

After exploring p-type and n-type cells, we further delved into the bifacial cells aiming to 

exploit additional output power rooted from the current generation in rear illumination. 

Bifacial cells have numerous advantages in contrast to the conventional monofacial 

structures. a) Increased output power from both front and rear illumination, b) avoiding 

bowing effect from the full rear Al, and c) lower heat consumption due to the absence of Al 

and d) simple interconnections from wafer to wafer in the module fabrication are the 

primary reasons of recent growth in the bifacial cells. Concurrently, development of boron 

diffusion in order to form p+ BSF is also an influential factor for choosing such structure. 

This chapter discusses fabrication and characterization of screen printed bifacial cells. 

Performance from both front and rear illumination was evaluated individually to ascertain 

the bifacial characteristics of the cell. Subsequently, a detail loss analysis was conducted to 

pinpoint the future prospect of such cell.  

5.2. Energy Band Diagram of Bifacial Cell 

Fig.5.1. shows the energy band diagram of Bifacial cell on p-type wafer. The front side of the 

bifacial cell consists of emitter and the rear side is boron doped p+ layer which is active 

creates the BSF. The electrons at the rear side is repealed by the rear BSF due to the 

formation of high low junction. This results an improved passivation and high VOC. Unlike 

the monofacial cells, photon is incident on both sides and contributes towards higher output 

power. 
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Fig. 5. 1. Energy band diagram of bifacial solar cell. 

5.3. Literature Review 

The first bifacial solar cell was proposed by Mori et al. in 1960 with a conversion efficiency 

of ~7%. [71] Since then different research groups and institutions have investigated how to 

increase its performance for commercialization [10, 72-86]. Mostly earlier efforts were based 

on the small area cells. The first commercial size bifacial solar cell with screen printed 

contacts was reported in 2010 with efficiency of 16% by Yang et al. [87].  However, because 

of the fast pace in developing the Al-BSF cell to higher efficiency, this was not materialized.  

Recently PERC (passivated emitter rear cell -BiPERC) [88] and PERL (passivated emitter 

rear localized -BiPERT) [89] concepts have been built into the bifacial structure as reported 

in references to improve bifacial performance. Other such new structures are BICORE [90] 

and BiSON [91]. Recently, best industrial cell efficiencies for BiPERC [92] and BiPERT 

[93] are 21.3% and 22.3%, respectively. Despite the recent progress, the industrial growth of 

bifacial structure is relatively slow due to the complexity in the processing steps. Therefore, 
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there is need to simplify the processing sequence for cost effectiveness. Thus, the use of high 

throughput screen printed technique needs to be implemented for contact metallization. 

5.4. Modelling of Bifacial Solar Cell 

For a bifacial design, first columns in both sides represent the contact area as illustrated in 

Fig. 5.2. The rest of the area at the front and rear surfaces are passivated areas. The 20th 

column is essentially the midpoint between two adjacent gridlines. Modelling further 

extended towards optimization of gridlines, cost calculation, recombination currents 

mapping and understanding the effect of rear illumination. The detail analysis is conducted 

in order to find cost-effective and high efficiency bifacial cell. 

 

 

 

 

 

 

Fig. 5. 2. Schematic of modeling design in PC2D. 
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5.4.1. Input Parameters 

Table 5. 1. Input Parameters of Bifacial Cell 

 

5.4.2. Results & Discussion 

The results for the two gridline configurations: (i) non-segmented or continuous and (ii) The 

three gridline widths, 30µm, 40µm and 50 µm are fixed, while the impact of the number of 

gridlines on efficiency, FF, JSC, VOC are investigated.  

5.3.2.1. Continuous or non-segmented gridlines 

Fig.5.3. shows the efficiency as a function of the three gridline widths (30, 40 and 50 

microns). For the 30µm gridline width, the efficiency ranges from 21.45% (lowest) to 

>21.8% as the number of gridline increases to 120. At 78 gridlines, the emitter, contact and 

gridline resistances dominate the total series resistance, and the FF (Fig. 3.18.c) decreases. 

Parameter  Value Source 

Minority Carrier Bulk Lifetime 100 µs Experimental Data 

Wafer resistivity 1.5 Ω-cm Experimental Data 

Sheet Resistance Varied 80-100 Ω/sq. Standard Doping profile 

Emitter depth 0.35-0.48 µm Standard Doping Profile 

BSF sheet Resistance Varied 80-100 Ω/sq. Fabrication Standard 

BSF depth 10 µm Fabrication Standard 

Gridline Width (front and rear) 55 µm Screen printed Fabrication 
Standard 

Busbar Width 0.9 mm major, 0.45 mm 
minor 

Uneven Busbar Design 

FSF Passivation 100-50000 cm/s Standard passivation 
Standard 

Metallization Factor (FM) 3%-5% Analytical Calculation 
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The 40 µm gridline width on the other hand started at ~21.6% efficiency, which is highest 

for the three widths, but ended in between 30µm and 50 µm as the number of gridline 

increases to 120. However, at 89 gridlines, the efficiency exhibited by the two gridline 

widths, 30 and 40 µm are similar ~ 21.7%. Thus, the slight advantage of ~0.1% efficiency at 

120 gridlines may not be commensurate with the additional cost of metallization.  

 

 

 

 

 

 

 

 

 

Fig. 5. 3. Efficiency as a function of the number and widths of gridlines. 

Fig. 5.4(a) shows the variation of JSC as the number of front gridlines with fixed widths at 30 

µm, 40µm, and 50µm. This clearly shows that larger number and wider gridlines, increase 

the metal shadowing and decrease the number of photon absorption from the sun radiation. 

Thus, leading to lower JSC.  

From Fig. 5.4 (b), the impact of the three widths and number of busbars on the VOC, the 

same trend as in JSC is observed. This can be attributed to the metallization factor, Fm, which 

determines the metal-Si recombination current that influences the Voc. The area weighted  
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Fig. 5. 4. Bifacial electrical output parameters with varying number and width of gridline. 

emitter saturation current is a function of metal-Si recombination current under the contact 

region and passivation induced recombination current in the rest of the surface region. For 

the 30µm gridline, Fm is low, therefore the emitter recombination current is small, and hence 

the VOC is high. For the case of 89 gridlines an absolute increase of 3mV is obtained when 

the gridline width decreases from 50µm to 30µm.  

The RS and FF have opposite relationship with the gridline widths and numbers - Figs. 

5.4(c) and 5.4(d). As the width is decreased, Rs increases, which results in a proportional FF 

38.4

39.0

39.6

40.2

40.8

78
finger

89
finger

102
finger

120
finger

J
s

c
 (

m
A

/c
m

2
)

Gridline Numbers

(a)



84 
 

0.00

0.05

0.10

0.15

0.20

0.25

78 finger 89 finger 102 finger 120 finger

R
_c

o
n

ta
ct

 (
O

h
m

-c
m

2
)

Gridline Numbers

30 µm 40 µm 50 µm

loss. It is observed that, the wider the gridlines, the lower the RS and the higher the FF. For 

89 gridlines, when the width decreases from 50 µm to 30 µm, an absolute increase of 0.3 

ohm-cm2 RS causes an absolute 1.5% loss in FF.  

 

 

 

 

 

 

 

Fig. 5. 5. Contact resistance (R_contact) as a function of number and gridline width. 

 

The six components of the series resistance are (i) R_contact, (ii) R_emitter, (iii) R_gridline (iv) 

R_Bus-Bar (v) R_substrate (vi) R_back. Of these six components, the contact and emitter are 

further explored to understand their impact as the number of gridline increases - Figs. 5.5. 

and 5.6. Fig. 5.5. shows that, the contact resistance decreases as the gridline width and 

number of gridlines. However, the emitter resistance dominates as the number of gridline 

decreases with very little margin for the different widths (Fig. 5.6).  

It is interesting to note that, with varying number of gridlines RS, JSC, FF maintains almost 

linear relationship. However, there is some nonlinearity observed in the Voc. Especially for 
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gridline widths of 30 µm and 50 µm there are more nonlinearity compared to the 40 µm 

width  

 

 

 

 

 

 

 

Fig. 5. 6. Emitter resistance (R_emitter) as a function of gridline number and width of 

gridlines. 

counterpart. To investigate this phenomenon, the impact of lateral current was modeled. 

Fig. 5.7. presents the contour maps for a 78, 89 and 120 gridlines, respectively, with 30 µm 

width. Each map is a representation of electron quasi-fermi potential which indicates the 

electron flows in the unit area of the simulated region. The upper left corner is the contact 

and the upper right corner is exactly the middle point between two consecutive gridlines. 

Different spectrum represents different voltage levels, hence the contour with 78 gridlines 

exhibits the largest lateral voltage drop compared to the 120.gridlines. Thus, even though the 

lateral voltage drop is lowest for the 120 gridlines, the loss in short circuit current due to 

increased shadowing, over shadows this advantage. 
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Fig. 5. 7. Contour maps showing electron flow in the modeled unit area representing the 

electron fermi potentials. The maximum lateral voltage drops observed in 78 gridlines 

contour compared to the 120 gridlines. 

5.3.2.2. Segmented Gridlines 

Segmented Gridline concept is adopted for the bifacial cells in designing the front and rear 

contacts. The advantage of street concept is to reduce the metallization cost (Ag 

consumption) and without losing on the efficiency.  This concept was applied to the bifacial 

structure with 89 gridlines with 30µm gridlines. The 30µm width was chosen because it 

exhibited the best efficiency with the continuous gridlines (CG).  
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The simulated electrical output parameters are listed in Table 5.2. The street widths were 

varied from 0 to 5-mm and the impact on cell performance was recorded. The absolute VOC 

decreases  

Table 5. 2. Performance of bifacial cell with different street widths 

 

of 0.38 mV was observed for the 5-mm street width compared to the CG configuration. 

However, for 1-mm street width, the efficiency reduced minimally by ~0.01%. This 

indicates, the 1-mm street width for the SG is comparable to the CG in efficiency, while 

decreasing Ag consumption. Thus, a more cost effective bifacial cell can be fabricated. The 

slight increase in JSC and VOC is due to lower FM, which has less shadowing and lower area 

weighted recombination current, respectively. The FF decreases because of the influence of 

RS, which has the tendency to reduce the efficiency as shown in Fig. 5.8. 

To understand the FF loss, detail resistance breakdown is shown in Fig. 5.9 for CG and SG 

having street widths of 5-mm. Among the six components of RS, contact and emitter 

resistances are significantly impacted by the street concept. The contact and emitter 
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resistances increased to 0.041 ohm-cm2 (absolute) and 0.258 ohm-cm2 (absolute) for the 5-

mm street width design. The contact resistance increase is due to the increase in lateral 

current as shown in Fig. 5.10. The current crowding is maximum at the point adjacent to 

the contact and it reduces to minimum in the middle point between the two contacts. 

 

 

 

 

 

 

 

Fig. 5. 8. The RS and FF variation with different street widths. 

5.3.2.3. Cost Analysis 

Fig. 3.25. shows the Δ%Shadowing as a function of the number of gridlines for continuous 

(CG) and segmented (SG with 1 mm street width) gridlines.  The Δ%Shadowing was 

derived by first calculating the shadowing for each of the three gridline widths (30µm, 

40µmand 50µm) as a function of the number of gridlines. Then find the difference between 

them for each number of gridlines for both cells configuration. The Δ% Shadowing is linear 

and scales with the number of gridlines. However, since 89 gridlines gave the best efficiency 

for both 30 µm and 40 µm widths (Fig. 5.3.), the cost analysis will be focused around the 

difference between these two gridline widths as highlighted in Fig. 5.11. and Fig. 5.12. Fig. 
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5.12. shows the ΔCost (Ȼ) as a function of the number of gridlines. Again, the ΔCost (Ȼ) is a 

linear function of the number of gridlines. Thus, the cost per cell increases with the number 

of gridlines. Interesting to note is the difference between the CG and SG, which shows a 

0.02Ȼ per wafer. This means, for a typical bifacial cell with ~4.8W power output, 0.096Ȼ 

would be saved in Ag consumption. Although it seems very minuscule for a single cell, but 

for a 4.8-GW plant, this will result in $9.6M savings in Ag paste.  Applying segmented 

gridlines on both sides of the cell, the cost savings will be doubled to ΔCost (Ȼ) 0.196Ȼ. For 

a large-scale production this cost saving has a significant effect. 

 

 

 

 

 

 

 

 

 

 

Fig. 5. 9. The RS components of 89 gridlines with 30µm width for continuous (top) and 

segmented (bottom) gridlines. 
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Fig. 5. 10. The sketch of lateral current crowding adjacent to the contacts. 

 

 

 

 

 

 

 

 

Fig. 5. 11. Δ% shadowing as a function of gridline numbers. 
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Fig. 5. 12. Δ Cost (Ȼ) as a function of number of gridlines. 

5.3.2.4. Impact of Rear Recombination  

The recombination current density (Jo1) in a solar cell consists of Joe and Job. In a bifacial cell, 

the Job can further be divided into Jo(ob) and Jo(bsf), respectively, representing base and back 

surface field recombination. This is related in Eq. (5.1), where Joe is the emitter 

recombination current density. 

(5.1) 

The base recombination current is an inherent material property, which depends on bulk 

lifetime of the wafer.  In the simulation design the Job value of ~100 fA/cm2 was assumed. 

The front and rear recombination currents are dependent on the front and rear metallization 

design. 

obsfoboeo JJJJ 1
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  (5.2) 

(5.3) 

    The Joe(metal) and Jobsf are due to front and rear contacts. The recombination current 

density at the ARC in the remaining surface area depends on the quality of both front and 

rear surface passivation. In the simulation design, Jo(pass) of ~ 20 fA/cm2was assumed, which 

can be realized for a well-passivated surface with minimum recombination.   For a typical 

Ag-Si and Ag/Al-Si contacts, the Joe(m) can be ~1000 fA/cm2.  The total recombination 

current density breakdown is shown in Fig. 5.13. and Table 5.3. displays the summary of the 

recombination currents components. The dominant contribution is from the front and rear 

metal-Si contacts, ~47%. However, efforts to decrease the dominance to increase VOC is 

recently reported new contacting scheme of TOPCon [94]. Nevertheless, this technology 

involves additional processing steps which is not cost efficient.   

        

 

 

 

 

 

 

Fig. 5. 13. Bifacial solar cell recombination currents components. 

)1()()( mpassoemmetaloeoe FJFJJ 

)1()()( mpassobsfmmetalobsfobsf FJFJJ 
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Table 5. 3. Recombination current components of Bifacial cells. 
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Fig. 5.14. shows the comparison of the percentage rear recombination loss in the bifacial and 

Al-BSF cells for the three gridline widths. The advantage of the rear passivation as in bifacial 

cell is evident in higher VOC of 675 mV as opposed to 640 mV for the Al-BSF counterpart. 

The best observed performance in rear recombination is associated with 30 µm gridline 

widths as expected due to lower Fm. The relationship for FM, Joe and Jo1 are shown in Fig. 

5.15.  The 30 µm gridline width has the lowest recombination current compared to the 40 

µm and 50 µm counterparts. 

 

 

 

 

 

 

 

Fig. 5. 14. Rear recombination loss in Al-BSF and Bifacial structures. 
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Fig. 5. 15. Different components of recombination currents in the bifacial structure. 

5.3.2.5. Bifacial Illumination 

 Additional output power from the rear surface illumination is an additional attribute of an 

industrial bifacial solar cell application. Therefore, the rear illumination was varied to 

investigate the total output power, in addition to the front 1-sun illumination. Fig. 5.16. 

shows the output power as a function of total illumination level for 89 gridlines with 30 µm 

gridline width. Total power output increases with increasing illumination level from the rear 

side in addition to the front 1-sun. The ~28.11 mW output power attained at 1.3 suns (1 

sun from front plus 0.3 suns from rear) is practically viable because 0.3 suns is the albedo – 

ground reflection. This implies a minimum effort is required to boost the power output from 

a bifacial cell. Moreover, rear illumination is increased beyond 0.3 suns to see potential of the 

structure. Under rear and front, 1 sun each, illumination, output power of 42.22 mW can be 
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realized. It is important to note that with current technology advancement, rear surface 

illumination is of growing interest to meet the demand of high output power. Particularly by 

designing the rear reflector, bifacial cell is quite suited in concentrators for CPV.  

Fig. 5.17. shows the FF, VOC and JSC as a function of total illumination. The FF decreases 

with total illumination level, while JSC increases linearly and VOC logarithmically. A relative 

gain of ~11.86 mA/cm2 in JSC is achieved compared to monofacial illumination. Also, 

additional illumination confirms increased carrier injection and thus improvement in rear 

surface passivation. Unlike JSC and VOC improvements, FF degrades with the total 

illumination level due to increased series resistance with total illumination.  

 

Fig. 5. 16. Total output power obtained from the bifacial illumination. 
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Fig. 5. 17. Electrical output parameters FF, VOC and JSC relationship with the Bifacial 

illumination. 
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5.4.3. Summary of Bifacial Cell Modeling 

A cost effective high efficiency bifacial solar cell was designed and simulated using PC2D. 

Three gridline widths: 30µm, 40µm, and 50µm with varying number of gridlines, was 

simulated and the impact on ղ, FF, RS, and VOC were observed. The 30µm width showed 

superior performance in efficiency compared to the other two in continuous and segmented 

gridline designs. It was observed that, segmented gridline design having 1-mm street width 

resulted in the same efficiency compared with continuous design. This implies that the 

segmented design can achieve the same efficiency but at a lower cost of metallization.  

Two-dimensional modelling reveals the lateral characteristics of minority carriers in the 

bifacial structure. Although the 120 gridlines resulted in the maximum lateral conductivity, 

the shading loss and cost-effectiveness are more important. Therefore, the 89 gridlines and 

30 µm width having efficiency of ~21.70%, which is only 0.12%absolute difference, is 

preferable. The 30 µm gridline width at the rear contact has further potential in reducing the 

recombination and consequently achieving higher output power.     

5.5. Fabrication of Screen printed Bifacial Solar Cell 

This section demonstartes fabrication of industrial bifacial solar cells based on screen-printed 

technique. The detail fabrication process of bifacial cell is illustrated in Fig. 5.18. 2 Ω-cm 

base resistivity Czochralasky (CZ) n-type wafers were used with emitter sheet resistance of 60 

Ω/sq and BSF sheet resistance of 45 Ω/sq. The fabrication of bifacial cell thus requires 

additional step of Boron diffusion in the rear side followed by rear SiN deposition which acts 

as a passivation and ARC layer. After treating the rear surface same processes were followed 

to develop the front surface, such as, a) texture b) POCl3 diffusion and b) front SiN 

deposition.  The metallization on both sides were conducted with screen printed technique. 
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We used same Ag paste for both front and rear contact formation. Finally, cofiring were 

conducted to form contact on both sides. Same firing profile as used in Al-BSF and FSF cell 

was implemented for the IR belt furnace cofiring. 

 

 

 

 

 

 

 

Fig. 5. 18. Commercial processing sequence for the fabrication of Bifacial cell. 

5.6. Characterization of Bifacial Cell 

5.6.1. Light IV Measurement 

As shown in Table 5.4., The front and rear efficiency of ~13 % and ~9% were achieved. The 

VOC of 618 mV is an indication bulk recombination in the wafer is very high resulting a 

poor-quality wafer. Another factor behind the low VOC might be originated from the high 

Jom at the rear metal-Si contact on both front and rear sides. Unlike monofacial cells, the 

total area coverage of metal-Si contact is doubled. Hence, impact of Jom is more significant.  

Relatively low JSC ~33.13 mA/cm2 is caused by the unoptimized ARC thickness failed to 

provide maximum absorption. The JSC ~32.73 mA/cm2 at the rear side is somehow lower 

since high minority carrier lifetime is required to reach the junction at the front side. The 
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extracted FF from front and rear side are ~65% and ~48% respectively. This caused the 

reduction of bifaciality factor to ~ 74%. The ideality factor of ~1.23 at the front side 

indicates over fired contact. On the other hand, the rear ideality factor ~1.03 represents a 

good contact formation.     

Table 5. 4. Electrical Output Parameters OF Bifacial cells measured under Standard Test 

Conditions (AM 1.5G, 100mw/cm2, 25oC) 

Cell ID n 
VOC 
(mV) 

JSC 

(mA/cm2) 

FF 

(%) 

ղ 

(%) 

Bifaciality 

Factor (%) 

Front 1.23 610.42 33.17 65.7 13.13 
74.25 

Rear 1.03 609.27 32.73 48.2 9.75 

 

5.6.2. Suns-VOC Measurement 

To find out the reason behind poor VOC we conducted the Suns-VOC measurement. Result 

from implied VOC attributes a poor wafer quality with 617mV. The pseudo efficiency is 

~17% is an indication that wafer quality needs to be improved. Although, JO1 and JO2 were 

not too low as expected, the front and rear FF reduction however did not occur from poor 

contact.  

5.6.3. Resistance Breakdown 

The series resistance is obtained from the following analytical relation, 

2
mp

SCOC
S

J

FFpFFJV
R

)( 
                                            (5.6) 

From the light IV data, the RS for different structures is shown in Fig. compared to 

monofacial cells, bifacial cells exhibit high RS of 12.03 Ω-cm2 and 3.61 Ω-cm2 for front and 
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rear illuminations respectively. In contrast, monofacial cells exhibits lowers RS as shown in 

Fig.  To investigate the high RS furthermore contact resistance was measured with 4-point 

probe  

Fig. 5. 19. Series Resistance analysis based on various solar cell structures. 

technique. Front and rear contact resistances were 20 mΩ-cm2 and 2 mΩ-cm2 respectively as 

shown in Table 5.5. Since the sheet resistances of both front and rear sides are low, higher 

contact resistance were expected. However, contact resistances were relatively low. This 

further raised the concern on gridline resistances. As observed from the top view of front and 

rear gridlines in Fig.5.20., there were breakage and discontinuity in the gridlines. This 

probably caused towards high RS and thus poor cell performance. Thus, even though same 

Ag paste was utilized for both front and rear contact formation, it was quite remarkable that 

very low contact resistance was achieved. Generally, with Ag paste the rear p+ contact does 
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not acquire good contact resistance, therefore Ag-Al paste has been utilized by the scientific 

community to reduce the contact resistance. Our experimental result is an indication that 

this Ag paste can be a suitable alternative to the conventional Ag-Al paste used for rear 

contact formation in bifacial screen printed solar cell. 

Table 5. 5. Series Resistance and contact resistance measurement for Bifacial Cell 

Cell ID pFF 
RS 

(Ω-cm2) 

RC 

(mΩ-cm2) 

Front 0.83 3.61 2.7 

Rear 0.832 12.053 20.56 

 

 

 

 

 

 

 

Fig. 5. 20. Top view of screen printed bifacial solar cell gridlines obtained from high 

resolution camera; (a) front side, and (b) rear side. 

To understand the impact of series resistance components, the detail RS of a bifacial cell is 

presented in Fig 5.21. The analytical solution is carried out on the basis of Dan Meier model 

et al. [95] For the bifacial cell, the model is extended considering the impact of rear surface. 

The total series resistance components of bifacial cell can be expressed as,  

Line Breakage 
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 basefrontsheetfrontcontactfrontgridlinefrontbusbarS RRRRRR )()()()(                   

)()()()( rearbusbarreargridlinerearcontactrearsheet RRRR                               (5.7) 

The Gridline and sheet resistance from both and rear sides are major two components that 

dominates the overall resistance. Improvement can be done in the contact resistance by using 

a more optimized Ag paste for both front and rear contact formation. By overcoming the 

gridline resistance loss by better printing will further improve the FF. Considering, 

optimized gridline and contact resistance, the best modeled bifacial front and rear FF can be 

achieved ~77% and ~79% respectively.  The differences in FF mainly originated by the 

ideality factor as observed in the empirical data. Since, both front and rear has the same FM, 

the discrepancy in FF is not caused by the very minute JSC difference from front and rear 

sides. Therefore, an optimized firing needs to be implemented to improve the FF and 

efficiency.  

 

Fig. 5. 21. Percentage Series Resistance breakdown of a bifacial cell. 
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5.7. Analysis towards achieving high efficiency bifacial cell 

To improve the cell performance of bifacial cell, we performed step by step modeling in 

PC2D. The goal is to achieve high efficiency cell performance at the end of the process. 

Firstly, front and rear sheet resistances were improved. We utilized current trend of 

homogeneous high sheet resistance emitter and BSF. This resulted a gain of 2.05%abs. In 

order to gain high JSC we optimized the SiN layer thickness using OPAL2. This improved 

the cell performance 1.05%abs. Additionally, a double stack SiN/SiO2 layer can improve the 

cell performance 1.15%abs. High FF from a bifacial cell can be achieved by optimizing the 

firing conditions. Since, rear side Ag-Si contact is critical, by optimizing Ag paste or Ag-Al 

pate or Al paste can improve the cell performance significantly. Thus, improving FF of 80% 

from both front and rear side can help to increase the cell efficiency by 3%abs. Finally, wafer 

lifetime was increased to 200 µs, and front and rear recombination velocity was reduced to 

10 cm/s, which resulted a bifacial cell ~ 21.68%. (Fig. 5.22. and Table 5.6.) 

Table 5. 6. Development of Bifacial Cell Performance 

Process  Development 

Present Best Experimental Cell 

Process b Optimization in front and rear sheet resistance 

Process c Optimization of Single layer ARC 

Process d Implementing double layer SiN/SiO2 ARC 

Process e Improving contact resistance though front Ag 

Process f Improving rear contact resistance by Al-Ag paste 

Future Improved bulk life time and surface recombination velocity  
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Fig. 5. 22. Loss analysis and approach towards front 21.68% efficiency bifacial cell. 

5.8. Summary & Conclusions 

Detail modeling was carried out to exploit the scopes of screen-printed bifacial cells. 

~21.68% bifacial cell was modeled with 89 gridlines in 30 µm width. The innovative 

metallization design was followed to reduce the Ag cost from both and sides of the cell. Cost 

analysis results unfolded that, ~0.02 Cents/wafer is savings is possible which can be 

translated as a collective savings of 9.6 M$ for a 4.8 GW plant. Following, the modeling and 

detail cost analysis bifacial cells are processed in substrate independent fabrication technique. 

~13.13% front and ~9.75% rear efficiencies are reported in the fabricated bifacial solar cell. 

The cells were characterized in detail to investigate the loss analysis. It was found that wafer 

quality was poor thus the maximum capacity of ~17% efficiency is achievable with this test 

wafer. Although, high RS were observed from in both front and rear sides, resistance 

breakdown result shows that contact resistance did not contribute towards low FF. The 
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combined effect of high base and gridline resistance impacted the cell performance 

significantly. Since, the Ag paste represents low RC further microanalysis is needed to find 

out the potential of such paste. Detail resistive loss analysis was carried out to achieve front 

and rear FF of ~77% and 79% respectively. Finally, a roadmap is shown to improve the 

screen printed bifacial cell cell performance towards ~21.68% efficiency.  
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CHAPTER 06: SUMMARY & FUTURE WORK 

6.1. Summary 

A detail investigation on industrial Si solar cells is carried out this thesis. To curtail the cost 

while retaining high efficiency cell performance we focused on the contact metallization 

design. Based on this, Al-BSF, FSF and bifacial cells were modeled to project maximum 

efficiency capacity. The modeling was conducted in two-dimensional simulation software to 

account the effect of lateral current. The modelled result reveals that >20.5% Al-BSF, >22% 

FSF cell and ~22% bifacial cells can be achievable.  

Modeling was further extended to FSF and bifacial cells to assess the lateral current impact 

on cell performance. It was found that high sheet resistance combined with high base 

resistivity n-type wafer improves the lateral performance of FSF cell by reducing the current 

crowding. The rear emitter at the FSF cell also had significant impact on cell performance, 

thus emitter coverage was varied. A combination of emitter extension and improved surface 

passivation resulted an absolute gain of 0.42%abs in FSF cell. For bifacial cell, emphasize was 

given on the cost effectivity since both front and rear surface had metallization contacts. 

Optimization on the gridline widths was performed to find out the best cell result with 

reduced cost. It was revealed that 89 gridlines on 1 mm street width is capable of attaining 

high efficiency ~21.68% while reducing the cost at the same time. The impact of rear 

illumination and rear recombination were studied in order to achieve high efficiency bifacial 

cells. 

To translate the modeled result into the fabrication process, we made an effort to fabricate, 

characterize and analyze Al-BSF, FSF and bifacial cells. The processing sequences are adapted 

with substrate independent fabrication technique. The best fabricated result of~19.4% 
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efficiency is achieved with Al-BSF cell. During metallization, screen-printing process was 

monitored carefully to find out optimum a) print speed, b) print pressure, and the c) snap 

off. Furthermore, cell performance was investigated by variation of co-firing belt speed cells. 

It is observed that, fast belt speed enables high cell performance and high throughput. In 

order to achieve throughput 5000 wafer>hr., implementation of fast firing belt speed is 

necessary.  Subsequently, a step by step improvement of cell performance is demonstrated to 

achieve >20.5% Al-BSF cell. 

Since, n-type cells are immune with material impurity and thus no LID, we further explored 

the n-type FSF cells. The best attained efficiency was 18.4% with a FF of 79.3%. Unlike, p 

type cells for n-type cells it is critical to maintain a high carrier lifetime base material. The 

characterization result reveals that further improvement in cell performance is possible by 

optimizing the front ARC layer. Additionally, a roadmap is provided to reach ~22% FSF cell 

by incorporating a) emitter extension b) improved surface passivation and c) double layer 

SiN/SiO2 passivation/ARC.  

Finally, bifacial cells were fabricated and characterized. The best bifacial cell achieved 

13.13% front and 9.65% rear efficiency with a bifaciality factor of 72%. The 

characterization in implied result reveals that maximum efficiency of 17% can be achievable 

with these wafers. In loss analysis we found that contact resistance did not contribute in the 

degradation of cell performance, rather high base resistance and gridline resistances were 

responsible in low FF. Provided that a high-quality base wafer can be utilized, step by step 

progress in cell performance is demonstrated to attain ~21.68% screen printed bifacial cell. 

The Summary of this work is portrayed in Fig. 6.2. 
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6.2. Future Works 

6.2.1. Improving Metallization Design 

The metallization design in this thesis was based predominantly on the street concept. This 

design worked as an alternative approach for reducing the Ag cost owing to lower shading 

factor. We will further strive to find a lower shading factor via metallization design. 

Nonuniform gridlines can be a solution towards this search. In this concept, the gridline 

width gradually reduces away from the busbars. As shown in Fig. 7.1. the gridlines adjacent 

to the busbars are wider, and width further shrinks. This concept is more effective in our 

street metallization design. Current underneath the street is lowest and as it approaches 

towards the busbars current crowding increases. Thus, current collection can be effective 

with this nonuniform gridlines providing a path for reduction in current crowding.  

 

Fig. 6. 1. Concept of nonuniform gridlines and current crowding underneath the gridlines. 

6.2.2. Implementing Al2O3 Passivation in Screen Printed Bifacial cell 

In future, Al2O3 passivation layer will be utilized for the rear passivation in bifacial cells. The 

Al2O3 layer is commonly used in PERC (Passivated Emitter Rear Contact) cell to improve 

the VOC and hence overall cell performance. [96] Combining the Al2O3 layer in the fine line 
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(~30 µm gridline width) screen-printing technique, bifacial cell therefore has the potential to 

attain ~23% efficiency. 

 

Fig. 6. 2. Summary and future work pertaining to this thesis. 
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APPENDIX A: SCREEN-PRINTING METALLIZATION PROCEDURE 

Screen-printing metallization procedure consists of five basic operations; a) Wafer 

Alignment, b) Screen Alignment, c) Squeege placement, d) Checking print pressure and snap 

off, and e) Printing cycle, While operating these procedures extreme care was taken to ensure 

screen does not break due to its fragile characteristics. Another important aspect before start 

the priniting is to make sure previously used screen is well cleaned. Typically, after the 

printing there is high chance exists of blocking the screen by Ag paste. Specially, for fine line 

opening ~50 µm the probability of blocking is even higher. Therefore, screen prior to 

prinitng was cleaned well with Iso propyl alcohol. Step by step printing procesure is 

described in following, 

Step 01: Wafer Alignment 

Wafer alignment is key for a good prinited cell. Wafer was first placed to the wafer holding 

stage as shown in Fig. It is important to put the wafer in between these knobs such that 

wafer has enough place to move if require after first printing. Usually, first printing gives a 

indication of alignment, thereby after finding the optimum alignment, electric tapes were 

used trace the correct position of wafer for the next printing. During printing vaccum was 

turned on which holds the wafer on the stage.  

Step 02: Screen Alignment 

The screen alignment is critical to avoid shunting effect during the printing and cofiring 

process. An unalighned screen is more prope towards the edge shunting primarily caused by 

rear Al. Hence, to maintain a good alignment first off, snap off was reduced to 0.3 mm 

which is very close to the wafer thickness ~180 µm. This reduced the distance between wafer 

top edge and screen edge. A better resolion at the edge helped to observe the minimum 
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distance from the wafer edge to the screen edge. For both front and rear printing, screen 

alignment needs to be followed prior to start the printing. To make sure screen was attached, 

the was turned on acordingly. Another important observation during screen placement is to 

make sure that screen gridlines are perpendicular to the squeegee poistion. Thus, busbars are 

parallel to the squeegee and gridlines are perpendicular during the printing cycle. The setup 

of screen is shown in Fig. A1. 

 

Fig. A1. Screen prior to the alignment 

Step 03: Squeegee placement  

There are two squeegees that were utilized during the printing. Fist one is the rubber squeege 

which was attached at the back ( or closer to the front edge) and the other one is flat 

squeegee which is placed at the front (or closer to the rear edge). The rubber squeegeee was 

attached with a certain angle ~45o to allow an optimum pressure. The flat squeegee were 

attached parallelly from the screen. It is important to make the the flat squeegee as much as 

Screen 

Squeegee Holder 

Clutch 
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parallel as possible which confirms uniform spreading of pastes during the printing.  The 

squeegee used for rear full Al and front Ag printing is shown in Fig. A2. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A2. Different squeegee used for the screen-priniter 

Step 04:  Check the print pressure and snapoff 

After placing the squeegees, print pressure was observed by the assistance of two white 

papers. The reason for using two A4 size white papers is to mimicing the wafer thickness of 

180 µm. The rubber squeege snap off and pressure was checked by placing these two papers 

and then pulling the two papers once squeegee was down. If the two papers were too tight, 

then it indicates pressure and snap off are not favorable since it has high risk of breaking the 

screen. Hence, a moderate pressure was maintained when two papers were pulled such that 

this is not neither too tight nor too loose. A loose paper pull is the indication of either snap 

off is too high or pressure is too low. Therefore, an optimum print pressure and snap off was 

Flat Squeegee 

Squeegee for front Ag Squeegee for rear Al 
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achieved following the optimization. In our experiments we mostly used print pressure of 

~1.6 bar/N and snap off ~0.7 mm. As mentioned, this might vary depending on the wafer 

thickness and rear Al thickness.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. A3. Top view of Wafer holder stage 

Step 05: Printing Cycle 

Once, the print pressure and snap off is set up, the wafers are now ready for printing. The 

pastes are put uniformly towards the front edge in vicinity of rubber squeegee. It needs to 

make sure that, pastes are put with a little bit distance from the screen edge so that paste does 

not block printing area. After placing the paste, printing cycle is initiated. At this point basic 

position,  In one printing cycle, rubber squeege a) comes down b) pushes paste through the 

screen, c) and approaches comes towards the reat edge and d) then rubber squeege comes up. 

Tape 

Alignment 
knob  
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Then, the flat squeege a) goes down, b) uniformly spreads the paste at the entire screen area , 

c) approaches from the rear edge to front edge and d) finally comes up. Both squeeges are 

now in the top position and ready for the next printing. Wafers holder stage is then placed to 

the basic position. Then vaccum is turned off and twizer was used to hold the wafer and then 

placing in the dryer. It is important to note that, if there is any misalignment observed 

following the first printing, then alignment needs to be adjusted again for the upcoming 

printing cycles.   
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APPENDIX B: CONTACT RESISTANCE MEASUREMENT 

 
Fig.B1. Contact resistance probe with sample. 

 
 
The 4-point probe for the contact resistanc measurment was built up in the laboratory. A 

kehtley current source was employed to provice current for this measurement. The 4 probes 

measuring the 2mm samples are shown in Fig.B1. When current is supplied, corresponding 

voltage is measure in following procedure,  

B.1. Setting up Input parameters 

An excel sheet was created to setup the input parameters. In input parameters, line spacing 

was setup. The live spacing either analytically calculated or a high resolution camera was used 

to observe the distance between two adjacent gridlines. Additionally, width of the sample was 

setup which is 2 mm. 

B.2.2. Measuring the Output parameters 

a) Under the source section, current was pressed. 

Probes 

Sample 
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b) Current was setup ±20 µA by using the arrow sign. Then enter was pressed 

c) Under the measure section, voltage was selected. 

d) then output was selected to measure the corresponding voltage. 

e) For every measurment voltage was recorded for both directions of currents. 

f) Then these voltage measurements were used via excel sheet to calculate contact and sheet 

resistance.  
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