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SUMMARY 
 
 
 Photovoltaics (PV) has the potential of solving world’s energy and the 

environmental problems simultaneously by converting sunlight into electrical energy 

with zero emission and zero pollution. However, PV comprises of < 0.1% of the world’s 

energy portfolio today. This is because the cost of PV generated electricity is a factor of 

two to four times more expensive than the conventional energy sources. Crystalline 

silicon (Si) based modules currently account for ~90% of the total PV modules produced 

and Si alone accounts for ~50% of the cost of a module. Therefore, use of a thinner, 

cheaper or lower quality Si material can have a significant impact on cost reduction 

provided no significant compromise in efficiency is made. Therefore the focus of this 

research is to investigate the potential of lower quality cast multicrystalline Si (mc-Si) as 

well as thin single and mc-Si cells. 

 The overall goal of this research is to improve fundamental understanding of the 

hydrogen passivation of defects in low-cost Si and the fabrication of high-efficiency solar 

cells on thin crystalline silicon through low-cost technology development. This is 

addressed by a combination of five research tasks. The key results of these tasks are 

summarized below.  

The silicon nitride (SiNx) coating on the front side of a solar cell not only acts as 

an anti-reflection coating but also passivates the defects in the bulk of the low-cost solar 

cell materials by releasing the hydrogen during the contact formation cycle. In order to 

achieve maximum benefit from this process, a better understanding of hydrogen (H) 

release and diffusion in Si is nessary. In task 1, a novel method was developed to 

determine the concentration and flux of H diffusing into the Si. This method involved the 
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deposition of deuterated silicon nitride (SiNx:D) on the front and sputtered amorphous Si 

film on the rear side of float zone (FZ) wafers. The samples were annealed for different 

times and temperatures during which the deuterium released from the SiNx film migrates 

through the FZ Si wafer and is captured in the sputtered amorphous Si layer on the rear. 

The concentration of this trapped deuterium (D) is then measured by secondary ion mass 

spectrometry (SIMS). This study led to several important findings. The minimum 

concentration of D injected into the Si was estimated to be 4.7 x 1015 cm-3 for a short 

anneal time of 1 s at 750 °C. The captured D content in the sputtered Si layer increases 

with the anneal time. However, the flux of D injected into the silicon from the SiNx layer 

decreases as anneal time increases. The flux values for various anneal times were 

correlated with the lifetime enhancement of defective String ribbon Si wafers. It was 

found that a higher flux for shorter anneal times leads to an enhanced defect passivation 

in low-cost Si. It was concluded that the higher flux of H during the short rapid thermal 

processing (RTP) anneal is responsible for the observed enhanced hydrogenation of the 

defects in Si, even though the total amount of H injected into the Si is less. Higher flux 

leads to a greater net association with the defects in the c-Si bulk, prior to cooldown, 

because of the constant dehydrogenation from the defects at high temperatures. At an 

anneal temperature of 750 °C, D was found to penetrate through a 575 µm thick wafer in 

as little as 1 second peak anneal time in an RTP system. It was found that the presence of 

a capping layer of SiNx:H on top of the SiNx:D leads to more D injection inside the bulk 

Si, which would otherwise be lost to the ambient. Measurements of penetrated D 

concentrations at higher anneal temperatures of 800 and 850 °C showed a much higher 

amount of D diffusing through the c-Si compared to 750 °C anneals. For similar anneal 
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times, the D flux at 800 and 850 °C was found to be much higher compared to the flux at 

750 °C. However, the lifetime enhancement in defective String Ribbon Si was higher at 

750 °C anneal. This is attributed to the faster increase in the dehydrogenation rate at 

higher temperatures compared to the increase in flux. Study of D diffusion at lower 

temperatures showed that for the SiNx films deposited at 400 °C, D starts to diffuse at 

temperatures as low as 525 °C for 600 s anneal. The amount of D diffusing through the c-

Si increases sharply as the anneal temperature is increased above 525 °C.  

The understanding of defect passivation acquired in task 1 was used to fabricate 

high-efficiency solar cells on cast mc-Si wafers in task 2. An optimized co-firing process 

was developed, which resulted in ~17% efficient 4 cm2 screen-printed solar cells with 

single-layer AR coating, and no surface texturing or selective emitter. The HEM mc-Si 

wafer gave an average efficiency of 16.5%, with a maximum of 16.9%. The identical 

process applied to the un-textured Float zone (FZ) wafers gave an efficiency of 17.2%. 

These cells were fabricated using the same simple, manufacturable process involving 

POCl3 diffusion for a 45 Ω/sq emitter, PECVD SiNx:H deposition for single-layer 

antireflection coating and rapid co-firing of a Ag grid, an Al back contact, and Al-BSF 

formation in a belt furnace. These high efficiencies are attributed to the combination of 

effective gettering and hydrogenation, good ohmic contacts, and effective BSF achieved 

by this rapid process scheme. It is shown that if the lifetime during processing can be 

enhanced above a certain threshold (~100 µs for this cell design), the as-grown lifetime 

becomes relatively inconsequential. We were able to raise the bulk lifetime exceeding 

100 µs in the finished cells to obtained a tight efficiency range of 16.6-16.8%, even 

though the starting lifetimes in the cast mc-Si wafers were in the range of 4 -70 µs. Using 
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a similar process sequence, a high-efficiency of 17.1% was achieved on high sheet-

resistance HEM mc-Si with good quality contacts. In the second part of this task, the 

effects of changing several device parameters on the efficiency of the solar cells was 

modeled with PC1D and guidelines were established to improve the efficiency from 

~17% to over 20% cells on low lifetime (100 µs), thin (140 µm) silicon wafers.    

The understanding of enhanced defect hydrogenation and the optimized 

fabrication sequence in the previous two tasks was applied to fabricate high-efficiency 

solar cells on top, middle, and bottom regions of several mc-Si ingots in task 3. Screen-

printed solar cells were fabricated on different regions of four boron doped ingots and 

one gallium doped ingot. High post-diffusion and post-hydrogenation lifetime values 

were obtained, which resulted in high-screen printed cell efficiencies of ≥ 15.9% for 

wafers from all the regions and ingots, except for the bottom region of the lower-

resistivity boron-doped ingot and the gallium-doped ingot. Using a lower-resistivity 

boron-doped mc-Si ingot did not improve the efficiency. As expected, the concentration 

of oxygen in the three boron-doped ingots was found to increase from top to bottom. At a 

concentration of 14 ppm in a 2 Ω·cm resistivity wafer, about 2.5% (relative) light-

induced degradation (LID) in efficiency was observed. A relatively tighter and superior 

distribution in efficiency was found for the boron-doped ingot compared to the gallium-

doped ingot. However, the gallium-doped ingot was found to be very stable under 

illumination, irrespective of the location of the wafer in the ingot. Device modeling 

showed the merit of tailoring the thickness, based on the doping and the bulk lifetime, 

aimed at achieving a more uniform and optimized efficiency distribution over the entire 

ingot. Device modeling showed that thinner wafers with good back surface 
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recombination velocity (BSRV) can reduce the impact of resistivity and lifetime 

variations in the mc-Si ingot. Solar cells were fabricated on wafers from top, middle and 

bottom regions of cast multicrystalline silicon ingots with resistivities of 1.5 Ω·cm and 

0.6 Ω·cm and thicknesses of 225 µm and 175 µm from the same supplier. The expected 

increase in the performance with increased doping was not realized, however, Voc 

enhancement was observed for the lower resistivity cells despite significantly lower bulk 

lifetimes compared to higher resistivity cells. The low lifetime in the low resistivity ingot 

was attributed to the dopant-defect interaction, which lowered the lifetime in mc-Si. After 

gettering (during P diffusion) and hydrogenation (from SiNx) steps used in cell 

fabrication, the bulk lifetime in 225 µm thick wafers from the middle of the ingot 

decreased from 253 µs to 135 µs when the resistivity was lowered from 1.5 Ω·cm to 0.6 

Ω.cm. An increase in the average Voc of up to 4 mV was observed upon decreasing the 

base resistivity, which was counterbalanced by the loss in lifetime and Jsc. Consistent 

with PC1D modeling, solar cells fabricated on 175 µm thick, 1.5 Ω·cm, wafers showed 

no appreciable loss in the cell performance compared to the 225 µm thick cells. Device 

modeling was performed to show that the dopant-defect interaction has the effect of 

increasing the optimum base resistivity to higher values. Solar cells fabricated on the first 

two ingots grown by a novel process, which produced single-crystal Si wafers by HEM 

casting method,  achieved efficiencies of 16% and 17.2% on planar and textured surfaces, 

respectively. Lifetime in the middle region of both the ingots exceeded 100 µs after cell 

processing; however top and bottom regions had lower lifetimes due to the impurities that 

could not be gettered or passivated. Due to the single-crystal nature of the mono-cast 

ingots, the wafers were textured easily, which decreased the front surface reflectance 
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from 11.8 to 5.3% and resulted in an enhanced Jsc by ~ 3mA/cm2. Large area (100 cm2) 

solar cells fabricated from the middle regions of this novel mono-cast material achieved 

an efficiency of 16.5%. The mono-cast grown by the HEM process is still under 

optimization, however, these results show that the material has a great potential for 

achieving high-efficiencies at a lower cost. 

Since the cost of Si material alone is ~50% in a PV module, therefore, in task 4, 

attempts were made to fabricate thin Si cells with full area Al-BSF and to identify the key 

factors responsible for efficiency loss in thin cells with conventional Al-BSF. The contact 

firing cycle for each thickness was adjusted so that all the wafers experience the same 

peak contact firing temperature. Planar solar cells were fabricated on HEM mc-Si wafers 

along with single crystal FZ silicon, grinded down to desired thickness. Selected cells 

were also fabricated with low and high sheet-resistance emitters to evaluate the influence 

of emitter design on thin cells. All cells were 4 cm2 screen-printed with a single layer 

SiNx antireflection (AR) coating and a full area aluminum back-surface field (Al-BSF). 

Screen-printed cell efficiencies of 17.8 and 18.5% were achieved on 125 µm and 300 µm 

thick textured FZ wafers, respectively, with high sheet-resistance emitters (80-100 Ω/sq). 

Screen-printed cell efficiencies of 16.4 and 16.8% were achieved on 115 and 150 µm 

thick planar HEM mc-Si cells with a high sheet-resistance emitter. The 0.5-1% difference 

in the efficiency of thick and thin cells was analyzed by detailed cell characterization and 

PC1D modeling. The processed bulk lifetime was found to be in excess of 200 µs for all 

the cells, which made the thin cells more sensitive to BSRV and less dependent on 

lifetime. It was found that the high BSRV (300-400 cm/s) and low back surface 

reflectance (BSR) (63-70%) associated with the full area Al-BSF were the major reasons 
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for the reduced performance of thin cells. Model calculations showed that a BSRV of ≤ 

100 cm/s and BSR of ≥ 95% can virtually eliminate the efficiency gap between 300 µm 

and 115 µm thick cells for these ≥ 200 µs bulk lifetime wafers. Manufacturing cost 

modeling showed that reducing the mc-Si wafer thickness from 300 µm to 115-150 µm 

reduces the module manufacturing cost in spite of ~1% lower cell efficiency. 

Full area Al-BSF cells in task 4 suffered efficiency loss upon thinning due to a 

relatively higher BSRV and poor BSR of Al-BSF. Therefore, in task 5, attempts were 

made to fabricate, characterize and model, a device structure with local back-surface field. 

In this task, thin solar cells, without any bowing, were fabricated using the dielectric 

passivated structure and screen-printed contacts. The process sequence involved the 

deposition of a spin-on dielectric layer on the rear (planar) side of a single-side textured 

FZ wafers. This was followed by the curing of the spin-on dielectric, formation of an n+ 

emitter on the textured front side, and formation of an in-situ front oxide in a single 

furnace anneal step. After the deposition of SiNx on both sides, Ag grid was screen-

printed on the front and Al dots on the rear. Front and rear local contacts were formed by 

co-firing in a belt furnace followed by the deposition of Ag reflector on the rear. The 

spin-on dielectric layer capped with SiNx was found to provide a very good and stable 

surface passivation, even after a firing step, with low SRV values of < 40 cm/s on ~2 

Ω·cm FZ wafers. A high average implied Voc of 677 mV was measured on the test 

structures after the co-firing cycle without the presence of metals. In addition, the charge 

density in the dielectric stack was found to be low (2-3 × 1011 cm-2), which reduced the 

parasitic shunting of the rear contacts relative to the SiNx layer alone. Scanning electron 

microscopy (SEM) micrographs of the rear local contacts showed a local BSF formation 
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underneath the contacts with an SRV value of ~1000 cm/s, calculated through effective 

lifetime measurements. A 29 mV loss in Voc was observed after the application of the 

front and rear contacts, measured with suns Voc measurements. High screen-printed solar 

cell efficiencies of 19.4, 19.2, and 19.2% were achieved on 300 µm thick full area Al-

BSF, LBSF cell with evaporated Ag reflector, and LBSF cell with screen-printed Ag 

paste reflector, respectively. The corresponding efficiencies on 140 µm thick cells were 

18.3, 18.7, and 18.4%. This process sequence is compatible with thin cell fabrication and 

resulted in bow-free devices. The Voc and Jsc for the thin LBSF cells was higher than the 

full area Al-BSF cell, however, their performance was limited by low FF and high series 

resistance partly due to somewhat non-uniform punch through of local contacts and BSF. 

Hence, in its present form, this fabrication sequence is not yet capable of achieving 

efficiencies over 20% on thin substrates, but further improvements or modifications to 

the metallization sequence might be able to get there. Enhancement in Voc and Jsc of these 

LBSF solar cells was clearly reflected in the long-wavelength LBIC and the IQE 

response. Device modeling in the PC1D revealed high BSR values in the range of 96-

98% for the dielectric passivated cells compared to a low value of 65% for the full area 

Al-BSF cells. The rear dielectric stack was able to provide low BSRV values of 125 cm/s 

compared to a BSRV in the range of 300-500 cm/s for the full area Al-BSF. I-V 

parameters for the dielectric cells matched quiet well with the one dimensional PC1D 

modeling by the introduction of a rear surface charge and a rectifier shunt diode 

introduced between the inversion layer and the rear contact.  
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CHAPTER 1 

INTRODUCTION AND RESEARCH OBJECTIVES 

 

1.1. Photovoltaic market overview 

World energy consumption and demand have been increasing at a steady pace. 

Traditionally, this demand for energy has been fulfilled by fossil fuels (Oil, coal, and 

natural gas), which are depleting rapidly. Use of fossil fuels also injects harmful 

greenhouse gases in the atmosphere, resulting in global climate changes. Other sources of 

energy production include nuclear and renewable energy. Nuclear energy, apart from 

being potentially dangerous to produce, still has problems of nuclear waste disposal. 

Renewable energy, which provides alternative to these problems, comprised of only 

~18% of the world energy portfolio in 2006, however, its share has been increasing 

steadily in the past few years. Figure 1.1 shows the fuel shares of the world total primary 

energy supply in 2004 [1]. Even though energy from the sun is virtually unlimited, solar 

energy comprises of < 1% of the world energy portfolio. Solar photovoltaics (PV), which 

is the direct conversion of sunlight to electricity, comprises of only 0.04% of the global 

energy consumption. The main challenge in PV is the cost of energy production. Figure 

1.2 shows that the current PV module price is 3-4 $/W, which is about two-four times 

more expensive than the conventional energy produced from fossil fuels. For PV to be 

competitive, the cost of PV modules needs to be ~1 $/W. In spite of its high cost, PV has 

been growing at a rate of ~40% since 1998. In the year 2007, world PV market grew by 

62% and reached 2.8 gigawatts peak (GWp) with $17.2 billion in global revenues [2]. Fig. 
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1.3 shows that more than 90% of the installed PV is in Germany, Japan, and United 

States [3].  

 

Figure 1.1 Fuel shares of the world total primary energy supply in 2004 [1]. 
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Figure 1.2 Global installed power and modules produced during the years 1997 to 2006. Figure also 
shows the U.S module price during this period [3]. 
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Figure 1.3 Total PV power installed in the period 1995-2006. Other denotes the rest of the countries 
reported by the EIA [3].  

 

1.2. Motivation 

Crystalline silicon (c-Si) currently accounts for ~70% of the total modules 

produced in the U.S and ~90% of the modules produced worldwide. To achieve grid 

parity, the point at which PV generated electricity is equal to or cheaper than the power 

from the grid, the target module cost is ~1 $/W. Since cost of Si wafer alone is currently 

~50% in a module [4], the module cost can be significantly reduced by producing high-

efficiency solar cells on a thinner and lower-cost Si. This provided the motivation for this 

research. Figure 1.4 shows the U.S PV cell and module shipments by material type for 

the years 2004 to 2006 [3]. Due to the recent shortage of Si, thin film solar cells have 

increased their share to ~10%. Within the c-Si modules, the cheaper cast and ribbon Si 

materials account for ~60%, and the remainder is accounted for by somewhat more 

expensive single-crystal Float Zone (FZ) and Czochralski (Cz) Si. The low-cost c-Si 
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substrates (cast and ribbon) contain appreciable amount of impurities and defects, which 

tend to lower the cell performance, compared to the single-crystal Si. Hence in addition 

to using a thinner substrate, material quality enhancement during the solar cell processing 

can play a very important role in achieving high-efficiency cells and lowering the module 

cost. Therefore the overall goal of the research is to fabricate high efficiency solar cells 

on lower-cost thin Si substrates through defect engineering and cell design.  
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Figure 1.4 U.S PV cell and module shipment by type for the years 2004 to 2006 [3]. 

 

1.3 Specific Research objectives 

 The overall objective of the research is to develop high-efficiency solar cells on 

thin crystalline silicon through technology development and fundamental understanding 

of the hydrogen passivation of defects. Cost of Si alone is ~50% of the cost of a current 

Si solar cell module because of the high cost of feedstock Si. Both higher efficiency and 

the use of thinner Si can reduce the amount of Si in a PV module. In addition, use of 
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cheaper but slightly lower quality multicrystalline silicon (mc-Si) can lead to further cost 

reduction of Si PV if cells of comparable efficiencies can be achieved. This research 

attempts to accomplish this goal by a combination of fundamental understanding of the 

passivation of defects in mc-Si to improve the material quality during cell processing and 

the development of a low-cost screen printing technology to achieve high-efficiency solar 

cells on thin crystalline Si. This thesis is divided into 5 tasks. Task 1 deals with 

fundamental understanding of the hydrogen diffusion into Si from the SiNx anti-reflection 

(AR) coating and passivation of defects in mc-Si in order to improve the quality of the 

mc-Si material during cell processing. The understanding of the enhanced hydrogenation 

of defects in task 1 is used to develop a process sequence and fabricate high-efficiency 

solar cell on mc-Si in task 2 along with the investigation of solar cells fabricated on mc-

Si with low, medium, and high as-grown lifetime. In task 3, process-induced bulk 

lifetime enhancement is investigated in the top, middle, and bottom regions of HEM mc-

Si ingots and co-related with the nature of impurities and defects in those regions. High-

efficiency solar cells were fabricated on wafers from top, middle, and bottom regions of 

several HEM mc-Si ingots and two novel mono-cast HEM ingots. In task 4, solar cells 

are fabricated on thin silicon wafers with conventional full area aluminum back surface 

field (Al-BSF) and detailed analysis is preformed to identify key factors responsible for 

the efficiency loss in thin cells. Finally, in task 5, a low-cost process is developed with 

dielectric back and local BSF to achieve high-efficiency cells on thin crystalline silicon. 

This novel process involved the fired-through aluminum point contacts through the 

dielectric passivation on the rear surface of the solar cells. This resulted in high-

efficiency solar cells on thin silicon, without any wafer bowing.  
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1.2.1 Task 1: Understanding of hydrogen diffusion in the underlying silicon from 
the PECVD silicon nitride film during the contact firing 

 mc-Si generally contains several defects including metals, metal precipitates, 

oxygen, oxygen donors, grain boundaries, and dislocation etc. These defects tend to 

lower the bulk lifetime and the conversion efficiency. Hydrogen (H), released from the 

PECVD SiNx antireflection coatings during the contact firing is known to diffuse into the 

Si and passivate the defects. However, an improved understanding of the hydrogen 

diffusion kinetics (amount of H diffused, flux, and retention at the defects) can be highly 

instrumental in improving the lifetime of lower quality mc-Si. In this task, the amount of 

H introduced into the Si and the flux of hydrogen during the annealing of the SiNx film 

for various annealing cycles is determined by a novel method which involves sputtering 

amorphous Si on the back side of single crystal wafers. Deuterium (D), the stable H 

isotope, is used to replace H in the SiNx films to monitor and track the diffusion of H 

through the Si. Upon annealing, D released from the SiNx films is injected into the 

underlying Si, diffuses through the Si, and is then captured by the sputtered Si films on 

the rear side. The trapped D in the sputtered film is analyzed by Secondary Ion Mass 

Spectrometry (SIMS). From the areal density of the trapped D in the sputtered Si films, 

the minimum amount of D injected into the Si during the annealing cycle is determined. 

The flux of D in the Si during the annealing is determined and co-related with the lifetime 

enhancement of the defective mc-Si. This understanding is used to tailor the contact 

firing cycle to achieve effective defect passivation in low cost mc-Si. 

1.2.2 Task 2: Fabrication of high efficiency baseline mc-Si solar cells on low, 
medium, and high as-grown lifetime wafers.  
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 This task involves the development of a cell process sequence to implement the 

understanding of effective hydrogenation of defects from task 1. More specifically, a 

contact firing cycle is designed to achieve maximum bulk lifetime and a superior contact 

formation, both at the same time, in the finished device. Complete solar cells were 

fabricated to achieve high-efficiency, un-textured, screen-printed heat exchanger method 

(HEM) mc-Si cells with a single layer of SiNx antireflection coating and were analyzed in 

detail. High-efficiency solar cells were fabricated on mc-Si wafers with low, medium, 

and high as-grown lifetimes to demonstrate that an optimized process sequence with 

effective gettering and hydrogenation can shrink the efficiency gap of cast mc-Si ingot, in 

spite of appreciable difference in as-grown material quality. Finally, device modeling was 

performed in this task to establish the requirements for achieving high efficiency cells on 

low lifetime material. Effect of parameters such as bulk lifetime, resistivity, thickness, 

and surface recombination velocity was examined through device modeling, to provide 

guidelines to achieve 18-20% efficient cells on low lifetime, thin Si material. 

1.2.3 Task 3: Investigation of solar cells fabricated from different regions of HEM 
mc-Si ingots 

The optimized process sequence in task 2 was applied to fabricate high-efficiency 

solar cells on top, middle, and bottom regions of several mc-Si ingots. This task also 

deals with the understanding of the degree of process-induced lifetime enhancement in 

mc-Si wafers from top, middle, and bottom regions of mc-Si ingot. Attempt was made to 

explain the difference in the degree of bulk lifetime enhancement on the basis of defects 

and impurities contained in wafers from different regions of the ingot. Device modeling 

is used to provide guidelines to minimize the efficiency variation due to variation in 

lifetime in different regions of the ingots. Solar cells fabricated on the first two ingots 
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grown by a novel process, which produced single-crystal Si wafers by HEM casting 

method are also investigated in this task.  

1.2.4 Task 4: Solar cells fabricated on thin silicon with full area aluminum back 
surface field 

Si wafer alone accounts for about ~50% of the current module cost; therefore the 

cost of Si PV can be reduced significantly by using thinner silicon substrates. Other 

benefits of thinner Si wafers include lower loss in efficiency due to light-induced 

degradation, better utilization of lower quality material, and better performance for 

selected cell structures. This provided the motivation to investigate solar cells made on 

thin silicon wafers in this task. Since thinner wafers heat up and cool down faster, the 

contact firing cycle for each thickness was tailored to ensure that all the wafers 

experience the same peak contact firing temperature in the belt furnace. This is necessary 

for accurate evaluation of the impact of thickness reduction alone. The effect of lowering 

the resistivity and thickness of screen-printed mc-Si, with full areal Al-BSF, is 

investigated and the difference in the efficiency is analyzed by detailed cell 

characterization and device modeling. Guidelines are presented for enhanced 

performance of thin cells. Finally, cost modeling is performed to assess the combined 

impact of thickness reduction and efficiency loss on the module manufacturing cost. 

1.2.5 Task 5: Design and fabrication of dielectric passivated local back-surface field 
solar cells on thin silicon 

 Solar cells fabricated on thin silicon with conventional full area Al-BSF suffer 

from bowing due to stress and a loss in efficiency due to higher back surface 

recombination velocity (BSRV) and lower back surface reflection (BSR). To address this 

issue, in this task, a new contact technology with local BSF is developed which involves 
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a spin-on oxide capped with a SiNx layer for back surface passivation. Ohmic contacts 

are made by co-firing the screen-printed Ag grid on the front and Al point contacts 

through the dielectric stack on the rear. A low-temperature Ag paste is screen-printed on 

the rear to provide good BSR. Low value of BSRV provided by the oxide/SiNx 

passivation and high value of BSR provided by Ag reflector on the rear produces high-

efficiency cells on thin crystalline silicon, without any bowing. 
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CHAPTER 2 

OPERATING PRINCIPLES AND DEVICE PHYSICS OF SOLAR 

CELLS 

 
 

2.1 Introduction 

 This chapter discusses the operating principles and the device physics of a solar 

cell. Section 2.2 discusses the basic equations that describe the conversion efficiency of a 

solar cell along with the key cell parameters used throughout this thesis. Section 2.3 

discusses the device physics of a Si p-n junction solar cell. The principles of carrier drift, 

diffusion, generation, and recombination are discussed resulting in the formulation of the 

transport equations and the derivation of the current-voltage (I-V) characteristics of a p-n 

junction solar cell under illumination.  

2.2 Operating principles of solar cells 

Using the photovoltaic effect, a solar cell converts sunlight directly into electricity. 

A solar cell has three essential features: a light absorbing material, the presence of a built-

in electric field, and a conductive contact layer. When photons are absorbed in a material, 

electrons are excited to higher energy state in the material. These excited electrons are 

then pulled away by the electric field within the photovoltaic device, before they can 

relax back to their ground state. The separated electrons are then fed to an external circuit 

via conductive contacts to do electrical work as shown in Fig. 2.1. Section 2.2 describes 

the photovoltaic cell characteristics and the performance parameters. 
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2.2.1 Photocurrent and quantum efficiency 

The short-circuit photocurrent density (Jsc) is related to the incident light spectrum 

by the cell’s quantum efficiency (QE), which is the probability that an incident photon of 

energy E will deliver one electron to the external circuit. Hence Jsc is given by: 

∫= dEEQEEbqJ ssc )()( ,                                                                                               (2.1) 

where bs is the incident spectral photon flux density and q is the elementary charge.  

Incident 
photons 

 

Figure 2.1 Typical silicon solar cell consisting of a p-type absorbing base, a p-n junction, and front 
and back metal contacts. 

 

2.2.2 Dark current and open-circuit voltage 

Dark current is the current due to forward bias induced by light generated charge 

carriers without any input electrical signal. This current acts in the opposite direction to 

the photocurrent and the net current is reduced from its short-circuit value. Most solar 

cells act like a diode and hence the dark current density Jdark(V) varies as 
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p e- 
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where J0 is a constant, kB is Boltzmann’s constant and T is the temperature. 

From the superposition principle, current-voltage (I-V) characteristic can be 

approximated by the sum of Jsc and Jdark and can be written as 

)()( VJJVJ darksc −= .                                                                                                    (2.3) 

Hence for an ideal diode, using Eq. 2.2, 

⎥
⎦

⎤
⎢
⎣

⎡
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ ⋅
⋅−= 1exp0 Tk

VqJJJ
B

sc .                                                                                      (2.4) 

In the open circuit condition, the short circuit current and the dark current cancel 

out, giving the maximum voltage, also called the open-circuit voltage (Voc): 

)1ln( +=
o

scB
oc J

J
q
TkV .                                                                                                    (2.5) 

2.2.3 Efficiency 

Figure 2.2 shows the I-V characteristics of a solar cell in dark and under 

illumination.  

 

Maximum 
power 

rectangle 

J

V 

Vmax

Jmax

Pmax

Voc

Jsc

In dark 

Under 
illumination 

 

Figure 2.2 I-V curve of a solar cell in dark and under illumination. 
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The power density of the cell is given as 

JVP = .                                                                                                                          (2.6) 

At maximum power point, with voltage Vmax and a corresponding current density, 

Jmax, power (Pmax) density reaches its maximum. The fill factor (FF) of the cell is defined 

as  

ocscVJ
VJFF maxmax= ,                                                                                                              (2.7) 

 which denotes the squareness of the IV curve. The efficiency (η) of the solar cell is 

defined as 

inP
VJ maxmax=η ,              (2.8) 

where Pin is the incident power density. Using Eq. 2.7, efficiency is defined as 

in

ocsc

P
FFVJ

=η .                                                  (2.9) 

η, Jsc, Voc and FF are the main performance parameters of a solar cell and are 

reported under the standard testing condition of Air Mass 1.5 spectrum, incident power 

density of 1000 W m-2, and at a temperature of 25 °C. Hence, the conversion efficiency 

of a solar cell is directly related to the Jsc, Voc, and FF. 

2.2.4 Parasitic resistances and junction recombination in a solar cell 

In a real solar cell, the bulk resistance of the cell material, bulk resistance of the 

metallic contacts and the interconnections, and contact resistance between metallic 

contacts and the cell material give rise to series resistance (Rs). A shunt resistance (Rsh) 

arises in a solar cell due to the leakage across the collecting junction around the edges of 
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the device due to imperfections in the junction region and between contacts of different 

polarity.  In a non-ideal diode, there could be recombination in the space-charge region 

due to the presence of defects or traps. This phenomenon is represented by a shunt diode 

in parallel with the solar cell and is characterized by a diode ideality factor n and junction 

leakage current J02. Figure 2.3 draws the electrical equivalent of a real solar cell, due to 

the presence of these parasitic series and shunt resistances, and junction recombination. 

To account for the parasitic series and shunt resistances and junction 

recombination, the ideal diode Eq. 2.4 is modified as Eq. 2.10 to obtain the I-V 

characteristics of a non-ideal solar cell: 

)(1)(exp1)(exp
2
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Figure 2.3 Electrical equivalent of a real solar cell with parasitic series and shunt resistances. 

 
It is clear from Fig. 2.3 that the presence of shunt diode and shunt resistance (Rsh) 

reduces the terminal current, and the presence of series resistance (Rs) reduces the 

terminal voltage by IRs, resulting in a decrease in power output or cell efficiency.  
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2.3 Device physics of p-n junction solar cells 

A visible photon can provide enough energy to excite charge carriers from the 

conduction band to the valence band of a semiconductor. This makes semiconductor 

material suitable for photovoltaics. The p-n junction forms the basis of charge separation 

in a photovoltaic device. Section 2.3 will first review the various transport phenomenons 

in semiconductor devices which are applicable to solar cells and then review the I-V 

characteristics of a p-n homojunction. 

2.3.1 Carrier drift and diffusion 

For a semiconductor in equilibrium, the electron and hole densities follow the law 

of mass action of carriers [5]: 

2
innp = ,           (2.11) 

where n is the density of electrons per unit volume, p is the density of holes per unit 

volume and, ni is the intrinsic carrier density.  

No net current flows in a semiconductor in equilibrium, however for a 

semiconductor under bias (by exposure to light of energy greater than semiconductor 

band gap energy or by electrical injection of electron and holes through electric bias) the 

n and p are above their equilibrium value and, assuming that Boltzmann statistics applies, 

can be obtained from: 

TkEE
c

BnFceNn /)( −−= , and        (2.12) 

TkEE
v

BvpFeNp /)( −−
= ,         (2.13) 

where Nc is the effective conduction band density of states, Nv is the effective valence 

band density of states, Ec is the energy of the conduction band edge, Ev is the energy of 
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the valence band edge, and Efn and Efp are the electron and hole quasi-Fermi levels, 

respectively. 

The electron and hole densities now follow: 

Tk
i

Bennp /2 µ∆= ,         (2.14) 

where ∆µ is the difference in the chemical potential originating as a result of carrier 

excitation and measures the difference in the quasi Fermi levels, 

pn FF EE −=∆µ .         (2.15) 

The electron and hole current densities under the applied bias are given by the gradient in 

the quasi Fermi level, under the relaxation time approximation and can be written as 

nFrnn EnrJ ∇= µ)( ;         (2.16) 

pFrpp EprJ ∇= µ)( ,         (2.17) 

The net current density would be given by the sum of electron and hole current densities, 

)()()( rJrJrJ pn += .         (2.18) 

which, within the Boltzmann approximation ((Ec-Efn) >> kBT and (Efp-Ev) >>kBT), can be 

written as 

FnqnqDrJ nnn µ+∇=)( ;        (2.19) 

FpqpqDrJ ppp µ+∇−=)( ,        (2.20) 

where F is the applied field, Dn and Dp are the diffusion coefficient of electron and holes 

respectively and µn, µp are electron and hole mobility respectively which are related by 

the Einstein relations as follows 

Tk
qD

B

n
n =µ  and          (2.21) 
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Tk
qD

B

p
p =µ .           (2.22) 

Eq. 2.19 and 2.20 can be split into drift and diffusion currents. In the drift current, 

carriers are driven by the applied field and net drift current can be written as  

FFpnqJ pndrift σµµ =+= )( ,         (2.23) 

where σ is the semiconductor conductivity. 

In the diffusion current, carriers are driven by the difference in their concentration 

gradients to reduce their electrostatic potential energy and net diffusion current can be 

written as 

)( pDnDqJ pndiffusion ∇−∇= .          (2.24) 

As in the case of excitation by illumination, the electron and hole gradients may 

be similar, and the net diffusion current is zero. Diffusion currents would arise in the case 

of p-n junction device configurations; where, carrier concentration gradients would be 

different, and current would be dominated by the minority carrier diffusion. 

 Notice that the drift and the diffusion processes are related through the Einstein’s 

relations (Eqs. 2.21 and 2.22) 

2.3.2 Carrier generation and recombination 

Effect of bulk and surface recombination on solar cell performance is studied in 

this thesis. Therefore, this section will briefly review the basics of bulk and surface 

recombination mechanisms in a semiconductor.  

Electrons and holes can be recombined or be generated in a semiconductor 

thereby changing the local carrier concentrations. The entire semiconductor must 

however remain space-charge neutral. This requirement leads to the injection or 
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extraction of charge at the contacts. The input energy required for generation of carriers 

in a semiconductor can be thermal (phonons or the vibrational energy of the lattice), 

radiative (photons) or Auger (kinetic energy of another carrier). The energy released 

upon recombination is also taken by the same processes. The transitions can be from 

either the band-to-band states or from band-to-bound (trap) states.  

 For direct-gap semiconductors, such as GaAs, InP, ZnS, etc., the minima of the 

conduction band and the valence band maxima occur at the same point in k space (k 

being the crystalline momentum). A radiative transition in this case proceeds as first 

order and is described by the Fermi’s golden rule, which is the quantum mechanical 

transition probability per unit time from an initial filled state s  to the final state k  and 

is given by 

)(2 2
sk EESVkW −= δπ

h
.         (2.25) 

where h  is the plank’s constant, and V is the perturbing potential inducing the transition.  

 For indirect band gap semiconductors, such as Si, Ge, etc., conduction band 

minima and the valence band maxima occur at different points in k space. An indirect 

radiative transition in this case is forbidden to first order; but can occur to second order, 

mediated by a phonon, which provides the necessary momentum for the transition to take 

place. The second order transition probability is given by 

)(
)(

2
2'

sk
msm

EE
EE

SVmmVk
W −

−
= ∑ δπ
h

.      (2.26) 

This transition from the initial state s  to the final state k  occurs through an 

intermediate state m , which is mediated by a phonon event.  
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Equations 2.25 and 2.26 would yield the rate of transition from the initial to the final state 

when multiplied by the probabilities of the initial state being occupied (f(Es(ks)) and the 

final state being available (1- f(Ek(kk)), where f(E) is the electronic occupation function. 

 Photogeneration, which is the generation of mobile electrons and holes as a result 

of light absorption, is the most important generation mechanism for solar cells. 

Recombination, which is the reverse of generation, refers to the loss of mobile carriers. 

Generation and recombination in semiconductors is discussed below. 

2.3.2.1 Generation 

If α is the semiconductor’s wavelength dependent absorption coefficient, then the 

attenuation of light intensity can be expressed as 

∫
=

−
x

dxxE

eIxI 0

'' ),(

)0()(
α

.         (2.27) 

for radiation of energy E and I(0) is the intensity just inside the front surface. Equation 

2.27 reduces to the Beer-Lambert law for uniform α, 

xeIxI α−= )0()( .         (2.28) 

The generation rate, per unit volume, at depth x below the surface, can be 

calculated from the incident flux bs(E), reflectivity of the front surface R(E), for light of 

energy E, incident normally and can be expressed as 

∫
−=

−
x

dxxE

s eEbEERxEg 0

'' ),(

)()())(1(),(
α

α ,       (2.29) 

which accounts for the front surface reflection and the attenuation given by Eq. 2.28. 

The total generation rate, at distance x from the front surface and inside the bulk, is thus 

given by integrating Eq. 2.29 over energies where photon absorption results in free 

carrier generation and can be expressed as 
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∫= dExEgxG ),()( .         (2.30) 

Direct band gap semiconductors are more efficient light absorbers and need only a 

few microns of material to absorb most of the light as compared to several microns for 

the indirect band gap semiconductors such as Si. 

2.3.2.2 Bulk recombination 

Recombination is the inverse process of generation, where the e-h pairs are lost.  

Recombination mechanisms can be classified as intrinsic and extrinsic mechanisms. 

Intrinsic (band-to-band) recombination is always present in the semiconductor, is 

unavoidable, and occurs via direct band-to-band transition of an electron. Depending on 

the way the e-h pairs combine, intrinsic mechanisms can be divided into two categories, 

radiative band-to-band recombination and Auger band-to-band recombination. Extrinsic 

(band-to-bound, trap-assisted) recombination occurs via a defect, which gives rise to 

traps or energy levels inside the band gap of a semiconductor. This recombination type is 

commonly known as the Shockley-Read-Hall (SRH) recombination. These three 

mechanisms are depicted in Fig. 2.4. 

E 

Ec 

Ev 

Auger Radiative Trap-assisted
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Figure 2.4 The three carrier recombination mechanisms in semiconductors. 

 

 Radiative recombination involves the recombination of an e-h pair, resulting in an 

emission of a photon with energy approximately equal to the band gap. The net radiative 

recombination rate is given by: 

)( 2
iradrad nnpBU −= .          (2.31) 

Here Brad is the radiative recombination coefficient and is given as: 

∫
∞

−=
0

2/2
232 )(21 dEEeEn

chn
B TkE

s
i

rad
Bαπ ,      (2.32) 

where ns is the refractive index of the semiconductor. Brad represents the quantum-

mechanical probability of a radiative transition and depends directly on α (E), as a result 

it is more dominating in direct band gap semiconductors than in indirect band gap 

semiconductors. If n0 and p0 the are equilibrium electron and hole densities, respectively, 

and ∆n and ∆p be the excess carrier densities for electron and holes. Then, for non-

equilibrium concentrations of nnn ∆+= 0  and ppp ∆+= 0  and assuming charge 

neutrality ( ), Eq. 2.31 can be written as: np ∆=∆

2
00 )( nBpnBU radradrad ∆++= ;       (2.33) 

consequently, the radiative recombination lifetime (τrad) can be written as 

)(
1

00 npnBrad
rad ∆++

=τ .        (2.34) 

 Auger recombination is a three particle process in which the energy released by 

the recombination of an e-h pair is transferred to a third free carrier, which subsequently 

releases its excess energy as phonons. The third free carrier can be either a conduction 

band electron or a valence band hole, so the Auger recombination rate (UAug) would 
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either be proportional to n2p (eeh-process) or to np2 (ehh-process). Hence UAug would be 

given by: 

)()( 2
00

22
0

2 pnnpCpnpnCU pnAug −+−= ,      (2.35) 

where Cn and Cp are the Auger coefficients for the eeh and ehh processes. Similar to Eq. 

2.34, Auger lifetime can be expressed under low level injection (LLI) and high level 

injection (HLI) conditions as: 

LLI conditions: 

2,
1

Dn
lliAug NC
=τ   for n-type,  and  2,

1

Ap
lliAug NC
=τ  for p-type.  (2.36) 

For HLI conditions: 

2, )(
1

nCC pn
hliAug ∆+
=τ   for n-type and p-type.     (2.37)

 The most commonly quoted values for the Auger coefficients are those 

determined by Dziewior and Schmidt on n-type and p-type Si with a doping 

concentration greater than 5x1018 cm-3 (Cn=2.8x10-31 cm6s-1 and Cp=0.99x10-31 cm6s-1) 

[6].   

 Trap-assisted or the Shockley-Read-Hall (SRH) recombination is the most 

important form of recombination in defective semiconductors. These defects could be due 

to the presence of impurities, crystallographic imperfections, etc. and would produce a 

defect level or trap level within the band gap. In 1952, Shockley and Read [7] and Hall 

[8] formulated the theory of recombination through defects from purely statistical 

considerations and determined the recombination rate from a single defect level as a 

function of defect, material and excitation parameters. The net recombination rate for 

SRH recombination (USRH) through defects can be written as: 
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)()( 1010

2

ppτnnτ
nnpU

np

i
SRH +++

−
= .       (2.38) 

where τn0 and τp0 are the capture time constants of electrons and holes, which are related 

to the thermal velocity υth, the defect concentration, Nt, and the capture cross-sections of 

electron and hole σn and σp of the specific defect as 

tthp
p Nυσ
τ 1

0 ≡  and 
tthn

n Nυσ
τ 1

0 ≡ .       (2.39)  

n1 and p1 are defined as: 

⎟
⎠
⎞

⎜
⎝
⎛ −
−≡

kT
EENn tC

C exp1  and   ⎟
⎠
⎞

⎜
⎝
⎛ −
−≡

kT
EENp Vt

V exp1 .   (2.40) 

n1 and p1 are the equilibrium densities of electrons and holes when the Fermi level Ef 

coincides with the defect energy Et and they also satisfy the law of mass action of carriers 

Eq. 2.11 ( ). 2
innp =

 Assuming negligible carrier trapping ( pn ∆=∆ ), SRH lifetime can now be written 

as: 

npn
nnnnpp pn

SRH ∆++
∆+++∆++

=
00

100100 )()( ττ
τ .     (2.41) 

 SRH recombination is the strongest when n and p are of similar magnitude. 

Equation 2.38 shows that for a midgap (deep) trap with equal capture times, USRH has a 

maximum when n and p are equal. Hence in undoped regions, where n and p may be 

similar, SRH recombination is more important than the radiative recombination, which 

depends on the np product (Eq. 2.31).  

The assumption of the single defect level used in deriving these equations would 

be valid for point defects; however, it may be invalid for precipitates and surface defect 
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energies, which tend to be distributed continuously in certain regions of the band gap. 

The surfaces of silicon substrate represent an abrupt discontinuity in the crystal structure. 

The interfaces between different crystal regions in a multicrystalline material (grain 

boundaries) also have a similar nature of defects. These defect states at surfaces and 

interfaces include crystal defects due to partially broken bonds and extrinsic impurities. 

These trap states are concentrated in two dimensions; hence the recombination is 

expressed in terms of trap density per unit area rather than per unit volume.  

2.3.2.3 Surface recombination 

The surface and grain boundaries recombination is expressed with the extended 

SRH formalism and the overall surface recombination rate Us is given as: 

t
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ν ,     (2.42) 

where Dit(Et) is the interface trap density, and ns and ps are the electron and hole density 

at the surface. To measure directly the recombination activity of the surface, we define 

the surface recombination velocity (SRV) as: 

n
US s

∆
≡ ,          (2.43)  

which can be expressed in the special case of flat band as: 
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1010

00 ,      (2.44) 

where ∆ns is the excess carrier density at the surface. A review of grain boundary 

structure and electronic properties in semiconductors is given by Groveno [9]. 
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 The overall recombination rate is the sum of the three bulk recombination 

mechanisms and the surface recombination component, and we can define the effective 

lifetime (τeff) as: 

surfacebulksurfaceSRHAugradeff τττττττ
111)111(1

+=+++= .     (2.45) 

 To maintain a high value of τeff, the bulk and surface recombinations should be 

minimized to achieve high-efficiency solar cells. The effect of τeff on the solar cell 

performance has been studied in detail in this thesis. 

2.3.3 Transport equations 

With the formulation described in the previous two sections for carrier drift, 

diffusion, generation, and recombination, the semiconductor transport equations can be 

setup for each charge carrier. There are two governing principles: 1) The number of 

carriers of each type must be conserved, and 2) the electrostatic potential due to the 

charge carriers obey Poisson’s equation. Hence the transport equations can be written as: 

nnn UGJ
qdt

dn
−+∇= .1 ,               (2.46) 

for electrons and, 

ppp UGJ
qdt

dp
−+∇−= .1 ,        (2.47) 

for holes, where Gn(p) and Un(p) are the volume rates of generation of electrons (holes). 

Poisson’s equation can be written as: 

)(2 pnNNq
da

s

−+−=∇
ε

φ ,        (2.48) 
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where φ is the electrostatic potential, εs is the dielectric permittivity of the semiconductor, 

and Na and Nd are the densities of ionized acceptors and donors. 

Generation rate is given by Eqs. 2.29 and 2.30. Recombination rate is given by the 

sum of bulk recombination Eqs. 2.31, 2.35, 2.38 and Eq. 2.42 for the surface 

recombination. For crystalline material, nJ  and pJ are given by Eqs. 2.16 and 2.17. n, p, 

and φ are solved from the set of three coupled differential Eqs. 2.46, 2.47, and 2.48 as a 

function of depth and time, with given boundary conditions. Solar cells operate in steady 

state; therefore transport equations are solved under the condition 0==
dt
dp

dt
dn . 

2.3.4 The p-n junction solar cell operation 

The previous two sub-sections briefly discussed charge generation, recombination, 

and transport. To get the photovoltaic energy conversion, this charge has to be separated 

by means of a driving force. This driving force is provided by the p-n junction, as a result 

of which the electrons are collected at the n contact and the holes at the p contact. In this 

subsection the analytic solution for the J (V) characteristic is reviewed under different 

conditions. With the formation of a p-n junction, a space charge region is formed as a 

result of diffusion of majority carriers across the metallurgical junction. The width of the 

p-n junction is fixed when the diffusion of carriers is counter balanced by the drift of 

carriers in the opposite direction, in the space charge region with built in electric field. 

The space charge region, which is depleted of both electrons and holes, presents a barrier 

to the majority carriers and a low resistance path for the minority carriers. The 

photogenerated minority carriers in the n and p region of the solar cell reach the junction 

region via diffusion. 
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 Figure 2.5 shows an n+-p junction, the type of structure used throughout the thesis. 

Base material is doped p-type, and emitter is heavily doped n-type, forming an n+-p 

homojunction.  

pn+

WpWn W

pn+

WpWn W

 

Figure 2.5 The n+-p homojunction. 

 
Width of the base and emitter is Wp and Wn, respectively. W is the width of the 

depletion region. The structure can be divided into three parts: the neutral n- and p-type 

regions, (quasi-neutral regions or QNR), and the charged region (space charge region or 

SCR) around the junction with strong electric field. To understand the operation of a 

solar cell, we want to determine the current that passes through this device in steady state 

under illumination and for a given potential difference between the terminals. To get 

analytic solutions for the J (V) characteristics, two approximations are necessary: 

• The depletion approximation: The charged region around the junction contains no 

free carriers, and outside this region the net charge density is zero. This is an 

idealization of the actual charge distribution in the depletion region so that the 

electric field is confined to the depletion region. 

• The superposition approximation: Recombination rates in the QNR regions are 

linear in minority carrier density. This helps to decouple the effect of bias from 
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the effect of illumination, so that the solutions under bias and illumination can be 

added to give the solution under light and applied bias. 

The difference in the work function of the n- and p-type materials in a p-n junction is 

taken up by a step in the conduction and valence band edges resulting in the built-in 

potential (Vbi), given by: 

)ln( 2
i

daB
bi n

NN
q
TkV = .         (2.49) 

where Na and Nd is the density of the acceptor and donor impurity atoms respectively. 

The width of the SCR is given as: 

bi
da

s V
NNq

W )11(2
+=

ε .        (2.50) 

 The carrier and current densities in the QNR can be solved under the depletion 

approximation, as a result of which the Poisson’s Eq. 2.48 becomes zero, and the drift 

terms in Eqs. 2.19 and 2.20 become zero, and thus there is only a diffusion component. In 

one dimension, Eq. 2.19 can be written as: 

dx
xdnqDJ nn
)(

= .         (2.51) 

 Under steady state ( 0=
dt
dn ), the continuity equation for electrons becomes: 

( GU
x
J

q
n −=

∂
)∂1 .         (2.52) 

From Eqs. 2.51 and 2.52, under steady state in QNR, in the depletion approximation, 

electrons follow the equation: 

nD
xGxU

dx
xnd )()()(

2

2 −
= .        (2.53) 

 28



Similarly, for holes we get: 

dx
xdpqDJ pp
)(

−= ,         (2.54) 

and 

pD
xGxU

dx
xpd )()()(

2

2 −
= .        (2.55) 

Eqs. 2.53 and 2.55 are second order differential equations, which require expressions for 

U and G to determine the general solution, and the boundary conditions to find the 

particular solution. 

 It is useful to define the diffusion length, which is a measure of the average 

distance a minority carrier will diffuse before recombining. Diffusion length of electrons 

and holes can be defined as: 

nnn DL τ= ,          (2.56) 

for electrons and, 

ppp DL τ= ,          (2.57) 

for holes. The excess carrier density decays according to: 

nL
x

enxn
−

∆=∆ )0()( ,            (2.58) 

for electrons and 

pL
x

epxp
−

∆=∆ )0()( ,          (2.59) 

for holes, with and non pxpxp −=∆ )()( pop nxnxn −=∆ )()( , 

where np0 is the electron concentration in p-type material at equilibrium (minority 

concentration), pn0 is the hole concentration in n-type material (minority concentration) at 
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equilibrium, pn is the total hole concentration in n-type material, and np is the total 

electron concentration in p-type material. A higher value of lifetime and hence the 

diffusion lengths are desired to obtain a higher conversion efficiency of the solar cells.  

p-n junction in dark 

 In the case of no illumination and no applied bias, there will be no minority 

carrier diffusion currents in the QNR and no net recombination in the SCR; as a result the 

current density is zero. If however a bias is applied to the junction in dark, built in 

potential reduces (forward bias) and more majority carriers diffuse across the junction, 

resulting in a net electron current from n to p side and hole current from p to n side. The 

quasi Fermi levels are split in the SCR and there is a net recombination, which adds to the 

current. From Fig. 2.5, for the condition Wp>>Ln and Wn>>Lp and under forward bias 

(V), Eqs. 2.54 and 2.59 give the hole current at the edge of depletion region in the n-side 

as: 
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Similarly from Eqs. 2.51 and 2.58, the electron minority carrier current on the p-side can 

be written as: 
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Total diffusion current can be written by adding Eqs. 2.60 and 2.61: 
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qVJ .      (2.62) 

Recombination current from SCR, assuming SRH as the dominating recombination 

process can be written as [10]: 
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where  
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The radiative recombination current, which has the same bias dependence as the 

diffusion current (Eq. 2.31), would be given as [10]: 

)1()( 0, −= Tk
qV

radrad
BeJVJ .        (2.65) 

and can be significant in direct band gap materials. Total dark current can be written from 

Eqs. 2.62, 2.63, and 2.65 as: 

)1()1()1)(()( 0,
2

0,00 −+−+−+= Tk
qV

rad
Tk

qV

scr
Tk

qV

p
n

n
n

p

p
dark

BBB eJeJen
L
Dp

L
D

qVJ . (2.66) 

For indirect band gap materials such as Si, Jrad would be small and the 

recombination in the depletion region is also very small because W<<Ln/p. Eq. 2.66 can 

then be approximated as: 
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Comparing with the Shockley or ideal diode equation, the reverse saturation 

current (J0) can be written as: 

)( 000 p
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n
n
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L
Dp

L
D

qJ += .        (2.68) 

When depletion region recombination is also dominant, non-ideal diode Eq. 2.10 

would result. For direct band gap materials and in situations where depletion region 
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recombination is also dominant, dark current would take the more general form of Eq. 

2.66. 

Effect of surface recombination on the reverse saturation current 

 If the dimension of the solar cell and the effects of surfaces are taken into 

consideration, then continuity Eq. 2.55 for holes in the n region under steady state with 

no illumination, but with a forward bias V, can be written as: 
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Solving Eqn. 2.69 with the surface boundary condition: 

dx
pdDpS pp

∆
=∆ .         (2.70) 

and hole concentration at the depletion edge (law of junction), 

Tk
qV

nn
Bepp 0= ,         (2.71) 

and then substituting in Eq 2.54, we can calculate the hole current in the n+ region, at the 

edge of the depletion region as: 
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Similarly the electron current in p-region can be written as: 
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where Sp and Sn are the hole and electron surface recombination velocities. Total current 

can now be written as: 
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Hence J0 can be expressed as a sum of the saturation current component from the base 

(J0b) and from the emitter (J0e): 
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 The saturation current density (J0), or the values of the base (Job) and the emitter 

(Joe) contributions to J0, should be minimized to improve the performance (Voc) of the 

solar cells as seen from Eq. 2.5 for Voc of the solar cell. 

p-n junction under illumination  

 To solve for the carrier concentration and current characteristic under illumination, 

we can write Eq. 2.55 for minority carrier holes in the n-side as: 
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with the assumption of a uniform generation rate G and linear recombination in the n 

layer. Solving for the carrier concentration with the boundary conditions: 

pGp τ=∆ ,          (2.78) 
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i.e. finite minority carrier concentration, far from the junction and the junction law (Eq. 

2.71), and substituting in Eq. 2.54, the hole current in the n+ region, at the edge of the 

depletion region can be written as: 
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Similarly, the current for minority carrier electrons in the p-side can be written as: 
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Assuming uniform generation and no recombination in the depletion region, the light 

generated current in the depletion region can be written as: 

qGWJdep = .          (2.81) 

Total current is the sum of the current from the three regions and can be written from Eqs. 

2.79, 2.80, and 2.81 as: 
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Here (Ln+Lp+W) represents the distance or volume over which the photo-generated 

carriers can be collected. Notice that Eq. 2.82 has been written as the superposition of the 

dark and the light generated currents, i.e., solutions for the bias and light induced currents 

are independent and is valid under the depletion approximation when minority carrier 

recombination is linear. 

Eq. 2.82 can also be written as: 

( ) sc
kTqV JeJJ −−= 10 ,        (2.83) 

where J0 is given by Eq. 2.68. 
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Hence the diode or dark characteristic is shifted down by Jsc into the quadrant 

where current is negative, voltage is positive, and power (I.V) is negative; hence, diode is 

generating power instead of absorbing. This is the basic principle of solar energy 

conversion. 

2.4 Conclusions 

 For a given spectrum of incident light, the conversion efficiency of the solar cell 

is described in terms of three parameters: the short–circuit current density, open-circuit 

voltage, and the fill factor of the solar cells. All three parameters are directly related to 

the conversion efficiency and should be maximized to achieve higher efficiency. The 

parasitic resistances should be minimized to achieve higher efficiency. A higher effective 

lifetime (or the diffusion length) of the carriers and a lower value of the saturation current 

density maximizes these three parameters and would yield a higher efficiency. The 

semiconductor transport equations were used to formulate the I-V characteristics that 

describe the operation of p-n junction solar cells.  
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CHAPTER 3 

CRYSTALLINE SILICON SOLAR CELL: MATERIALS, 

LIFETIME ENHANCEMENT, AND DESIGN 

3.1 Introduction 

 Crystalline Si is the most commonly used substrate for solar cell fabrication, 

capturing 90% of the worldwide PV market. This chapter first discusses the various 

techniques used to grow single and multicrystalline Si (section 3.2). The low-cost Si 

materials used to fabricate c-Si solar cells come with many defects and impurities, which 

reduce the performance. Section 3.3 discusses the techniques of gettering and hydrogen 

passivation that can improve the bulk quality of low-cost substrates and also reviews the 

common surface passivation layers applied to Si surfaces in order to reduce surface 

recombination. Section 3.4 discusses the conventional n+-p-p+ solar cell and some 

advanced solar cell designs from literature. 

3.2 Crystalline silicon growth techniques 

 Work performed in this research uses various crystalline silicon (c-Si) substrates 

for the base material. Within c-Si family for solar cells, the low-cost cast and ribbon mc-

Si growth technologies accounted for approximately 44% of the cell and module 

shipments in 2006 and single crystal Si accounted for about 25% (Fig. 1.4). With the 

current Si feedstock shortage and high prices, market share of thinner and low-cost 

materials is expected to increase. The various promising technologies used to produce Si 

wafers for solar cells are shown in Fig. 3.1. This section first reviews the high-quality 
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single crystal growth techniques and then the low-cost multicrystalline Si (mc-Si) grown 

as ingots and sheets.  

 

Figure 3.1 Flowchart depicting various common c-Si growth techniques. 

 

3.2.1 Single crystal silicon 

 Single crystal Si (sc-Si) is grown mainly by the Float-zone (FZ) or the 

Czochralski (Cz) technique. The metallurgical grade Si obtained after carbothermic 

reduction of sand is refined further with the electronic grade process to yield high purity 

poly-crystalline rods. In the FZ technique, the crystal is heated locally by rf heater and 

floating molten zone traverses thought the hanging feed crystal and is also in contact with 

a seed crystal, resulting in the growth of single crystal. The molten silicon is not in 

contact with any crucible, resulting in high purity sc-Si. In Cz technique, crystals are 
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grown from melt in a crucible where a seed crystal is brought in contact with the melt and 

is pulled out slowly. Single crystal Cz grows at the seed. Si melt in Cz technique is in 

contact with the crucible, therefore, unlike FZ, there is unavoidable contamination in this 

material. Cz mainly suffers from high concentrations of oxygen, in the range of 1017 to 

1018 cm-3, which is detrimental to the performance of solar cells made on Cz wafers. It 

can also contain some carbon and very small amounts of metallic contaminants; therefore, 

bulk lifetime in Cz is often lower than FZ. 

The single crystal rods thus obtained have to be sliced with diamond or wire saw 

to obtain single crystal wafers. The wafers are finally polished, mechanically and 

chemically, to remove surface damage from sawing. FZ Si with high bulk lifetime has 

been used extensively in this research as a reference/process control material. 

3.2.2 Muti-crystalline silicon (Ingot)  

Molten Si is solidified in the form of ingots by directional solidification. In the 

casting technique, Si melt is poured in a crucible for solidification. In other techniques, 

the melting and solidification are both done in the same crucible. In either case, the basic 

principle is directional solidification. The container materials are usually made of high-

density graphite, SiO2, Si3N4, SiC, etc., with the inside of the crucible coated with 

powdered Si, graphite, SiO2, or Si3N4, to reduce adhesion to the crucible walls. The 

various solidification techniques differ in the manner in which heat is extracted from the 

melt. The five different ways of solidification are shown in Fig. 3.1 and are discussed 

below. 

 In Bridgman-Stockbarger process, the container carrying the melt is moved in a 

fixed temperature profile and the melt is solidified from bottom to top. Heat extraction 
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takes place through the crucible and crystallization occurs at the crucible walls first, 

preventing the melt from further contamination. This however results in a higher thermal 

stress in the bottom of the ingot, resulting in higher dislocation densities in those regions.  

 In gradient-freeze process, the container and the heating system are fixed and 

temperature profile is varied by reducing the heat in a controlled way. Heat is extracted 

from the top and bottom surfaces of the ingot resulting in a uniform temperature profile 

over the cross section of the ingot, thus resulting in lower internal stresses and higher 

material quality. This also results in larger grain sizes and a columnar grain structure 

through the entire ingot. The walls of the container are kept at higher temperature for 

longer periods; hence care has to be taken to suppress contamination from the crucible 

walls. 

 Heat exchanger method (HEM) [11] is a special case of gradient-freeze process 

and is used for the growth of large crystals. A schematic of a conventional HEM furnace 

is shown in Fig. 3.2 [12]. A heat exchanger is seated at the bottom of the crucible through 

which there is a localized heat extraction. A stream of helium gas is forced through the 

heat exchanger to prevent it from melting. The process thus results in a homogeneous 

distribution of large columnar grains. Figure 3.3 shows a picture of a HEM system. 

Picture of a typical HEM ingot after solidification is shown in Fig. 3.4 [13]. HEM 

furnace initially was adapted to produce single-crystal silicon ingots [14] but was later 

used to produce larger multicrystalline ingots [15, 16]. The advantages of growing an 

ingot through HEM include the ability to control the heat input and extraction 

independently, in-situ annealing of the ingot after growth, higher growth rates, and the 

elimination of labor intensive seeding step in the fully automated HEM furnaces [16]. 
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mc-Si wafers grown by HEM have been used extensively for characterization and solar 

cell fabrication in this research.  

 

Figure 3.2 Schematic of a conventional HEM furnace with a seed crystal placed at the bottom of the 
crucible and on top of a heat exchanger [12]. 

 

Figure 3.3 Typical HEM system for growing mc-Si ingots. 
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Very recently there has been interest into casting the HEM wafers as sc-Si ingots, 

which can then be textured easily to improve the performance. The first two single-crystal 

Si ingots grown by a novel HEM process have been characterized in this research to 

compare their performance with mc-Si HEM ingots. 

 

Figure 3.4 Typical HEM ingot after solidification [13]. 

 

In directional solidification system (DSS), the crucible is kept stationary and the 

heat flow flux is controlled by the insulation movement. This technique results in shorter 

process times and a relatively planar solid-liquid interface. Bottom loading in a DSS 

furnace is much easier compared to the top loading in HEM furnace. Figure 3.5 shows a 

DSS system for growing mc-Si ingots. The first experimental ingot grown by the DSS 

system has been analyzed in this research.  

Electromagnetic casting (EMC) [17] is based on induction-heated cold-crucible 

melt confinement and has no crucible bottom. The bottom platform is withdrawn 

downward, solidyfing the Si, while new Si feed material is introduced from the top [18]. 
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The purity of EMC ingots is high and EMC also has the highest throughput of all the 

ingot technologies due to the ease of heat transfer to a cold environment.  However, this 

results in a smaller grain size due to the rapid cooling.  

 

Figure 3.5 DSS system for growing mc-Si ingots. 

 
The main drawback of casting technology is that the wafers have to be sliced from 

the ingot with a wire saw. The sawing process results in a loss of ~40-50% of the original 

material, which is very undesirable. Certain growth techniques eliminate this step by 

solidifying Si in the form of sheets or ribbons. These technologies are briefly discussed in 

the next section. 

3.2.3 Ribbon growth technologies 

 Ribbon Si materials, which are pulled directly from the melt to maximize Si usage, 

are also promising candidates for low-cost PV. However, due to the high thermal stress 
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during the growth, they suffer from many structural defects such as dislocations and twin 

boundaries. This results in reduced efficiency of solar cells compared to single-crystal Si 

and cast mc-Si. The most common ribbon growth technologies are: String Ribbon Si, 

edge-defined film fed growth (EFG), dendritic web growth (D-Web), and ribbon growth 

on substrate (RGS). In first three of these technologies solidification proceeds parallel to 

the sheet growth direction, whereas in RGS, solidification is perpendicular to the sheet 

growth direction. Some other ribbon growth technologies developed include silicon sheet 

from powder (SSP), supported web (S-Web), and ramp assisted foil transport (RAFT).   

 String Ribbon growth technique uses foreign filaments or strings to support the 

ribbon Si in between the strings. Figure 3.6 shows a schematic of the String Ribbon Si 

growth [19]. String Ribbon growth takes place directly from a pool of molten Si without 

a die. The position of the edges is maintained by two strings fed through the bottom of 

the crucible, which pass through the melt to support the meniscus and the ribbon. String 

Ribbon silicon has been used in this research to study the lifetime enhancement via 

hydrogenation from PECVD SiNx film. 

In EFG growth technique, liquid Si rises by capillarity up a narrow channel in the 

shaping die and spreads across the die’s top surface, which defines the base of the 

meniscus from which the shaped crystal solidifies. Dendritic web Si is grown directly 

from molten Si in a crucible without any shaping devices. It typically has no grain 

boundaries except for some multiple twin boundaries running parallel to the external 

surfaces. In the RGS growth technique, the Si melt reservoir and die are placed in close 

proximity to the top surface of a substrate on which the ribbon is grown. Si wafers grown 
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by these techniques are not a part of this research; however the lifetime enhancement 

techniques studied in this thesis are applicable to these materials as well.  

 

 

Figure 3.6 Schematic of a String Ribbon Si growth [19]. 

 

  All the low-cost growth techniques suffer from low as-grown material 

lifetime. However, certain process steps can be applied to enhance the lifetime of these 

materials. These steps are discussed in the next section.  

3.3 Lifetime enhancement of low-cost multicrystalline silicon 

 The performance of c-Si solar cells is a function of the quality of material used. 

Due to the low-cost and hence a poor quality of starting material used in PV, solar cell 

processing steps should be designed to improve the quality of the material in-situ. Due to 

the difference in the growth process of these low-cost materials, their impurity content 

and microstructure also varies, as a result, the response to various lifetime enhancing 
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steps is different for different materials. Several solar cell processing steps tend to either 

remove or passivate the harmful defects in the bulk of low-cost materials. These 

techniques have been used and optimized in this research to achieve high-efficiency mc-

Si cells. This section first discusses these bulk-lifetime-enhancing steps of gettering and 

hydrogen passivation and then concludes by discussing the various surface passivation 

techniques employed. 

3.3.1 Gettering 

 Gettering refers to the process in which the impurities are extracted from the 

active bulk region and are sent to accumulate in a region of a wafer, such as surfaces, 

where they are no longer active or harmful. These impurities then also can be removed by 

etching or by isolating from the active device regions such as the bulk for solar cell 

devices. The presence of these impurities can severely affect the cell performance [20]. 

To keep the processing cost down, it is desirable to incorporate the gettering treatments in 

conjunction with cell processing steps, such as emitter formation, rather than as a 

separate step. Gettering can be divided broadly into extrinsic and intrinsic gettering. 

Extrinsic gettering refers to techniques that use purposely applied regions, which can 

later be removed. Intrinsic gettering refers to the techniques that use the internal 

structures of a wafer such as oxygen precipitates, dislocations, or grain boundaries. As 

opposed to microelectronic devices, impurities need to be removed from the whole bulk 

of the device, which is the active region for solar cells. Also, gettering techniques can be 

divided into non equilibrium or relaxation gettering and equilibrium or segregation 

gettering. In relaxation gettering (eg., by silicon oxide precipitates) precipitate sites are 

intentionally formed in the regions away from the device surface and works on the 
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principle of impurity supersaturation. Segregation gettering is based on the gradient or 

discontinuity in the effective solubility of the impurity. Due to the difference in the 

electrochemical potential of the impurities, the regions of higher solubility act as sink for 

impurities in the lower solubility regions. This difference in solubility can result from the 

difference in phase (eg., between crystalline and liquid silicon during crystal growth), 

difference in material (eg., Al layers deposited on silicon surface), difference in doping 

levels in different areas of the wafers, or due to strain. An important feature of 

segregation gettering is that it requires no supersaturation as opposed to relaxation 

gettering, and hence even small impurity concentrations can be removed easily.  

 Gettering mechanism involves, in the same sequence, three basic processes: 1) 

Release of impurities; 2) Diffusion to gettering sites; and 3) Capture of impurities at 

gettering sites [21]. Any of these three steps can be a limiting mechanism for effective 

gettering. All steps exhibit strong temperature dependence, which should be considered 

when applying a gettering treatment, especially for mc-Si where material quality can 

severely degrade at high temperatures due to thermal degradation. Based on the capture 

part of the mechanism, Myers, et al., divided the gettering mechanisms into five groups: 

1) Metal-silicide precipitation; 2) Segregation into second phases; 3) Atomic trapping at 

defects; 4) Interaction with electronic dopants; and 5) Phosphorous gettering [22]. 

Gettering by phosphorous is a special case of segregation into second phases, but is the 

most prevalent and easy to apply.  

Gettering by phosphorous is a by-product of the n+-p junction formation during 

solar cell processing, but this step should still be optimized to achieve most effective 

gettering, without sacrificing the junction quality [23]. Goetzberger and Shockley gave 
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the first evidence of gettering by phosphorous using P2O5 [24]. Phosphorous gettering 

combines the principles of both segregation and relaxation gettering together with 

enhanced diffusion of metals by injection of silicon self-interstitials and the kick-out 

mechanism [25, 26]. Different regions of cast mc-Si have different nature of impurities 

and defects, as a result wafers from these regions respond differently to gettering 

treatments [27]. Gettering efficiency can be reduced in the case of very bad regions, such 

as those with high dislocation density [28, 29] and for some highly stable compounds in 

mc-Si that cannot be removed by standard solar cell processing [30].  

Gettering by aluminum (Al) is a by-product of the contact formation process in 

solar cells processing and also should be optimized to achieve most effective gettering 

without sacrificing the contact quality [23]. Al gettering and its beneficial effects have 

been studied extensively in the literature for both single-crystalline and mc-Si [31-34]. 

Impurities are segregated to the molten aluminum layer during contact formation due to 

the difference in the solubility of the impurity in the liquid Al-Si phase and in the solid Si 

[35]. 

Fast-diffusing impurities such as Fe, Cu. and Ni are gettered more easily 

compared to slow-diffusing impurities such as Ti and Mo [20]. P/Al co-gettering has 

been shown to be more effective than either treatment alone [36]. 

3.3.2 Hydrogen passivation 

Hydrogen plays an important role in all silicon device processing techniques, 

since it can be incorporated at different stages in the device processing (intentionally or 

unintentionally) and can alter the electrical properties of the device. Hydrogen has both 

an acceptor and a donor state in the Si band gap. It exists as a positive charge state (H+) in 

 47



p-type Si and as negative charge state in n-type material (H-). H can passivate not only 

electrically active shallow acceptor and donor dopants, but also the deep level impurities 

in silicon. The hydrogen diffusion coefficient in Si was first determined at high 

temperatures by Van Wieringen and Warmoltz [37] and later confirmed by other 

researchers. This section reviews the configuration of H in Si, various methods used for 

incorporation of H in Si, passivation of deep and shallow levels by H, thermal stability of 

hydrogen passivation, and the diffusion of H in Si.  

3.3.2.1 Configuration of H in Si 

A comprehensive survey of the configuration of H in Si is provided in ref. [38]. 

According to the theoretical calculations, hydrogen is predominantly located at the bond-

centered site in undoped Si and in p-type materials. In n-type material, H is located at the 

tetrahedral interstitial site. The possible charge states and configurations of hydrogen in 

p-type Si are: H+, H0, H2, or Si-H. In n-type Si it exists as:  H-, H0, H2, and as H0, H2, or 

Si-H in undoped Si [38].  The trapping of hydrogen at the unsaturated Si bonds, such as 

point defects, grain boundaries, etc., forms the Si-H site, which has the lowest potential 

energy.  

3.3.2.2 Incorporation of hydrogen in Si 

Incorporation of hydrogen in semiconductors in a controlled way can be achieved 

in the following three ways: hydrogen plasma exposure, hydrogen implantation, and most 

recently, hydrogen introduced in Si via annealing of hydrogenated amorphous silicon 

nitride (SiNx) films on top of Si. The first two techniques usually occur at low 

temperatures (typically 100-400 °C for the H plasma exposure and ~150 °C for H 

implantation) while the SiNx hydrogenation, which is most common for solar cell 
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applications, typically proceeds at high temperature (≥ 700 °C). In the hydrogen plasma 

exposure, hydrogen is incorporated by exposure to low-power-density H2 plasma. The 

penetration depth of hydrogen by this method can vary from a few tenths of a µm to ~ 

100 µm. The second method of hydrogen implantation incorporates hydrogen in the 

semiconductor at low ion energy and high beam current. Ion sources, commonly called 

Kaufmann ion sources, however, have the disadvantage of causing surface damage due to 

ion bombardment. The penetration depth of hydrogen is typically ~ 1 µm in Si (hence 

useful for passivating a-Si solar cells). Due to the low diffusivity of H at low 

temperatures, the diffusion depth of H in Si is low for these methods and long processing 

times are required for passivation. To keep the processing time and cost down, it is 

preferable to include the passivation treatments in conjunction with cell processing steps, 

like hydrogenation from SiNx during contact formation. Recently, it was confirmed that 

H is incorporated in Si via annealing of hydrogenated SiNx films at high temperatures 

[39]. Due to high diffusivity of atomic hydrogen at high temperatures, this technique is 

useful for passivating defects deep inside the Si bulk; hence is most useful for solar cell 

applications, where low recombination is desired throughout the bulk. 

3.3.2.3 Passivation of deep and shallow levels by hydrogen 

Deep levels can be introduced by metallic impurities (Fe, Cu, Ni, Au, and other 

transition metals), oxygen and oxygen related thermal donors, process related defects, 

and crystalline defects in semiconductors. Deep level defects are most detrimental to the 

device performance but can be passivated by hydrogen. The mechanism of passivation of 

dangling bonds is clear; however passivation of metallic impurities is still debated. 

Hydrogen bonded to a dangling bond can form a bonding state that is pushed into the 
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valence band or an antibonding state that is pushed into the conduction band and thus 

becomes electrically inactive. The passivation of shallow level impurities in 

semiconductors has been very well established. For example in Si, the shallow acceptor 

levels originating due to boron [40], gallium, and aluminum are completely passivated by 

hydrogen. However, the donor levels such as those caused by phosphorous and arsenic 

can only be weekly passivated. The mechanism of passivation of negatively charged 

acceptor ions in p-type Si occurs by pairing due to coulomb attraction.  

3.3.2.4 Thermal stability of hydrogen passivation 

Defects passivated by hydrogen can be reactivated upon annealing. The 

reactivation of a passivated defect can be described by a simple model assuming first 

order kinetics and is given by [41]:  
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where:  

ED: Activation energy of dissociation; υ: Attempt (dissociation) frequency; N0, N : Initial 

and final concentration, such that (N0/N) represents the fraction of defect-hydrogen 

complexes remaining after annealing; and t: Annealing time at a temperature (T). 

Most stable passivated defects generally are introduced by dislocations and grain 

boundaries. Deep level passivated defects are moderately stable followed by shallow 

level defects, which are the least stable to an annealing treatment. As an example, the 

recovery of hydrogen passivated shallow acceptors is shown in Fig. 3.7 [42]. Value of Ed 

for B, Ga, Al is 1.1, 1.6, and 1.9 eV, respectively, and varies between 2.2-2.5 eV for 
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common metals and is 2.5 eV for grain boundaries. Dislocations are most stable with 

dissociation energy of 3.1 eV [43]. 

3.3.2.5 Diffusion of hydrogen in Si 

 Diffusion coefficient (D) as a function of temperature is given by the Arrhenius 

law as: 

⎥⎦
⎤

⎢⎣
⎡−=

kT
E

DD aexp0 ,             (3.2)  

with Ea as the activation energy for hydrogen diffusion and D0 as a prefactor.  

 

Figure 3.7 Recovery of electrical activity of passivated acceptors in Si. 

 

Diffusion coefficient is an important characteristic to understand the diffusion 

mechanism of hydrogen in Si. First determination of the diffusion coefficient was 

performed by Van Wieringen and Warmoltz (VWW) [37], who determined the following 

relation for D (cm2/s) to be valid in the high temperature (970 to 1200 °C) regime:  
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⎥⎦
⎤
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kT
XD 48.0exp104.9 3 .            (3.3) 

For the low temperature regime (400 to 550 °C), Ichimiya and Furuichi [44] determined 

that the tritium diffusivity is given by: 

⎥⎦
⎤

⎢⎣
⎡−= −

kT
XD 56.0exp102.4 5 .            (3.4) 

Presence of traps however impedes the diffusivity and results in an effective diffusion 

coefficient (Deff) whose value could be several orders of magnitude lower than the trap 

free diffusivity at high temperatures. The extrapolation of VWW and Ichimiya and 

Furuichi diffusivity along with other experimentally determined diffusivities, as 

summarized in [38] for n- and p-type Si is shown in Fig. 3.8.  

 

Figure 3.8 Extrapolation of VWW and Ichimiya and Furuichi diffusivities and other experimentally 
determined diffusivities. 
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From the diffusivity data, it can be concluded that, Deff for low temperature range 

(25-350 °C) approachs the extrapolated VWW diffusivity for low hydrogen 

concentrations (Tavendale, et al., and Seager, et al.) and low impurity content [38]. For 

normal experimental conditions, Deff is 2-3 order of magnitude lower than the VWW 

diffusivity, due to hydrogen bonding/trapping at the impurities in Si. 

 Passivation of defects in low cost mc-Si, deep inside the Si bulk, by high 

temperature annealing of SiNx is due to the hydrogen released in the form of H0 and is 

expected to follow the VWW diffusivity during the high temperature annealing process 

used to form the contacts to the solar cell. However this process has to be optimized to 

simultaneously yield an enhanced bulk and surface passivation and superior contacts. 

This simultaneous optimization of hydrogen passivation and screen-printed contacts is 

studied and applied throughout this research. 

3.3.3 Surface passivation 

 Similar to the grain boundaries in the bulk of a mc-Si, surfaces introduce a 

continuous density of states in the Si band gap. These states can be passivated either by 

depositing various layers of dielectric (silicon oxide, silicon nitride, amorphous silicon, 

silicon carbide, and negatively charge dielectrics) or by adsorbed foreign atoms (HF or 

halogen: methanol solutions). Passivation of surface states by the dielectric layers is very 

important to attain high efficiency devices, especially on thinner substrates. This section 

reviews the common surface passivation techniques applied to solar cell surface 

passivation. Thermal stability of the passivation is very critical and should not degrade 

when the solar cell is annealed at high temperature (>700 °C) to form contacts. The 

stability of promising passivating layers is also discussed in this sub-section.  
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3.3.3.1 Silicon oxide (SiO2) 

 Passivation of Si surface by silicon oxide (SiO2) is widely used in semiconductor 

industry. Thermal oxidation takes place in oxygen ambient, typically at temperatures > 

1000 °C. To improve the quality of oxide passivated interfaces, an additional low 

temperature (~400 °C) anneal in forming gas is applied. If this anneal is carried on with 

evaporated Al on top, then “alneal” process takes place, which improves the surface 

passivation further [45]. Record-high efficiency of solar cells fabricated have used the 

thermal oxide [46]  and wet oxide [47]  on single crystal and mc-Si substrates, 

respectively, to passivate the surfaces. The quality of SiO2 layers degrades during the 

high temperature firing of screen-printed contacts in air ambient, however, the 

passivation can usually be recovered by a separate low temperature (~400 °C) FGA 

treatment or by alneal. 

3.3.3.2 Hydrogenated PECVD amorphous silicon nitride (a-SiNx:H) 

 Surface passivation by plasma-enhanced chemical vapor deposited (PECVD) 

silicon nitride (SiNx:H) has been shown to provide excellent surface passivation [48]. 

SiNx layers have been shown to provide low surface recombination velocities (SRV) of 4 

cm/s on 1.5 Ω·cm p-type Si substrate [49]. Additional benefit of these layers is the low 

temperature (300-450 °C) deposition. However when applied directly to a p-type surface 

on the rear of a solar cell, SiNx causes an inversion layer to build up, which causes 

parasitic shunting, leading to loss in Jsc of the solar cell [50]. Inversion layer is caused 

due to the high positive charge density of 1 × 1011-5 × 1012 cm-2 in the SiNx layer [51]. 

SiNx layers have been shown to be very stable under high temperature annealing and 

represent an attractive option for low-cost cell processing. 
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3.3.3.3 Hydrogenated amorphous Si (a-Si:H) 

 Surfaces passivated by hydrogenated amorphous Si (a-Si:H) deposited at ~200 °C 

have been shown to provide excellent surface passivation [52]. High-efficiency solar cells 

have been produced by a-Si rear surface passivation [53]. However passivation provided 

by a-Si:H layer is unstable at high temperature, hence alternate low temperature device 

processing steps have been developed to preserve the superior surface passivation. This 

approach has recently resulted in >21% efficient HIT (Heterojunction with Intrinsic Thin-

layer) solar cells [54] with surface recombination velocities of ≤ 10 cm/s. 

3.3.3.4 Hydrogenated amorphous silicon carbide (SiCx:H) 

 PECVD deposited hydrogenated amorphous silicon carbide (SiCx:H) films have 

been shown to provide excellent surface passivation recently [55, 56]. High conversion 

efficiency (>20%) of solar cells utilizing SiCx as back surface passivation have been 

reported [57]. SiCx has also been shown to be stable under a high temperature annealing 

step and is a promising new material for surface passivation. 

3.3.3.5 Negatively charge dielectrics 

 Negatively charge dielectrics (eg., Al2O3 [58] and Al2O3/TiO2 peudo-binary alloy 

[59]) have been shown recently to provide good passivation and high thermal stability 

(upto 1000 °C [59]). These also represent a new passivation mechanism which has 

potential for solar cell applications. 

3.3.3.6 Iodine: methanol solution 

 Another common method for surface passivation that has been used throughout 

this research is the use of iodine:methanol solution. Halogen atoms adsorbed at the 
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surfaces provides very low surface recombination velocity of < 1 cm/s [60, 61] and 

provide a quick and easy way to determine the properties of bulk Si via lifetime 

measurements. 

Certain passivating layers (eg., SiO2) are not stable under the high temperature 

annealing step; however, a combination of these dielectric layers can achieve the desired 

passivation and thermal stability. For example, a silicon oxide and silicon nitride stack 

has been shown to be stable upon annealing [57] and provides low surface recombination 

velocity [62]. This stack can also avoid the parasitic shunting issues associated with 

passivation with SiNx alone [57]. 

The next section describes the most common c-Si solar cell structures as well as 

advanced cell structures, which utilize superior pasivation provided by these dielectric 

layers. 

3.4 Crystalline silicon solar cell: device design and optimization 

 CHAPTER 2 discussed the basic operation of an n+-p junction solar cell. There 

are however several efficiency enhancing features in the final device. Many design 

features when applied to the front and back side of a device can yield greater generation, 

less recombination, and better collection of the carriers to produce high performance. 

Some of the features that can be controlled and optimized are the base doping density, 

doping profile of the diffused n+ layer, passivation of the front and rear surfaces, reduced 

reflectivity of the front surface, and optimum design and formation of ohmic contacts. 

Several device structures have been developed, however the basic n+-p-p+ device is the 

most common in PV industry today. This basic structure has been optimized and utilized 
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throughout this research and also serves as a reference to compare the effects of 

efficiency enhancing design changes that are selectively introduced.  

3.4.1 Conventional features of n+-p-p+ solar cell with full area aluminum back 
surface field 

 A cross section view of the standard n+-p-p+ device structure that has been 

fabricated throughout this research is shown in Fig. 3.9. It consists of a p-type Si with an 

n+ layer diffused on top to form the n+-p homojunction. On the front is an antireflection 

coating (ARC) (usually SiNx) and a metal contact grid (usually Ag). Al typically forms 

the back contact. In a conventional low cost process sequence, screen-printed Ag on top 

of SiNx, punches through the SiNx layer to form the front contact upon annealing at high 

temperature (>700 °C). On the rear side, for annealing temperatures greater than the Al-

Si eutectic (577 °C), an Al doped p+ layer, also know as Al back surface field (Al-BSF), 

is formed. Al metal on top of Al-BSF forms the rear contact in the same step. The regions 

in Fig. 3.9 are not drawn to scale. Typical thicknesses of these regions are 700-1100 Å, 

0.25-0.5 µm, 5-8 µm, and 10-30 µm for the ARC, n+ emitter, Al-BSF, and Al contact, 

respectively. Base thickness typically varies from 100-300 µm.  

SiNx 

Ag Grid 

n+ emitter Al BSF Al Contact 

n+ p-Si p+ 

 

Figure 3.9 Cross-section of the n+-p-p+ solar cell (not drawn to scale). 
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3.4.2 Advanced cell design with local BSF 

 The BSRV provided by Al-BSF is in the range of 350-500 cm/s [63], which is not 

sufficient for very high efficiency cells. In addition, full Al-BSF formed by screen-

printed Al warps thin wafers [64]. Dielectric passivation can solve both the problems. 

However, the rear metal contact for devices that use dielectric passivation has to be made 

by either opening the dielectric locally or by firing through the dielectric. Figure 3.10 

illustrates such a structure, where local BSF is formed underneath the point contacts. As 

shown in the Fig. 3.10, minority carrier electrons would be repelled at the local BSF 

points, decreasing contact recombination, and the series resistance. 

 

Figure 3.10 Dielectric-passivated, local BSF solar cell structure. 

 
The challenge is to open vias through the dielectric by a low-cost technology. 

Photolithography and laser ablation type techniques have been used but these techniques 

add additional steps and increase the cost. Secondly, a good quality local BSF needs to be 

formed through this vias. Finally, the choice of dielectric is also important for such 
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structures. For example, if SiNx is used to passivate the back, it can lead to parasitic 

shunting at the back contact, lowering the Jsc  [50]. Similar care has to be taken to 

fabricate the devices that use n-type floating junction to passivate p-type Si [65]. These 

extra steps however increase the manufacturing cost.  

In this thesis, attempt has been made to form cells on thin wafers with local Al-

BSF using a novel dielectric and contact formation technique. 

 

3.4.3 Review of high-efficiency solar cell structures 

 This section discusses some of the contemporary high-efficiency solar cell 

structures fabricated in the laboratory and on industrial scale. 

3.4.3.1 PERL cell: 

PERL cell (Fig. 3.11) utilizes most of current technological advancements in the 

solar cell design [66]. The structure has produced 24.7% efficiency, the highest efficiency 

for a c-Si device under 1 sun illumination. However it uses eight high-temperature, five 

masking, and five photolithography steps. 
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Figure 3.11 Structure of a passivated emitter, rear locally-diffused (PERL) cell [66]. 

 

 Salient features of the PERL cell that minimize the reflective, resistive, and 

surface recombination losses include [66, 67]: 

• High quality, thick base material. 

• Front surface texturing by inverted pyramids. 

• Excellent front and back surface passivation by thin silicon oxide (SiO2).  

• Selective emitter with heavy doping underneath the grid and light doping in 

between. 

• Local boron diffused BSF.  

• Rear reflector and light trapping with evaporated Al. 

• Double layer ARC.  

• Evaporated front contacts. 

3.4.3.2 Fraunhofer ISE’s high efficiency mc-Si cell:  

In 2004 Fraunhofer ISE announced the highest efficiency to date of 20.3% on mc-

Si with an area of 1 cm2 [68]. The structure of the cell is shown in Fig. 3.12 [69].  

This device structure utilized evaporated contacts, double layer ARC, thin SiO2 for 

surface passivation, plasma-textured front surface, a thin base (99 µm), SiO2 passivated 

rear surface, evaporated Al for back mirror, and high doping concentration under rear 

contacts. The key feature was the use of wet oxidation and laser-fired contacts (LFC), 

which locally anneals the rear point contacts and leaves the passivated oxide around the 

contact unaffected and well passivated [70].  
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Fig 3.12 Device structure of 20.3% efficient mc-Si by Fraunhofer ISE. 

 

All these high-efficiency device features discussed above require very clean 

fabrication processes, along with complex and multiple steps and are not practical for 

low-cost fabrication. However, high performance demonstration has provided knowledge 

and guidelines for processing these structures in a cost-effective manner. 

3.4.3.3 SunPower back contact cell: 

 SunPower Corporation designs and manufactures the highest available 

commercial c-Si modules [71]. Basic structure of SunPower’s back contact cell is shown 

in Fig. 3.13 [72]. 

 

Figure 3.13 SunPower’s back contact A-300 solar cell structure [72]. 
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Key features of Sunpower’s design include interdigitated n+ and p+ diffusions to 

reduce recombination loss at the contact. The contact grid lines are located entirely at the 

rear of the cell, which completely eliminates the shadow loss of the incident light [72].  

SunPower’s device requires multiple high temperature steps, however high 

conversion efficiency is achieved on large area devices (149 cm2). SunPower began 

ramping up their Gen 2 solar cells in January 2008, with a cell efficiency of 22.4% and a 

high module efficiency of 20.1%. Recently they announced their Gen 3 device with a 

high efficiency of 23.4%. Improved efficiency from the previous designs was due to 

improved patterning techniques, lower carrier recombination, higher carrier collection, 

and lower series resistance.  

3.4.3.4 Sanyo’s Hetero-junction with Intrinsic Thin-layer (HIT) cell structure: 

Sanyo Electric Co. announced large area (100.3 cm2) solar cells using the HIT 

structure with a conversion efficiency of 21.5% [73]. HIT solar cell structure is shown in 

Fig. 3.14 [73]. 

 

Figure 3.14 Device structure of HIT cell [73]. 
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HIT structure consists of a n-type ~200 µm thick substrate, with a top a-Si:H p/i 

layer of thickness 10 nm and bottom  a-Si:H i/n layer of thickness 20 nm, which passivate 

the surfaces. Cell processing is done at temperatures below 200 °C to preserve surface 

passivation by a-Si:H. 

3.5 Conclusions 

Crystalline Si can be grown in the form of single crystal or multicrystalline Si. 

Multicrystalline Si can be grown either as ingots or sheets. The bulk quality of the low 

cost mc-Si wafers can be improved by the techniques of gettering and hydrogen 

passivation, which should be incorporated in the cell processing steps to keep the 

processing cost down. Solar cell design criteria revolve around maximizing Jsc and Voc 

and minimizing the power loss from parasitic mechanisms (series and shunt resistance). 

Several advance design features can be employed to improve the performance of the 

device; however they should be incorporated in a way that does not increase the cost.  
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CHAPTER 4 

FABRICATION AND OPTIMIZATION OF BASELINE SILICON 

SOLAR CELLS 

4.1 Introduction 

 This chapter focuses on the fabrication and optimization of baseline solar cells on 

p-type Si. Section 4.2 discusses the fabrication sequence employed. The diffusion profile 

optimization for different sheet resistance emitters is presented in section 4.3, followed 

by a discussion of the firing profile optimization to form high-quality contacts. Section 

4.3 concludes with an investigation of the passivation provided by two different kinds of 

silicon nitride films (low- and high-frequency) suitable for solar cell manufacturing.  

4.2 Fabrication of baseline silicon solar cells 

 Baseline Si solar cells refer to the conventional front junction n+-p-p+ solar cell 

structure, Fig. 3.9, currently most prevalent in the industry. Solar cells fabricated by an 

optimized baseline process on 300 µm thick Si have been used throughout this thesis as 

reference or control cells to study the effects of  key material and device parameters, such 

as base (material, thickness, resistivity, and doping type) and emitter profile (sheet 

resistance of diffused emitter surface and junction depth). 

To fabricate the baseline solar cells, p-type Si wafers first are chemically etched 

in acid to remove the saw damage followed by a standard RCA clean. Wafers are then 

diffused using liquid phosphorus oxychloride (POCl3) as the dopant source to form the n+ 

emitter. The glass formed on the wafer surface after the diffusion process is etched off in 

dilute HF and wafers are coated with a PECVD SiNx film on top of the emitter to serve as 
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an ARC. Al paste is then screen-printed on the rear followed by screen-printing of Ag 

grid on the front using commercial pastes. Front and back contacts are co-fired at 

~750 °C using an optimized process in a lamp-heated IR belt furnace, resulting in 

simultaneous formation of an Al-doped p+ back surface field (BSF), back Al contact, and 

the front Ag grid metallization. Cells are then mechanically isolated with a dicing saw to 

define an active cell area of 4 cm2. Finally, cells are annealed at 400 oC for 15 min in 

forming gas before testing and analysis. This fabrication sequence is summarized in Fig. 

4.1. 

 

Phosphorus 

SiNx deposition

Co-fire

Al screen-print

Ag screen-print

Damage etch, 

p-type c-Si

Isolation, FGA, Test

Figure 4.1 Fabrication sequence for baseline p-type c-Si solar cells. 

 

4.3 Optimization of baseline silicon solar cells 

 Each step in the fabrication sequence shown in Fig. 4.1 has to be optimized to 

achieve high-efficiency solar cells. A study was conducted to optimize the emitter profile 
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for screen-printed contacts to achieve higher Jsc in conjunction with a lower loss from 

parasitic series and shunt resistances. SiNx films, deposited in two different reactors (low- 

and high-frequency PECVD), were compared to determine their efficacy in passivating 

the emitter surface and the bulk defects in solar cells.  This section discusses the results 

of optimization that led to high-efficiency baseline solar cells. 

4.3.1 Emitter diffusion 

 Phosphorus diffusion profiles of different sheet resistance emitters fabricated and 

studied in this research are shown in Fig. 4.2. These emitters were formed on polished n-

type Cz wafers in a tube furnace to determine the phosphorus concentration profile via 

spreading resistance measurements. Change in sheet resistivity and profile was achieved 

by changing the diffusion temperature, which ranged from 890 to 835 °C, resulting in 

sheet resistivity in the range of 40 to 120 Ω/sq. The emitter saturation current density (J0e) 

is a function of the phosphorus surface concentration, profile, and the emitter penetration 

depth [74]. However for a given penetration depth, J0e has an optimum (lowest) value, 

which is a function of surface concentration and surface recombination velocity.   
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Figure 4.2 Spreading resistance measurements to determine the diffused phosphorus concentration 
for emitters with sheet resistivity varying from 40 Ω/sq to 120 Ω/sq. 
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 Contact resistivity increases to >1 mΩcm2 for surface concentration values <5 × 

1019cm-3 [75], however a high surface concentration, which is desirable for low contact 

resistivity, would lead to increased recombination in the emitter region thus reducing the 

Jsc. Furthermore, Ag crystallite growth, which establishes a current path for electron 

transport from emitter to metal grid, is also shown to be dependent on the phosphorous 

surface concentration [76]. Figure 4.2 shows that both penetration depth and surface 

concentration decrease as sheet resistivity increases. Hence there is a tradeoff between Jsc 

and series resistance as we go towards high sheet-resistance emitters. Optimized emitter 

profiles shown in Fig 4.2 were obtained by adjusting the diffusion time and temperature 

in the tube furnace to give a high enough (> 5 × 1019cm-3) surface concentration (for 

reduced contact resistance) even for lower penetration depths (for increased Jsc). It should 

however be noted that the low sheet resistance emitters maintain a higher concentration 

of diffused phosphorous inside the Si and generally lead to a more tolerant contact firing 

process. Shallow emitters would be more prone to shunting if the front contact metal 

diffuses into the junction during contact firing. 

4.3.2 Development of an optimized co-firing cycle in a belt furnace to form the front 
and back contacts 

 Commercially available Ag and Al pastes were used for screen-printing. Eight 

finger front grid pattern was used for low sheet-resistance emitters (~45 Ω/sq) and 10 

finger pattern for high sheet-resistance emitters (>70 Ω/sq). The finger, bus bar width, 

and spacing was optimized to provide least shading, without increasing the power loss 

from parasitic resistances. Thickness of screen-printed Al was ~40 µm, which formed a 

uniform BSF at the peak annealing temperature.  
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 Figure 4.2 shows three different firing profiles, with different peak temperatures, 

measured on the Si wafer traveling through the belt. Firing profiles were tailored by 

adjusting the belt-zone temperatures and the belt speed. Firing profiles were optimized 

for each Ag and Al paste combination used for different sheet-resistance emitters by 

varying the ramp-up and ramp-down rates, and the peak temperature, to yield solar cells 

with uniform BSF, low series resistance, and no shunting. 
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Figure 4.3 Temperature firing profiles in a belt furnace with high ramp-up and ramp-down. 

 

4.3.3 Passivation provided by low- and high-frequency PECVD SiNx films 

Bulk lifetime enhancement and good surface passivation are important for high 

efficiency solar cells. It has been shown that Plasma-Enhanced Chemical Vapor 

Deposition (PECVD) of silicon nitride (SiNx) can accomplish both [77-80], but the 

degree of enhancement is a function of SiNx deposition and annealing conditions. In this 

study, two types of SiNx films were evaluated for emitter surface and bulk defect 

passivation of the solar cells. The first film was grown at low-frequency (LF) at 425 oC in 
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a horizontal tube reactor, and the second film was deposited at high-frequency (HF) in a 

parallel plate reactor at 300 oC. The quality of emitter surface passivation was quantified 

by J0e measurements and bulk passivation was quantified through lifetime measurements. 

In addition, solar cells were fabricated and analyzed by IV and IQE measurements to 

study the impact of surface and bulk defect passivation from LF and HF SiNx films. The 

bulk lifetime in HEM mc-Si was also monitored in sister wafers to characterize the bulk 

lifetime enhancement due to hydrogenation from LF and HF SiNx films during the 

contact anneal cycle. Thus this study includes the effect of three variables: frequency, 

temperature, and reactor.  

4.3.3.1 Impact of LF and HF PECVD SiNx films on emitter surface passivation 

Various values of J0e have been reported in the literature for different sheet 

resistivity emitters passivated with SiNx films [79, 81-84]. Si rich SiNx films (index >2.3, 

measured at 633 nm) are known to give a lower J0e [81]. However, nearly stoichiometric 

SiNx films (index ~2.0), which are more suitable for solar cells because of low absorption, 

were analyzed in this study.  

For the J0e measurements, symmetric n+-n-n+ structures were prepared on ~700 

Ω·cm n-type FZ Si wafers. The wafers were etched chemically in acid before a standard 

RCA clean. Phosphorus diffusions were performed at various temperatures in the range 

of 835 oC to 915 oC with POCl3. The sheet resistivity was measured on each wafer with a 

four point probe after removing the phosphorous glass layer in dilute HF. By varying the 

temperature from 915 oC to 835 oC, sheet resistivities in the range of 30 Ω/sq to 120 Ω/sq 

were obtained. Silicon nitride was deposited on both sides of each wafer using direct LF 

and HF PECVD reactors. The HF PECVD SiNx film was deposited at a frequency of 
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13.56 MHz and at a temperature of 300 oC while the deposition of LF PECVD SiNx was 

performed at a frequency of 50 kHz and a temperature of 425 oC. J0e was measured on 

each wafer before and after a heat treatment in an IR-heated belt furnace using the same 

temperature profile that is used for contact firing during solar cell processing. J0e was 

obtained by the transient photoconductance decay technique (tcpd) using the slope of 

inverse effective lifetime (1/τeff) vs. excess carrier concentration (∆n) [85].  
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Figure 4.4 J0e comparison for phosphorous diffused n+ emitters with different sheet resistivities for 
LF and HF SiNx. The trend line is a guide to the eye. 

 
Fig. 4.4 shows that the J0e values for as-deposited LF SiNx were very high (~ 480 

fA/cm2) and relatively independent of the sheet resistivity. On the other hand, the as-

deposited J0e values for the HF SiNx were much lower and decreased from 368 to 199 

fA/cm2 as the sheet resistance increased from 30 to 120 Ω/sq. However, after firing in the 

belt furnace, the J0e values for LF SiNx decreased substantially, and became lower than 

the HF SiNx counterpart. For example, for the 45Ω⁄sq emitter passivated by LF SiNx, the 
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J0e dropped from 480 fA/cm2 to 244 fA/cm2 after firing while the Joe for the HF SiNx 

passivated emitter decreased from 308 fA/cm2 to 254 fA/cm2 after firing. This effect was 

even more pronounced for higher sheet resistance emitters. For a 95Ω⁄sq emitter the J0e 

decreased from 484 fA/cm2 to 147 fA/cm2 after firing the LF SiNx, while the J0e dropped 

from 203 fA/cm2 to only 187 fA/cm2 in the case of HF SiNx. Note that the Joe decreases 

as the sheet resistivity increases, or surface concentration decreases [74]. The J0e values 

reported here are not the lowest [86] because the SiNx films in this research were 

optimized for best solar cell performance, rather than surface passivation.  

The higher post-deposition J0e for the LF films, compared to the HF films, can be 

explained by the greater degree of surface damage caused by the plasma ions in the low 

frequency reactor during the deposition. However, a more dramatic decrease in J0e after 

the anneal of the LF films indicates that the hydrogen trapped at LF SiNx-Si interface 

defects is released during annealing and is able to passivate the emitter surface more 

effectively compared to the HF SiNx films [87].  

4.3.3.2 Impact of LF and HF PECVD SiNx films on FZ and mc-Si cell performance and 
bulk defect passivation 

 Solar cells were fabricated on ~1 Ω-cm p-type FZ Si and ~1.5 Ω-cm HEM cast 

mc-Si using the baseline process to determine the effect of depositing and annealing LF 

and HF SiNx films on the emitter surface and bulk defect passivation. POCl3 diffusion 

was used to form a ~45 Ω/sq emitter, followed by deposition of LF and HF SiNx AR 

coating on the front. The bulk lifetime in HEM mc-Si was monitored in sister wafers to 

characterize the bulk lifetime enhancement due to hydrogenation from LF and HF SiNx 

films during the contact anneal cycle. Lifetimes were measured before and after firing in 

the belt furnace. Bulk lifetimes were measured by the quasi steady state 
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photoconductance technique (QSSPC) [88] with surfaces passivated by an iodine-

methanol solution [60]. Post cell processing lifetimes were measured by chemically 

etching off the metal contacts, SiNx layer and the emitter and Al-BSF and then 

performing QSSPC lifetime measurements by passivating surfaces in iodine-methanol 

solution. 

Table 4.1 I-V data for 4 cm2 solar cells on FZ and mc-Si wafers for LF and HF coated SiNx. 

Wafer 
type/ 

System 

Eff 
(%) 

Jsc 
(mA/cm2)

Voc 
(mV) 

FF 
(%) 

FZ LF 17.2 34.64 632 78.4 

FZ HF 16.8 33.89 630 78.8 

HEM LF 16.8 34.24 627 78.0 

HEM HF 16.1 33.22 623 77.6 
 

The solar cell data in table 4.1 shows that LF SiNx gives higher Jsc and Voc and 

solar cell performance. The difference in Voc is 2 mV for FZ cells with HF and LF SiNx, 

while in the case of the HEM mc-Si cells, this difference increases to 4 mV.  Table 1 also 

shows that the difference in Jsc between FZ cells with LF and HF SiNx is 0.75 mA/cm2. 

IQE and diffuse reflectance measurements were performed on FZ and mc-Si cells with 

HF and LF SiNx films to determine if the difference in Jsc and Voc are due to surface 

reflectance, surface recombination, or bulk recombination. Fig. 4.5 shows that the 

reflectance of FZ solar cells with LF and HF SiNx AR-coatings are very similar and 

cannot account for the difference in performance between the FZ cells. Fig. 4.5 shows 

that the short wavelength (350-650 nm) IQE of the FZ cell with LF SiNx coating is 

superior to that of the FZ cell with the HF SiNx coating, indicating a higher degree of 

front surface passivation provided by LF films. For example, there is a 6% enhancement 

 72



in the IQE response for the LF SiNx at 450 nm, relative to the HF SiNx at the same 

wavelength. Figure 4.5 also shows that the choice of the SiNx film did not affect the long 

wavelength IQE response of FZ cells, indicating no appreciable change in Al BSF quality 

or lifetime.   

0

10

20

30

40

50

60

70

80

90

100

350 450 550 650 750 850 950 1050 1150

Wavelength (nm)

IQ
E 

(%
)

HF SiN IQE
HF SiN Reflectance
LF SiN IQE
LF SiN  Reflectance

 

Figure 4.5 IQE response and reflectance for LF and HF SiNx coated FZ wafers.  

 
Figure 4.6 shows the IQE response of the two HEM mc-Si cells with HF and LF 

SiNx. Similar to the FZ cells, the short wavelength response is greater for the LF SiNx 

coating. In contrast to the FZ cells, the HEM mc-Si cell with the LF SiNx coating show 

superior long wavelength response. This is indicative of more effective bulk defect 

passivation relative to high frequency SiNx. This is further supported by Fig. 4.7, which 

shows the average as-grown lifetime, post-cell-processing lifetime, and corresponding 

solar cell efficiencies for a high and low as-grown lifetime HEM wafers. 
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Figure 4.6 IQE response for LF and HF SiNx coated HEM wafers.  
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Figure 4.7 Average as-grown and post-processing lifetime in HEM mc-Si wafers with LF and HF 
SiNx and the corresponding cell efficiencies. 

 

 The carrier lifetime for the HF SiNx deposited at 300 oC improved from 1 µs to 30 

µs for lower lifetime mc-Si wafer (experiment 1) and from 35 µs to 179 µs for the high 

lifetime mc-Si wafer (experiment 2), resulting in cell efficiencies of 14.8% and 16.1%, 
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respectively. The LF SiNx deposited at 425 oC improved the bulk lifetime from 1 to 110 

µs in low lifetime wafer (experiment 1) and from 36 µs to 279 µs in the high-lifetime 

wafer (experiment 2) with corresponding cell efficiencies of 15.9% and 16.8%, 

respectively. The data in Fig. 4.7 shows that the defect passivation from the LF SiNx is 

more effective and also reduces the efficiency gap between the cells made on low and 

high lifetime HEM mc-Si wafers. Thus, the LF SiNx film deposited at 425 oC results in 

higher efficiency FZ cell due to superior emitter surface passivation and higher efficiency 

mc-Si cells because of improved emitter surface passivation as well as bulk defect 

passivation. 

It should however be pointed out that the density of the LF films deposited in this 

study was higher than the HF films due to a higher deposition temperature (425 °C for LF 

compared to 300 °C for HF). It has been shown in literature that higher density films 

provide better passivation [89]. These optimized LF SiNx films, deposited at 425 °C, are 

used throughout this thesis for solar cell fabrication. 

4.4 Conclusions 

This chapter describes the process sequence of a baseline solar cell used in this 

research. Each process step in the fabrication sequence is optimized to achieve high 

efficiency. POCl3 emitter diffusion profiles are optimized to achieve high phosphorus 

surface concentration (for reduced contact resistance) and lower penetration depths (for 

increased Jsc). Front Ag contact grid is optimized in conjunction with the emitter sheet 

resistance to provide low contact resistance and shading losses. Optimized firing profile 

is developed for co-firing of Ag and Al pastes, which also improves the material quality 

via hydrogenation of defects. Emitter surface and bulk defect passivation provided by the 
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LF SiNx film deposited at 425 °C was found to be superior for LF SiNx films deposited at 

425 °C compared to a HF SiNx film deposited at 300 oC. The contact firing cycle is found 

to induce a significant decrease in the J0e of the LF SiNx passivated phosphorus doped 

emitters. J0e values for LF SiNx reduced dramatically after contact firing to 100-200 

fA/cm2, well below the J0e for fired HF SiNx passivated emitters. This is attributed to 

annealing of the as-deposited damage at the emitter surface. During the post-deposition 

firing, hydrogen is released from the SiNx film and improves the passivation of the 

emitter surface and defects in the bulk. Baseline solar cells fabricated on FZ and mc-Si 

with LF SiNx gave efficiencies of 17.2% and 16.8%, respectively, while the 

corresponding efficiencies were 16.8% and 16.1% for the HF SiNx ARC. The enhanced 

cell performance of LF SiNx coated sample is corroborated by a higher short wavelength 

IQE due to better emitter surface passivation in both FZ and mc-Si cells and a higher long 

wavelength IQE in mc-Si due to better bulk defect passivation. The LF SiNx film 

employed in this study gave significant improvement in bulk lifetime and J0e and reduced 

the performance gap between cells made on low- and high- lifetime HEM mc-Si wafers. 
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CHAPTER 5 

UNDERSTANDING OF HYDROGEN DIFFUSION IN SILICON 

FROM PECVD AMORPHOUS SILICON NITRIDE 

5.1 Introduction 

 The SiNx coating on the front side of a solar cell serves not only as an anti-

reflection coating but also passivates the defects in the bulk of the low-cost solar cell 

materials by releasing the hydrogen during the contact formation cycle. Section 5.2 of 

this chapter first discusses the factors that influence the SiNx induced defect passivation 

and the techniques that are used to study this phenomenon. A novel method to determine 

the concentration and flux of H diffusing into the Si is then introduced followed by the 

correlation of flux with the lifetime enhancement in defective String Ribbon Si.  Section 

5.3 discusses further applications of the novel methodology to account for H diffusing 

through c-Si. Finally, sections 5.4 and 5.5 discuss the high-temperature (800 and 850 °C) 

and low-temperature (≤ 650 °C) H diffusion from SiNx. 

5.2 Hydrogen diffusion in silicon from PECVD silicon nitride 

Hydrogen (H) released during the annealing of hydrogenated amorphous silicon 

nitride (SiNx:H)  films diffuses through the crystalline silicon underneath and passivates 

the defects. This section discusses the factors that influence the SiNx induced defect 

passivation in Si and the techniques that are used to study the effect. A novel method is 

introduced to determine the concentration and flux of H diffusing through the Si, which is 

then correlated with the measured lifetime in defective String Ribbon Si. 
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5.2.1 Factors that influence SiNx induced defect passivation in silicon 

As discussed in CHAPTER 3, H diffusion in the Si from an amorphous 

hydrogenated silicon nitride (SiNx) antireflection coating is critical for the passivation of 

defects in the low-cost Si materials used in photovoltaics. Figure 5.1 shows the structure 

of a solar cell made on low-cost Si that has defects such as grain boundaries, dislocations, 

metals and dangling bonds. The cell structure has a PECVD SiNx AR coating on front, 

which contains 10-20% atomic H. When this structure is annealed at high temperature 

(700-800 °C) to form screen-printed contacts, H is released from SiNx and passivates the 

defects in bulk Si underneath. H released from the SiNx film diffuses into the Si, where it 

interacts and attaches to the defects (hydrogenation). However, contact firing temperature 

is high enough that it also dissociates from the defects (dehydrogenation). Thus, defect 

passivation or H retention at defects is the result of competition between hydrogenation 

and dehydrogenation during the contact firing. The degree of defect passivation and H 

retention depends on the following factors: 

• Release of H from SiNx film, 

• Diffusion of H in Si, and 

• Dehydrogenation from defects. 

The above factors can be influenced by the firing temperature, time, and the 

temperature ramp up and cooldown rates. Growth kinetics of SiNx also can influence 

the content and release of H from the SiNx film.  
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Figure 5.1 Picture of a solar cell made on low-cost, defective Si and the interaction of H released from 
SiNx with defects. 

 

5.2.2 Techniques used to study H diffusion and passivation 

The H concentration in Si is generally very low and below the detection limit [39, 

90, 91] of most tools; therefore, the positive effects of H released from hydrogenated 

SiNx (SiNx:H) film during high-temperature annealing (hydrogenation) have been 

observed and reported mostly via indirect measurements such as increase in minority 

carrier lifetime [92] and improved current-voltage and spectral response of solar cells [93, 

94]. Several studies have been reported in the literature to optimize the properties of the 

SiNx film, which give the best bulk passivation. Dekkers, et al., found an optimum mass 

density of 2.9 gm/cm3 for the SiNx film that provides best bulk defect passivation [89]. 

Romijn, et al., reported on optimum Si-N bond density, which is related to the mass 

density, that gives the best bulk and surface passivation [94]. 
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High surface concentrations of deuterium (D) and H, trapped by defects generated 

on the Si surface during SiNx deposition, have been reported in literature [95, 96]. 

However, this concentration falls rapidly below the detection limit of most measurements, 

as shown in Fig. 5.2 [95].  
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Figure 5.2 Concentration of D measured close to the surface by SIMS, taken from ref. [95]. 

 
There have been attempts to detect the presence of H in the bulk Si directly since 

not long ago it was conjectured that the H lost from the annealed SiNx:H film was 

released into the atmosphere and not into the Si [97]. Infrared absorption measurements 

of Pt-H complexes in Si have recently demonstrated a large diffusion depth of H in Si and 

have placed a lower limit on the total amount of H diffusing into the crystalline Si 

samples [39]. FTIR data in Fig. 5.3, taken from ref. [39], shows unambiguously that H 

released from the SiNx diffuses into the Si substrate and forms complexes with defects in 
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bulk Si. A minimum H concentration of ~1015 cm-3 was established inside the silicon for 

the best case [91]. However the annealing profile (ramp-up and -down rates), for short 

anneal times, for the thick (~1500 µm) samples used in their study to improve the 

measurement detection limit, may be different than the temperature profile used for the 

contacts in conventional belt furnaces [91]. Also, the presence of heavy Pt traps inside the 

bulk Si could alter the H diffusion kinetics. SIMS measurements were used by Hahn, et. 

al. to directly measure the deuterium (D) trapped by oxygen inside the bulk of mc-Si [90]. 

 

Figure 5.3 IR spectra of vibrational lines assigned to Si–H bonds in the SiNx layer and to PtH 
complexes in the Si for an annealed Pt sample with a SiNx layer deposited on its surface [39].  

 

5.2.3 Development of a novel method to determine the concentration and flux of 
hydrogen injected in silicon from the PECVD SiNx film 

In this research, a novel structure and process sequence shown in Fig. 5.4 was 

developed to improve the understanding of the H diffusion kinetics and determine the 

amount of H that diffuses through the Si during the annealing of the SiNx film. This 

experiment involved the deposition of SiNx:D using deuterated silane (SiD4) and 
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deuterated ammonia (ND3) as precursors in a low-frequency plasma-enhanced chemical 

vapor deposition (PECVD) reactor at 400 °C. The substrates were 215 µm thick, 0.35 

Ω•cm float zone (FZ) wafers. The thickness of the deposited SiNx:D films was 80 nm, 

with a refractive index of 2.0 measured at 633 nm. D has a low natural abundance, which 

lowers the detection limit of H by SIMS measurements. SiNx:D films are, structurally and 

physically, slightly different from SiNx:H films for the same growth conditions [98]. 

However, these differences can be eliminated [99] by adjusting the process parameters. 

The passivation ability, mechanism, and kinetics for SiNx:D films are expected to be 

similar to that of SiNx:H films [100]. rf sputtering was then used to deposit 1.5-2.5 µm 

thick amorphous Si (a-Si) films on the rear side of the wafer in an argon ambient, at a 

substrate temperature of 200 °C. This sputtered layer was found to be highly defective, 

which is ideal for trapping high concentrations of deuterium. Samples coated with SiNx:D 

on one side and a-Si on the other side were annealed in a Rapid Thermal Processing 

(RTP) system at 750 °C for 1, 5, 60, and 300 s, with fast ramp-up and ramp-down rates, 

similar to what is used for contact firing during solar cell fabrication. SIMS 

measurements of D profiles were performed within the sputtered a-Si films with a 

Cameca IMS5f using a cesium primary ion beam. Figure 5.4 illustrates the schematic of 

the structure and the process sequence used in this study. 
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Figure 5.4 Illustration of the structure used to trap deuterium, which is released from the SiNx:D film 
on top of Si and traverses through the single-crystal silicon. 

 

5.2.4 Measurement of the concentration and flux of H released from SiNx film into 
Si upon annealing 

Figure 5.5 shows the measured D concentration profiles in the sputtered Si layer 

on the rear side of the FZ samples. The peak D concentration in the sputtered Si film for 

1, 5, 60, and 300 s anneals was found to be 3.84 x 1018, 4.43 x 1018, 5.23 x 1018, and 7.87 

x 1018 cm-3, respectively. Figure 5.5 also shows the D content in the sputtered Si layer for 

a sample that had no SiNx on the front and was coannealed with the 300 s sample. No D 

was detected in this sample, which establishes that the source of D detected in sputtered 

Si is the SiNx:D film on the front side and that D gets there via diffusion through the c-Si 

wafer. The concentration of the trapped D increases in the sputtered Si layer as the anneal 

time increases, but the increase is limited by the supply of D from the SiNx:D film. The D 
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concentration inside the sputtered Si layer shows a typical diffusion profile with a tail 

away from the c-Si/ sputtered Si interface decreasing toward the free surface. This 

indicates the diffusion of D through the c-Si and into the sputtered Si, rather than 

diffusion from the ambient. One might suspect that id the D released into the atmosphere 

could wrap around and diffuse in the sputtered Si from the rear. As expected, in the 

absence of traps, the D concentration rapidly falls below the detection limit inside the FZ 

Si. Also, the peak concentration of 7.87 x 1018 cm-3 for the 300 s sample does not show 

any sign of saturation, which indicates that the defects in the sputtered Si layer can still 

hold more D. This implies that the sputtered Si film captures most of the D that passes 

through the c-Si and the measured D represents the “accumulated” D concentration that 

went through the c-Si. The D concentration in sputtered Si falls below the detection limit 

before reaching the free surface, which again indicates a complete capture of all the D 

traversing the c-Si. 
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Figure 5.5 Penetrated deuterium concentration in the sputter Si layer on the back of the wafers, 
released from the front SiNx:D film, for times of 1, 5, 60 and 300 s at 750 °C in RTP. Also shown is 
the deuterium concentration for a sample with no SiNx:D film, but co-annealed with the 300 sec 
sample.  
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Figure 5.6 shows the average “areal density” of D (integrated area under the 

concentration curves) in the sputtered Si layers. Notice that the areal density increases, 

but its slope decreases with the increase in anneal time. This suggests a rapid decrease in 

the rate of release of D from the SiNx:D film. This is consistent with some observations 

in literature, where it has been suggested that the total H content and the Si-H and the N-

H bond densities in the SiNx:H film decrease initially at a higher rate and then slows 

down for longer anneal times [97, 101]. The fraction of H lost from the SiNx:H that 

diffuses into the Si also depends on the density of the SiNx:H film [101, 102]. Thus, the 

merit of measuring the penetrated or diffused H through the defect-free Si in this study is 

that it provides a measure of H that would be available for defect passivation if SiNx:H 

film was deposited on top of a defective Si substrate. This is a much more useful quantity 

than measuring the loss of H from the SiNx film, which would also involve H escaping 

from the front surface to the ambient. From the areal density of the trapped D, the 

average flux (areal density divided by anneal time, in cm-2·s-1) of D diffusing through the 

Si has been estimated and plotted in Fig. 5.6. The average flux values for the shorter 

anneal times are substantially higher relative to the longer anneal times. It is important to 

recognize that a higher flux of H during a shorter anneal should enhance defect 

passivation in Si because if can compete more effectively with the dehydrogenation 

process. For longer anneal times the average flux of H decreases, which in turn would 

decrease the ratio of the hydrogenated to the dehydrogenated defects. Therefore, a 

smaller fraction of defects will be in the passivated state just before the start of the 

cooldown cycle, resulting in inferior defect passivation even though the total amount of H 

released from SiNx:H increases. It is important to recognize that hydrogenation and 
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dehydrogenation take place at the same time and the dehydrogenation rate is fixed. 

Therefore, the net hydrogenation will be dictated by the average flux rather than the total 

amount of H passing through the Si. If dehydrogenation was absent, then defect 

passivation or lifetime enhancement for longer anneal times would be better. Studies in 

the literature have indeed shown that low temperature H passivation provided by MIRHP 

improves the solar cell performance (Jsc and LBIC response) as hydrogenation time is 

increased for temperatures ≤450 °C, since there is little or no dehydrogenation taking 

place at these lower temperatures. H starts to dissociate from defects or dangling bonds at 

temperature above 500 °C [103]. 

If the total amount of D captured in the sputtered Si was trapped uniformly inside 

the 215 µm thick Si used in this study, the concentration would be at least 4.7 x 1015 cm-3 

for the 1 s anneal and 2.7 x 1016 cm-3 for the 300 s anneal, which also can be viewed as 

the defect passivating capacity for these anneal times. These concentration estimates set a 

lower limit of D diffusing into the Si from SiNx, at 750 °C. 
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Figure 5.6 Average areal densities of D in the sputter Si film for different anneal times. Average flux 
of D injected in the Si is also shown. 
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5.2.5 SiNx induced lifetime enhancement in String Ribbon silicon via rapid 
annealing and the correlation of H flux with the lifetime in String Ribbon Si  

After establishing the incorporation of H into the Si bulk, the retention of H at the 

defects was studied, which is equally important for achieving higher lifetime and cell 

efficiency on defective, low-cost cast mc-Si wafers. Hence, we decided to conduct study 

on String Ribbon wafers, which are very sensitive to hydrogenation. Samples were first 

gettered with POCl3 for a time and temperature typically used to form the n+ emitter 

during the solar cell fabrication. After etching off the emitter, post gettering lifetime was 

measured and then an 80 nm thick low-frequency SiNx:H film was deposited for 

hydrogenation study. After measuring the post gettering lifetime, samples were divided 

into two groups: greater and less than 15 µs lifetime. For every annealing condition, one 

sample from each group was chosen and annealed to see the effect of hydrogenation on 

the low and the high lifetime sample. Lifetime was measured at four different locations 

on a wafer; hence the reported lifetime is an average of eight measurements on two 

different wafers. A faster cooldown is expected to yield a higher lifetime due to trapping 

or quenching of H at the defects. To study the effect of only the anneal time, the 

cooldown rate was kept constant. Figure 5.7 shows the bulk lifetime after the gettering 

and hydrogenation steps. Notice that the highest lifetime is obtained for the shortest 

anneal time of 1 sec. Lifetime enhancement decreases as anneal time increases and then 

saturates after about 10 secs. Bulk lifetime was also measured after 1, 5, 60 and 300 secs 

anneals, with similar cooldown profiles. Figure 5.8 shows the correlation between the 

measured lifetime and the average D flux (Fig. 5.6) for different anneal times. 1 s firing 

produced maximum flux and highest lifetime. For longer anneal times, the flux of H 
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decreases; consequently, H passivation and bulk lifetime are reduced. Thus, higher H flux 

during shorter anneal enhances defect passivation in String Ribbon Si. Even though the 

total H passing through the Si is less for shorter annealing times, it is the higher flux that 

is more important for lifetime enhancement because of the defect dehydrogenation during 

the annealing cycle. 
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Figure 5.7 Average lifetimes of String ribbon wafers after gettering and hydrogenation for different 
peak anneal times. Error bars show the standard deviation. 
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Figure 5.8 Average lifetime and average flux values for peak anneal times of 1, 5, 60 and 300 s. 
Cooling rates for lower anneal times were adjusted to the cooling rate of the 300 s sample. 
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5.3 Further applications of the methodology developed 

With the methodology developed in the previous section, experiments were 

performed to see the effect of increasing the thickness of the Si substrate and the presence 

of a capping layer of SiNx:H on top of SiNx:D.  

5.3.1 Effect of increasing the thickness of Si 

The D concentrations in Fig. 5.5 are for a 215 µm thick defect-free FZ Si substrate. 

To study the effect of thickness and c-Si substrate, we also measured the penetrated D 

through a 575 µm thick Czochralski (Cz) Si wafer, which contains oxygen in the bulk and 

could trap some D [90]. Figure 5.9 shows the D concentration profiles in the sputtered Si 

layer on the rear side of the 575 µm thick n-type Cz Si wafer after 1 and 60 s anneals at 

750 °C.  

Depth (µm)

D
eu

te
riu

m
C

on
ce

nt
ra

tio
n

(c
m

-3
)

0 0.25 0.5 0.75 1 1.25 1.5 1.75 2
1015

1016

1017

1018

1019

1 sec anneal
60 sec anneal

Sputtered Si c-Si

 

Figure 5.9 Penetrated D concentrations in the sputtered Si layers on the rear side of the wafers, for a 
575 µm thick, n-type Cz wafer for anneal times of 1 and 60 s at 750 °C. 
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The peak D concentrations for 1 s and 60 s anneals were found to be 7 x 1017 and 

5.6 x 1018 cm-3, respectively. Figure 5.9 demonstrates that it only takes a 1 s (peak time 

anneal) at 750 °C for the D to penetrate through the entire 575 µm thick wafer. Thus, 

even in the presence of defects such as oxygen in Cz Si and a more than twofold increase 

in thickness, a considerable amount of D was detected on the rear side after the 1 s anneal. 

However, it should be noted that the peak anneal time of 1 s is equivalent to a 3.7 s peak 

time when the ramp-up and ramp-down rates are taken into account [104]. This is 

consistent with the high diffusivity of H measured by Van Wieringen and Warmolz 

(VWW) in single-crystal Si [37], emphasizing the fact that hydrogenation in c-Si at high 

temperatures is not diffusion limited [105].  

5.3.2 Effect of a SiNx:H capping layer on top of SiNx:D film 

Another study was conducted using this methodology to determine the effect of a 

SiNx:H capping layer on top of the SiNx:D layer. A 180 nm of SiNx:H (deposition 

temperature 425 °C) was deposited on top of the 80 nm SiNx:D film (deposition 

temperature 400 °C) and annealed at 750 °C for 60 sec. It should be recognized that the 

source of D is still the lower deuterated SiNx layer. Figure 5.10 shows the deuterium 

concentration profiles measured in the sputtered a-Si. It is clear from Fig. 5.10 that the 

presence of the capping layer leads to higher injection of D into the Si, indicating that the 

cap prevents the escape of H into the ambient such that more D is injected into the Si. 

The difference between the two curves represents the amount of D that diffused out into 

the ambient when no cap is present. According to Fig. 5.10, this out-diffusion can be 

quiet significant. 
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Figure 5.10 Penetrated D concentration in the sputtered Si layer for samples with and without a 
capping layer of 180 nm SiNx:H on top of 80 nm SiNx:D, for anneal at 750 °C for 60 s. 

 

5.4 High temperature (800 and 850 °C) hydrogen diffusion in silicon from PECVD 
SiNx film 

 In the previous sections, SiNx anneal temperature was fixed at 750 °C. In order to 

see the impact of higher anneal temperatures, similar structures were prepared and 

annealed at temperatures of 800 and 850 °C for 1, 5, 60, and 300 s. Similar to the 750 °C 

anneal experiment, the tapped D concentration in the sputtered Si layer was determined 

and the instantaneous flux values were obtained from the slope of the areal density versus 

annealing time curves.  

5.4.1 Trapped D concentration profiles for anneal temperature of 800 °C  

Figure 5.11 shows the D concentration in the sputtered layers for 800 °C for 

anneal times of 1, 5, 60, 300, and 600 s. As opposed to the 300 s anneal at 750 °C (Fig. 

5.5), D starts to escape from the rear surface for anneal times of 300 s and higher. As 
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expected, a much higher concentration of D is measured at 800 °C compared to 750 °C. It 

is interesting to note that the peak concentration for the sample fired for 600 sec 

decreases. This could be due to the limitation of the front SiNx to constantly supply D 

after a long anneal time at high temperature such that the D supplied into the sputtered Si 

from c-Si is less than the concentration of trapped D diffusing out to the free surface from 

the sputtered layer. Hence, after long firing time of 600 s at 800 °C, the SiNx layer is not 

able to increase or maintain the peak concentration of trapped D in the sputtered layer. 
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Figure 5.11 Penetrated deuterium concentration in the sputter Si layer on the back of the wafers, 
released from the front SiNx:D film, for times of 1, 5, 60, 300, and 600 s at 800 °C in RTP. 

 

5.4.2 Trapped D concentration profiles for anneal temperature of 850 °C  

 Figure 5.12 shows the D concentration in the sputtered layers for anneal 

temperature of 850 °C for anneal times of 1, 5, 60, and 300 s. 
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Figure 5.12 Penetrated deuterium concentration in the sputter Si layer on the back of the wafers, 
released from the front SiNx:D film, for times of 1, 5, 60, 300 s at 850 °C in RTP. 

 
 At 850 °C, D starts to escape from the 2 µm thick sputtered Si layer for anneal 

times exceeding 60 sec. As expected, a substantially higher amount of D is trapped for 

anneals at 850 °C. For 1 and 5 s anneal times, the peak concentration values at 850 °C are 

higher than their counterparts at 800 °C. However, the trend is opposite for anneal times 

of greater than 60 s. This could be due to the increased diffusivity of D in the sputtered Si 

layer, consequently, the D concentration profiles spread out and at the same time, the 

front SiNx is not able to supply D at the same rate as for the shorter anneal times. This 

drop in peak concentration for longer anneal times at 850 °C indicates towards a much 

quicker drop in the rate of supply of D from SiNx at 850 °C, compared to the 800 °C 

anneals. This would manifest itself in similar values of flux for 800 and 850 °C for anneal 
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times of 60 s and higher, which is calculated in the next section. It should however be 

noted that the total amount of D trapped for 850 °C would still be higher than 800 °C for 

all anneal times. 

5.4.3 Calculation of areal density of D in the sputtered a-Si layer and the 
corresponding flux of H in Si 

 To calculate the areal density of D in the sputtered Si for the profiles in which D 

escapes from the sputtered layers, Gaussian profiles were fitted and extrapolated up to the 

detection limit of SIMS for D (1e16 cm-3). Figure 5.13 shows, as an example, the 

extrapolated data fitted and added to the measured data for the 300 s anneal at 800 °C 

shown in Fig. 5.11. However, it should be noted that the areal density of D calculated 

from the extrapolated data and the original data are not very different since the 

extrapolation is in the low D concentration range. Nevertheless, it was performed to get 

more accurate estimates. Areal density was then calculated by integrating the area under 

the concentration curves. 
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Figure 5.13 Example of the measured D concentration profile fitted with a gaussian function and 
extrapolated for samples in which D starts to escape from the rear sputtered Si layer.  
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 Areal density of D in the sputtered layer for anneal temperatures of 750, 800, and 

850 °C and for times of 1, 5, 60, and 300 s are shown in Fig. 5.14. Trend for higher 

anneal temperatures is similar to that of 750 °C, with the areal density saturating at higher 

anneal times. For the same anneal time, areal density increases significantly when 

temperature is increased from 750 to 800 °C; however, when the temperature is increased 

from 800 to 850 °C, the relative increase in areal density is less. Depending on the 

bonding state of the bonded H in the SiNx, the activation energy for dissociation would be 

different. As a result, probably on increasing the temperature from 750 °C to 800 °C, 

more bonded H is made available from the new bonds that are broken. On further 

increasing the temperature to 850 °C, not as many new bonds are broken. 
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Figure 5.14 Areal density of D in the sputtered Si layer for anneal temperatures of 750, 800, and 
850 °C and anneal times of 1, 5, 60, and 300 s.  
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The calculated flux values in Fig. 5.6 for the 750 °C anneals represent the average 

flux values obtained by simply dividing the areal densities by the anneal times. To get a 

better estimate of the change in flux as a function of anneal time, instantaneous flux 

values were calculated by fitting the areal density values of Fig 5.14 by Weibull function: 

)exp( dcxbay −−= . Appropriate values of coefficients a, b, c, and d were determined 

from the fit for each curve in Figure 5.14. Figure 5.15 shows, as an example, the curve 

fitting of the Weibull function to areal density data for the 850 °C anneal in Fig. 5.14. 

Instantaneous value of the flux (
)(

)_(
timed

densityareald ) at any time was calculated by 

taking the slope of the Weibull function at that anneal time. Figure 5.16 plots the areal 

density from Fig. 5.14 along with the flux calculated at anneal times of 1, 5, 60, and 300 s 

for the anneal temperatures of 750, 800 and 850 °C.  
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Figure 5.15 Curve fitting of the areal density of D in the sputtered layer for 850 °C anneal by Weibull 
function. 
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Figure 5.16 Areal density of D in the sputtered Si and the instantaneous flux values as calculated 
from the slope of Weibull function for temperatures of 750, 800, and 850 °C. 

 
Note that the instantaneous flux values for 750 °C are significantly lower than the 

corresponding average flux values at 750 °C calculated in Fig. 5.6. This is because 

average flux values contain contribution from higher flux at previous times. The first 

noteworthy point from Fig. 5.16 is that the flux values are higher for higher temperature 

anneal, which should lead to a higher bulk defect passivation. However, due to a higher 

dehydrogenation rate at higher temperatures, it is the lower temperature that provides a 

better defect passivation, probably because dehydrogenation rate increases faster than the 

flux. This will be shown through lifetime measurements on String Ribbon samples in the 

next subsection. The second noteworthy point from Fig. 5.16 is that for temperatures of 

800 and 850 °C and for anneal times greater than 60 s, the flux values are similar, which 

indicates a much quicker drop in the supply rate of D from SiNx at 850 °C, as mentioned 

in section 5.4.2. 
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5.4.4 Lifetime measurements in String Ribbon to support the competition between 
the hydrogenation flux and dehydrogenation rate 

 Figure 5.17 shows the lifetime enhancement from hydrogenation of gettered 

String Ribbon samples for anneal time of 1 s and for temperatures of 725, 750, 800, and 

850 °C. Similar to the lifetime measurements in section 5.2.5, gettered String Ribbon 

samples were divided into two sets. One set of samples had post gettering lifetime greater 

than 15 µs, and the other set had lifetime less than 15 µs. Lifetime measurements were 

performed at four different locations on a wafer. 
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Figure 5.17 Lifetime enhancement in gettered String Ribbon samples annealed in RTP for 1 s at 
temperatures of 725, 750, 800, and 850 °C. 

 
Although the flux values at higher temperatures increase as shown in Fig. 5.16, 

however the lifetime enhancement in defective String Ribbon Si is higher for 750 °C. 

This enhancement is attributed to the faster increase in the dehydrogenation rate at 

temperatures greater than 750 °C, which dominates the lifetime enhancement of defective 

Si rather than the increased flux. For a lower temperature of 725 °C, the dehydrogenation 
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rate is lower, but lifetime enhancement is also lower due to a faster decrease in flux 

relative to the dehydrogenation rate below 750 °C. Hence Fig. 5.17 shows that there is a 

competition between the dehydrogenation rate and the flux of H in Si, which dictates the 

lifetime enhancement. Temperatures in the vicinity of 750 °C seem to provide the best 

defect passivation for String Ribbon. The optimum temperature may be different for 

different materials depending on the nature of defects in the material. It should also be 

noted that for any given temperature, the shortest anneal time, which leads to the highest 

flux, should yield the best passivation or highest lifetime, since the dehydrogenation rate 

is fixed for a given temperature.  

5.5 Low temperature (≤ 650 °C) hydrogen diffusion in silicon from PECVD SiNx 

 The deposition temperature of the SiNx:D films in this experiment was 400 °C. 

Hence, for anneal temperatures above 400 °C, H is expected to be released from the SiNx. 

To ascertain the lowest temperature at which D starts to diffuse through the Si, the 

structure in Fig. 5.4 was subjected to low temperature anneals for 600 sec. Figure 5.18 

shows the D concentration in sputtered layer for temperatures of 500, 525, 550, 600, and 

650 °C for anneal time of 600 s. Fig. 5.18 clearly shows that for temperature as low as 

525 °C, D diffuses through the 215 µm thick FZ Si. The amount of D diffusing through 

increases sharply as the temperature is increased above 525 °C. This is because more 

bonded D is released from the SiNx at higher temperatures. 
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Figure 5.18 Penetrated deuterium concentrations in the sputtered Si layer on the back of the FZ 
wafers for samples fired at lower temperatures for 600 s. 

 

5.6 Conclusions 

This study shows that the stable H isotope deuterium (D), which is released 

during the annealing of deuterated amorphous silicon nitride (SiNx:D)  films, diffuses 

through the crystalline silicon and is subsequently captured by a thin,  highly defective 

amorphous layer of  silicon (a-Si) sputtered on the rear surface. The single-crystal Si 

wafers are highly transparent to D diffusion. Therefore, a significant amount of the 

released D is captured by the sputtered Si layer on the rear side of the sample. This 

chapter reports on the measurement of the concentration of “penetrated” deuterium 

(hydrogen), by secondary ion mass spectrometry (SIMS) to monitor the flux of D 

diffusing through a defect-free single-crystalline silicon wafer. The minimum 

concentration of D injected into the Si has been estimated to be 4.7 x 1015 cm-3 for a short 

anneal time of 1 s at 750 °C. The penetrated D content in the trapping layer increases 
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with the anneal time. However, the flux of D injected into the silicon from the SiNx layer 

decreases as anneal time increases. The flux values for various anneal times were 

correlated with the lifetime enhancement of defective String ribbon Si wafers. It was 

found that a higher flux for shorter anneal times leads to an enhanced defect passivation 

in low-cost Si. It is the higher flux of H during the short RTP anneal that is crucial for 

enhanced hydrogenation of the defects in Si, which leads to a greater net association with 

the defects in the c-Si bulk, prior to cooldown, because of the constant dehydrogenation 

taking place from the defects at high temperatures. 

At an anneal temperature of 750 °C, D was found to penetrate through a 575 µm 

thick wafer in as little as 1 second peak anneal time in a rapid thermal processing (RTP) 

system. The presence of a capping layer of SiNx:H on top of the SiNx:D was found to 

inject more D inside the Si, which would otherwise be lost to the ambient.  

Measurements of penetrated D concentrations at higher anneal temperatures of 

800 and 850 °C showed a much higher amount of D diffusing through the c-Si compared 

to 750 °C anneals. For similar anneal times, the increase in areal density is much lower as 

anneal temperature is increased from 800 to 850 °C, which indicates the rapid decrease in 

D content of the films when fired at high temperature. For similar anneal times, the flux 

of D for temperatures of 800 and 850 °C is much higher compared to the flux values at 

750 °C, however the lifetime enhancement in defective String Ribbon Si is higher for 

750 °C. This is attributed to the increase in the dehydrogenation rate at higher 

temperatures, which dominated the lifetime of defective Si rather than the increased flux. 

Study of D diffusion at low temperatures showed that for the SiNx films deposited 

at 400 °C, D starts to diffuse through the 215 µm thick FZ Si at temperatures as low as 
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525 °C, when annealed for 600 s. The amount of D diffusing through the c-Si increases 

sharply as temperature is increased further from 525 °C. 

Hence, this study helps to quantify the amount of D that is injected into the Si 

from the SiNx:D film during the firing of screen-printed contacts for solar cells. The 

concentration and flux of H diffusing through thick c-Si samples was determined which 

was correlated with the lifetime enhancement of defective String Ribbon Si samples. 
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CHAPTER 6 

FABRICATION OF HIGH-EFFICIENCY SOLAR CELLS ON 

CAST MULTICRYSTALLINE SILICON AND DEVICE MODELING 

TO ESTABLSH GUIDELINES FOR ACHIEVING HIGH-

EFFICIENCY SOLAR CELLS 

6.1 Introduction 

 This chapter focuses on the fabrication and characterization of high-efficiency, 

planar solar cells on HEM mc-Si wafers. Section 6.2 reviews laboratory and industrial 

solar cell efficiencies on mc-Si wafers reported in the literature. Section 6.3 first 

discusses the fabrication and characterization of high-efficiency cells on HEM mc-Si 

wafers, followed by the fabrication and analysis of solar cells on HEM mc-Si with low-

medium- and high- as-grown lifetime. Section 6.3 also presents the development of high-

efficiency solar cells with high-sheet-resistance emitters. PC1D device modeling is used 

in section 6.4 to establish guidelines for achieving high-efficiency (>20%) solar cells on 

low-lifetime (100 µs) thin (140 µm) Si material.  

6.2 Review of solar cell efficiencies on cast multicrystalline Si 

 Due to the high cost of Si material (~60%) in a PV module, the use of lower cost 

cast mc-Si and ribbon Si materials has increased steadily. These materials have defects 

which tend to lower the performance compared to the single crystal FZ and Cz Si. In 

spite of the challenges associated with texturing, inhomogenity, low as-grown lifetime, 

and thermal degradation effects [106], mc-Si solar cell efficiencies and fabrication 

technologies have advanced over the years, both on laboratory and industrial scale. This 
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section reviews the efficiency progress of the laboratory and industrial scale mc-Si solar 

cells. 

6.2.1 Progress of laboratory scale mc-Si solar cells 

 Laboratory scale (1-4 cm2 area) mc-Si cell efficiencies have benefited from the 

understanding and research on single-crystal Si solar cells as well as the development of 

novel processes suitable for mc-Si wafers.  

Since the first patent on casting of mc-Si by Wacker [107] and the demonstration 

of 14% (AM 1, 4 cm2 area) efficiency about three decades ago [108], there has been 

significant progress in efficiency of mc-Si solar cells. Even though laboratory scale solar 

cells typically involve expensive process steps, they are highly instrumental in 

establishing the potential of low-cost materials and technology. 

17.3% efficient (corrected from original 17.8%), 4 cm2, passivated emitter solar 

cell (PESC) on cast polycrystalline Si was announced by UNSW in 1990 [109]. This 

included a phosphorous pretreatment and rear aluminum treatment into the PESC 

fabrication sequence.  

18.2 and 18.6% efficient 1 cm2 planar 0.65 Ω·cm, cast mc-Si solar cells were 

reported by Georgia Tech in 1996 using a relatively simple process, without the use of 

surface texturing, point contacts or selective emitters [110, 111]. This involved a 900 °C 

phosphorous diffusion for 30 minutes, followed by a second high temperature step to 

passivate the front surface by oxide. Al-BSF was formed and defect hydrogenation was 

achieved by FGA anneal. Front contacts were formed by photolithography, followed by 

the deposition of a double layer AR coating.  
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19.8% efficient 1 cm2 mc-Si solar cells were reported by the UNSW in 1998 [112]. 

This was achieved by using the PERL process sequence [67] on 260 µm thick 1.5 Ω·cm 

mc-Si wafer. Honeycomb surface texturing was performed using photolithography.  

18.2% efficient solar cells on 0.5 Ω·cm Eurosil mc-Si substrates were reported by 

the Australian National University (ANU) in 1997 [113]. The contact area of the rear Al 

metal underneath and oxide layer was varied to obtain a high Voc of 654 mV with a 

DLAR coating on the front. In 2000 ANU also reported 16.1% efficiency on mc-Si 

substrate using the simplified PERC structure with both surfaces passivated by SiNx 

[114]. Again, a high Voc of 655 mV was reported on 0.2 Ω·cm, 200 µm thick mc-Si 

substrates. Small area (4 cm2) solar cells with front and rear surface passivation by SiNx 

were also reported by ISFH in Germany, with an efficiency of 18.1%, using 

photolithography-free process sequence in 2002 [115]. The front and rear contacts were 

evaporated using a shadow mask and LBSF was formed on the rear. A 300 µm thick, 1.0 

Ω·cm BAYSIX mc-Si was used as substrate. 

 20.3% efficient 1 cm2, 99 µm thick, 0.6 Ω·cm cast mc-Si solar cells were reported 

by Fraunhofer ISE in 2004. These represent the highest efficiency mc-Si cells to date [68]. 

Surface passivation was achieved at low temperature by wet oxidation. Process details 

and structure of this cell have been discussed in CHAPTER 3. Table 6.1 summarizes the 

efficiency progress of the high-efficiency laboratory-scale mc-Si solar cells discussed 

above. 
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Table 6.1 Progress of laboratory-scale mc-Si solar cells. 

Year Efficiency 
(%) Reported by Comments Reference 

1977 14 Fischer AM 1 measurement [108] 
1990 17.3 UNSW PESC [109] 

1996 18.6 Georgia Tech. Al-BSF, FGA, Front contact by 
photolithography, DLAR [111] 

1997 18.2 ANU Low Al metal contact underneath rear 
oxide [113] 

1998 19.8 UNSW PERL cell, honeycomb texturing [112] 
2000 16.1 ANU PERC, both surface passivated by SiNx [114] 

2002 18.1 ISFH Contacts evaporated with shadow mask, 
Local BSF [115] 

2004 20.3 Fraunhofer 
ISE  

Wet oxidation for surface passivation, 
LFC  [68] 

 

 Several costly steps were incorporated to fabricate most of the above laboratory 

scale devices, which renders them cost-ineffective. However, they provide guidelines to 

fabricate large area, cost-effective, and manufacturable solar cells. Next sub-section 

discusses the progress in large area (>100 cm2) industrial type solar cells. 

6.2.2 Progress of industrial mc-Si solar cells 

 Apart from being larger in size (>100 cm2), industrial solar cells should be cost-

effective, scalable, reproducible, and less sensitive to variations in process parameters. 

These restrictions tend to lower the efficiency of these cells compared to the laboratory 

scale solar cells. Industrial mc-Si cell efficiencies have also shown steady progress 

starting from the 10.0% (AM 1, 121 cm2) in 1977 [108].   

 15.1% efficient 225 cm2 bifacial mc-Si solar cells were fabricated at Kyocera 

Corporation in 1990 [116]. The cast mc-Si substrate was 300 µm thick with a resistivity 

1.5 Ω·cm. The efficiency of the same structure was improved to 16.4% in 1993 by 

making further improvements to the front surface structure of the solar cell [117].  
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 16.3% efficient 42 cm2, 1.4 Ω·cm, 300 µm thick HEM mc-Si solar cells were 

fabricated at Sandia National Laboratories in 1994, which resulted in the world’s first 

15% efficient mc-Si modules [118]. Apart from surface texturing and Al-BSF, the front 

contacts were defined using photolithography and front surface had a double layer AR 

coating.  

 17.1% efficient 270 µm thick cast mc-Si cells were fabricated by Kyocera Corp. in 

1997 [119]. Reactive ion etching (RIE) was used to texture these mc-Si solar cells in 

order to reduce the surface reflectance. The area of these cells was 225 cm2. Screen-

printed Al formed the rear contact and Al-BSF. Front contacts were defined by 

photolithography, followed by Cu plating.  

16.8% efficient cast mc-Si solar cells were fabricated by Mitsubishi Electric 

Corporation in 2000 [120]. Texturing was applied using Na2CO3. Screen-printed metal 

contacts were fired through SiNx AR coating in a belt furnace. 16% efficiency was 

achieved for 225 cm2 cells. In the same year, Noel, et al., demonstrated 16.7% efficient 

cells on polix mc-Si using lithography defined evaporated contacts [121]. 

16.7% efficient thin (200 µm) cast mc-Si solar cells (100 cm2) were fabricated at 

IMEC in 2004 [64]. Each process step was optimized for thin cells. Double layer 

(SiNx/MgF2) AR coating were applied and the contacts were screen-printed. 

17.7% efficient solar cells were fabricated in 2004 by Kyocera corp. on 225 cm2 

cast mc-Si wafers in 2004 [122]. The wafers were 280 µm thick with a resistivity of 1.5 

Ω·cm. Front surface was reactive ion etching (RIE) textured with an emitter sheet 

resistivity of 90 Ω/sq with screen-printed contacts fired in belt furnace.  
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17% efficient cast mc-Si solar cells were reported by ECN in 2005 [123]. An in-

line fabrication sequence was used on 156 cm2 wafers with a resistivity of 1.5 Ω·cm. 

Earlier in 2004, 16.5% efficient cells were achieved by the ECN inline process on a 156 

cm2 cast mc-Si wafers [124].  

18.1% efficient buried contact cells were fabricated by University of Konstanz 

(UKN) in 2006 [125]. Wafers were 138 cm2 cast mc-Si. Mechanical V-texturing and 

electroless plating of Ni and Cu was used. Earlier in 2003, 17.6% 156 cm2 cast mc-Si 

cells with buried front contacts were reported by UKN [126]. 

18.5% efficient cells on 233 cm2 cast mc-Si were announced by Kyocera Corp. in 

2006 [127]. These cells were RIE textured with a shallow emitter and were an 

improvement over their previous cell efficiencies of 14.5% in 1989, 17.1% in 1996, and 

17.7% in 2004 as discussed above.  

18% efficient mc-Si cell was announced by Mitsubishi Electric Corp. in 2007  

[128]. These cells were made on 233 cm2 cast mc-Si wafers which were RIE textured 

with new metal electrode material and reduced shading loss from front metal. Table 6.2 

summarizes the efficiency progress of the high-efficiency industry-scale mc-Si solar cells 

discussed above. 

Thus, the 20.3% efficient mc-Si cells by Fraunhofer ISE represent the highest 

reported efficiency on mc-Si [68]. The 18.5% efficiency by Kyocera Corp. [127] and 

18% efficiency by Mitsubishi Electric Corp. [128] represent the two most significant 

developements on large area mc-Si.  

The results of the cells summarized above are the best efficiencies on mc-Si 

wafers from different source, vendors, feedstock, and the casting method. The quality of 
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mc-Si wafers varies significantly depending on several factors such as the cleanliness of 

the casting crucible, feedstock, and location of the wafer in the ingot. The next sections 

discuss the solar cells fabricated in this study, on HEM mc-Si with varying as-grown 

quality, along with the fabrication of high-efficiency planar mc-Si solar cells with single 

layer AR coating and screen-printed contacts. 

Table 6.2 Progress of industry-scale mc-Si solar cells. 

Year Efficiency Reported 
by 

Area 
(cm2) Comments Reference 

1977 10 Fischer 121 AM 1 measurement [108] 

1990 15.1 Kyocera 225 300 µm thick, 1.5 Ω•cm [116] 

1993 16.4 Kyocera 225 Improved front surface structure [117] 

1994 16.3 
Sandia 

National 
Lab. 

42 First 15% efficient module [118] 

1997 17.1 Kyocera 225 RIE texturing, Photolithography 
front contacts with Cu plating [119] 

2000 16.8 Mitsubishi 225 
Na2CO3, SP contacts fired 

through SiNx AR coating in a belt 
furnace 

[120] 

2004 16.7 IMEC 100 200 µm thickness, DLAR, SP 
contacts [64] 

2004 17.7 Kyocera 225 RIE texturing, 90 Ω/sq emitter, 
SP contacts [122] 

2005 17 ECN 156 Inline process [123] 

2006 18.1 Univ. of 
Konstanz 138 

Buried contact, mechanical V-
texturing, Electroless plating of 

Ni and Cu 
[125] 

2006 18.5 Kyocera 233 RIE textured, shallow emitter [127] 

2007 18 Mitsubishi 233 RIE textured, new metal electrode 
material [128] 
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6.3 Fabrication of high-efficiency screen-printed solar cells on HEM cast mc-Si 

 The mc-Si and ribbon Si currently account for roughly ~60% of the PV market. 

These growth technologies provide silicon substrate at a lower cost. However, these 

materials suffer from a high density of defects, dislocations, grain boundaries, metallic 

impurities, and other macro defects compared to their single-crystal counterparts, like 

Czochralski (Cz) or Float Zone (FZ) silicon. This is mainly due to the higher impurity 

content of the silicon feedstock and a high growth/solidification rate, which furthermore 

prevents the segregation of impurities in the melt. As a result, the minority carrier 

lifetime in a cast mc-Si ingot is found to be as low as 3-4 µs from certain regions to as 

high as 60-70 µs.  To obtain the high efficiency solar cells with high yield from wafers 

with such a wide variation in lifetime, it is important to develop a process sequence that 

can raise the bulk lifetime to a level where it has little effect on cell efficiency. 

 The progress in mc-Si solar cell efficiency has been was discussed in section 6.2. 

Efficiencies as high as 16.6% have been reported on 156 cm2 cast mc-Si material using a 

screen-printed, single-layer SiNx AR coating, isotropic texturing and a selective emitter 

[129]. This section reports on 4 cm2, 16.9% efficient HEM mc-Si solar cells. The contacts 

were screen-printed, belt co-fired with a single-layer SiNx AR coating. These results were 

confirmed by National Renewable Energy Laboratory (NREL). These cells do not have 

any texturing or selective emitter and represent the highest reported screen-printed cell 

efficiency for this cell design. The 1-2 Ω·cm, ~300 µm thick HEM wafers used in this 

study were provided by GT Solar.  

 The results of this section show that for a simple n+-p-p+ cell design, the screen-

printed efficiency of the cast mc-Si cell became comparable to the untextured FZ-Si cells, 

because of a significant enhancement in bulk lifetime during processing. Equally 
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significant is the finding that the cell efficiency is relatively insensitive to the as-grown 

lifetime due to effective defect gettering and passivation. This is because once the 

lifetime exceeds 100 µs for this cell design then the efficiency no longer shows a strong 

dependence on the bulk lifetime. Performance becomes limited by the cell design, such as 

emitter and BSF profiles. A combination of gettering and hydrogenation steps used in this 

study was able to push even the low lifetime wafers above the threshold lifetime, 

resulting in comparable cell performance. Model calculations were performed using 

PC1D [130] to establish the threshold lifetime for this cell design, followed by the 

development of a process to achieve the lifetime in finished cells with efficiencies 

approaching 17%. 

6.3.1 Fabrication and characterization of high-efficiency solar cells on HEM mc-Si 

The average as-grown bulk lifetimes for the HEM mc-Si, Baysix mc-Si and FZ-Si 

wafers used in this study were ~23 µs, ~42 µs, and >200 µs, respectively. Bulk resistivity 

of all the wafers was in the range of 1-2 Ω·cm. For the mc-Si cells, Voc values as high as 

629 mV were achieved in conjunction with Jsc of ~34 mA/cm2 and a fill factor in the 

range of 0.78-0.79. FZ Si cells gave a Voc of ~630 mV and Jsc of ~35 mA/cm2. In addition 

low series resistance (0.6-0.7 Ω·cm2) and high shunt resistance values were achieved. 

Figure 6.1 shows the IV curves and the cell parameters for the best cells made on these 

three materials. 

Nine 2 cm × 2 cm cells fabricated on 10 cm × 10 cm mc-Si wafers gave fairly 

uniform results across the wafer. Figure 6.2 shows one of the best efficiency distributions 

for the nine cells on a Baysix mc-Si wafer with an average efficiency of 16.7% and 

standard deviation of 0.1%. The average fill factor was 0.789 for these nine cells. This is 
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attributed to uniform printing and firing of the contacts. The average efficiency for the 

nine cells on a HEM wafer was 16.5%, with the best cell efficiency of 16.9%. It should 

be noted that 4 cm2 mc-Si cells generally include several grains and thus the high 

efficiencies attained are partly attributed to effective defect passivation. 
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Figure 6.1 Lighted IV curves and other IV parameters for the mono-Si FZ, HEM, and Baysix mc-Si 
solar cells, confirmed by NREL. 
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Figure 6.2 Distribution of the nine 4 cm2 cells on a 10 cm x 10 cm Baysix mc-Si wafer. 
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 In addition, similar results were obtained on these materials in many different 

runs. Figure 6.3 summarizes the efficiency distribution of 134 mc-Si cells fabricated in 

multiple runs. 
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Figure 6.3 Efficiency distribution of 134 cells on mc-Si in multiple runs. 

 
 Spectral response and reflectance measurements were performed on these cells to 

determine the Internal Quantum Efficiency (IQE). The beam diameter for the spectral 

response measurement was only a few millimeters. Therefore, the spectral response was 

measured at four different spots on each 4 cm2 solar cell. Figure 6.4 shows the best IQE 

response achieved on the highest efficiency FZ, HEM, and Baysix cells. The average 

weighted reflectance was found to be 11.21 %, 12.11%, and 11.43% for the FZ, HEM 

and Baysix cells, respectively. Figure 6.4 reveals that the HEM cell has an IQE response 

comparable to the FZ cell in the short wavelength range, whereas in the long wavelength, 

FZ shows a slightly superior performance. This is attributed to better or uniform BSF 

quality on single-crystal cells. This was further supported by the effective Back Surface 
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Recombination Velocity (BSRV) values of 350 cm/s for the FZ and 600, 800 cm/s for the 

HEM and Baysix mc-Si cells. These values were extracted by matching the long 

wavelength IQE response of the cells in PC1D using the average measured lifetime and 

the best IQE. 

 Light Beam Induced Current (LBIC) maps for the FZ and HEM cells are shown in 

Fig. 6.5 (a) and (b). Both wafers showed a fairly uniform distribution of high diffusion 

length regions over most of the cell area. The average LBIC response (amps/watt) for the 

FZ wafer was 0.546 amps/watt, compared to a 0.542 amps/watt for the HEM cell, 

supporting the comparable overall cell performance achieved for the HEM and un-

textured FZ Si cells. 
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Figure 6.4 Internal Quantum Efficiency (IQE) and their reflectance curves for the FZ, HEM, and 
Baysix Si solar cells as a function of wavelength. 
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Figure 6.5 Light Beam Induced Current (LBIC) maps for (a) 17.2% FZ (average response: 0.546 
A/W) and (b) 16.9% HEM (average response: 0.542 A/W). 

  

6.3.2 High-efficiency screen-printed solar cells fabricated on cast mc-Si with low, 
medium and high as-grown lifetime 

The high performance of FZ, HEM, and Baysix Si cells indicate that high-quality 

BSF, good ohmic contacts, effective POCl3 gettering, and defect passivation via SiNx-

induced hydrogenation were achieved in mc-Si during the belt co-firing of the samples. 

Since the starting lifetime in all the three cells discussed above was ≥ 23 µs, we also 

investigated mc-Si wafers with an as-grown lifetime in the range of 4-70 µs, using the 

same optimized fabrication sequence. The relative position of these wafers in the ingot 

was not known. Solar cells were fabricated on three sets of low (~4 µs), medium (~40 µs), 

and high (~70 µs) lifetime wafers. Figure 6.6 shows the average starting wafer lifetime, 

average lifetime in the finished cells, and the average cell efficiencies obtained from the 

nine 4 cm2 cells on each 10 cm × 10 cm wafer (one such set). It is noteworthy that a very 

small difference in the cell performance (16.6% to 16.8%) was observed in spite of a 

wide variation in the as-grown lifetime (4 to 68 µs). It has been shown that the low 
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lifetime could be the result of impurities or impurity decorated dislocation. However, if 

the dislocation density is below a certain level (104 cm-2) then the impurities can be 

gettered and defects can be passivated [28]. If the low lifetime is due to high dislocation 

density > 106 cm-2, which can be the case in the wafers from the bottom or the top region 

of mc-Si ingots because of rapid cooling, then the gettering and passivation of the defects 

in those regions is not as effective [27]. 
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Figure 6.6 Average as-grown lifetime, average ending (after cell processing) lifetime, and average 
efficiency for the nine cells for three HEM mc wafers. 

 
 The IQE curves for the three mc-Si cells in Fig. 6.6 are shown in Fig. 6.7. The 

long wavelength response of all the three cells is quite comparable. The extracted BSRVs 

(using PC1D and measured lifetime) for these cells were found to be ~800, ~650, and 

~600 cm/s, respectively, for the cells made on the low, medium, and high as-grown 

lifetime wafers. This is probably because low lifetime wafers also have more defects at 
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the surface, which may interfere with the formation of good and uniform BSF and result 

in a lower effective BSRV. 
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Figure 6.7 IQE response for HEM mc wafers with different starting (as-grown) lifetimes. 

 
 The LBIC response for the three cells from Fig. 6.6 is shown in Fig. 6.8. The 

average response (amps/watt) for these cells was consistent with the processed lifetimes. 

The LBIC map showed some low lifetime regions on the cells. One such spot was chosen 

on the wafer labeled H4-1 (circled in Fig. 6.8 (a)), and the IQE response was measured. 

Figure 6.9 shows that this region had very low long wavelength response compared to a 

high LBIC response region, which is indicative of low lifetime and/or low BSRV. There 

are probably un-passivated defects near the p-p+ interface that could increase the 

effective back surface recombination velocity. 

 The three HEM mc-Si cells (Fig. 6.6) with varying initial lifetimes were etched 

down to bare silicon to assess the processed lifetime. Processed lifetimes were found to 
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be 149 µs, 154 µs, and 252 µs for the low, medium, and high starting lifetime wafers, 

with standard deviations of 28 µs, 51 µs, and 74 µs. The processed lifetime distribution 

over the entire wafer is shown in Fig. 6.10 for the high as-grown lifetime wafer. These 

lifetimes were measured by a QSSPC setup at different locations on the wafer. The 

QSSPC setup measures lifetimes over a circle that is a few centimeters in diameter, 

giving an area-averaged number. The significant increase in the processed lifetime is the 

result of combined effect of POCl3 gettering the SiNx induced hydrogenation, since de-

hydrogenation was minimized because of the rapid co-fire. 

 

           

(a)   H4-1 (4 µs)                      (b)   H3-1 (37 µs) 

 

(c) H2-1 (68 µs) 

Figure 6.8 Light Beam Induced Current (LBIC) maps for solar cells with different as-grown lifetimes 
(a) 4 µs, (b) 37 µs, and (c) 68 µs on HEM mc-Si. 
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Figure 6.9 IQE responses and the reflectance for a low and high lifetime region of the same cell. 
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Figure 6.10 Lifetime distribution after cell processing for a high starting lifetime (68 µs) wafer. 

 
 

 119



6.3.3 Device modeling to see the effect of lifetime on solar cell efficiency 

All the wafers, irrespective of their as-grown lifetime, benefited from gettering 

and hydrogenation. The measured cell parameters such as thickness, emitter profile, 

reflectance, Rsh, Rs, J02, etc., were used to perform PC1D calculations. Figure 6.11 shows 

the dependence of efficiency on bulk lifetime for this cell design. Figure 6.11 also shows 

that for this cell design, efficiency does not change much for lifetimes values above 100 

µs. This explains why there was not a significant efficiency gap between the mc-Si cells 

with a processed lifetime in the range of 149~252 µs (Fig. 6.6) as well as FZ wafers, with 

a processed lifetime of > 600 µs. Thus the performance of these cells is primarily limited 

by the cell design and technology and not the material quality.  
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Figure 6.11 Calculations in PC1D showing the dependence of efficiency on bulk lifetime. 
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6.3.4 Fabrication and analysis of high-efficiency baseline mc-Si solar cells on high 
sheet-resistance emitters 

 The benefits of going to a high-sheet resistance emitter have been discussed in 

CHAPTER 4. Although the solar cells fabricated on high-sheet resistance emitters yield a 

higher Jsc, due of the reduced recombination in the emitter region compared to the low-

sheet resistance emitters, but the formation of a good quality front contact is challenging. 

Due to the reduced surface concentration of the high-sheet resistance emitters, it is 

difficult to form contacts with low series resistance. The shallower emitter also makes 

them prone to shunting due to penetration of metal into the junction region. 

 Five different commercially available Ag pastes to form the front contact were 

studied by fabricating solar cells. The belt co-firing conditions were optimized carefully 

due to the reduced junction depth for the high-sheet resistance emitters. Over firing of the 

cells could lead to shunting and a higher n-factor. On the other hand, under fired cells 

would yield a higher series resistance. Of all the pastes analyzed, the front Ag paste by 

Ferro Corp. (CN 33-455) was found to yield the lowest series resistance, while retaining 

the benefits of the high-sheet resistance emitter. This resulted in the fabrication of 17.1% 

HEM mc-Si solar cell with a 100 Ω/sq emitter, independently confirmed by NREL. 

Process sequence was similar to the low-sheet resistance 16.9% cell discussed in section 

6.3.1, except for the use of a different front Ag paste and a firing profile optimized for 

high-sheet resistance emitters. The 17.1% efficient solar cell had a single layer SiNx AR 

coating on planar wafer and a full area Al-BSF. This represents the highest efficiency on 

planar, screen printed HEM mc-Si wafers with full area Al-BSF and a high sheet 

resistance emitter.  
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 Figure 6.12 shows the IQE response and the I-V parameters of the 16.9% low 

sheet resistance (section 6.3.1) and the 17.1% high sheet resistance HEM mc-Si solar cell. 
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Figure 6.12 IQE response of the 16.9% low- and 17.1% high-sheet resistance HEM mc-solar cells. 

 
 There is a clear enhancement in the short wavelength IQE response for the high 

sheet resistance emitter, which shows up in the improved Jsc (0.2 mA/cm2) of the solar 

cell. As expected, the long wavelength response is similar for the two cells. 

 The baseline process discussed in CHAPTER 4 has been further optimized for 

both low- and high-sheet resistance emitters to yield high-efficiency solar cells on HEM 

mc-Si wafers. This optimized process sequence is applied in the later chapters to study 

the effects of changing the base material and thickness of the solar cells.  

6.4 Device modeling to establish guidelines for achieving high-efficiency (>20%) 
solar cells on relatively low-lifetime (~100 µs) and thin (~140 µm) Si wafers 
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 After establishing the fabrication process sequence for high-eficiency low- and 

high-sheet resistance emitters, device modeling was performed with PC1D to establish 

the requirements for achieving high-efficiency (>20%) solar cell on relatively low 

lifetime (~100 µs) wafers. Device modeling was first performed to see the effects of 

various improvements that can be performed to the current high-efficiency baseline 

devices to improve the efficiency to over 20% on thin (~140 µm) silicon, which can make 

Si PV cost-effective.  

 Input parameters used for the 16.9% baseline solar cells are summarized in Table 

6.3.  

Table 6.3 Input parameters used in PC1D to model the high-efficiency 16.9% baseline solar cell. 

PC1D input parameters-16.9% baseline Value 

Front external (inner layer 
thickness in nm/index 800/2.0 

Rear external (Fixed) (%) 70 
Reflectance 

Internal reflectance (%) 80 
Broadband reflectance (%) 5 
Base contact (Ω·cm2) 0.6 
Thickness (µm) 280 
Base resistivity (Ω·cm) 1.32 
Emitter Sheet Resistance (Ω/sq) 45  
Bulk lifetime (µs) 150 
Front surface recombination velocity (cm/s) 30000 
Back surface recombination velocity (cm/s) 450 

 
 Starting with the input parameters of Table 6.3, the change in efficiency was 

monitored when the following seven improvements were made to the device: 

1) Change emitter sheet resistivity to 100 Ω/sq. 

2) Change bulk resistivity to 0.5 Ω·cm. 

3) Texture the front surface. 
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4) Change BSRV to 125 cm/s. 

5) Change BSR to 97%. 

6) Reduce contact resistance to 0.38 Ω·cm2. 

7) Change thickness to 140 µm.  

Figure 6.13 shows the PC1D efficiency as a function of bulk lifetime for the baseline cell 

structure and the improvement in efficiency when these seven parameters were changed.  
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Figure 6.13 PC1D modeled efficiency as a function of bulk lifetime to see the effects of various 
improvements that can be applied to the current high-efficiency baseline solar cell. 

 
 By increasing the sheet-resistance of the emitter, lowering the bulk resistivity, and 

texturing the front surface, the efficiency of the baseline cell went up from 16.9% to 17.1, 

17.5, and 18.8%, respectively. These three changes to the baseline device structure can be 

applied with the full area Al-BSF on the rear. However, to improve the efficiency further 

at this stage, the BSRV has to be lowered. Low BSRV values can be achieved by 

applying dielectric passivation to the rear surface. Several promising dielectric layers and 
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their passivation properties have already been discussed in CHAPTER 3. The application 

of these dielectric layers also would circumvent the bowing problems typical for the full 

area Al on thin Si wafers. An improvement in efficiency to 19.3% can be achieved if 

BSRV is lowered to a value 125 cm/s, and would further improve to 19.7% with a BSR 

of 97%. On further improving the contact quality by lowering the series resistance to at 

least 0.38 Ω·cm2, efficiency can be pushed beyond 20%. After incorporating all these 

changes, if the thickness of device is reduced to 140 µm, no loss in performance is 

observed; and 20% efficient cells can be achieved.  

Figure 6.13 shows that a crossover point occurs in lifetime range of 150 to 250 µs, 

where lower quality (lifetime), thin material would yield higher efficiency and a loss in 

efficiency would be observed for high-lifetime wafers. This crossover point would shift 

to the right, if BSRV value is increased; however, if the thickness is reduced below 140 

µm, it would move to the left, hence favoring the lower lifetime materials. The threshold 

of 100 µs lifetime, after which the solar cell efficiency is not much dependent on the 

lifetime (section 6.3), also decreases once the advanced device features are applied to thin 

cells. 

 The results of Fig. 6.13 have been summarized in Fig. 6.14 in the form of a 

roadmap to achieve over 20% cells for a fixed bulk lifetime of 100 µs, on a 140 µm thick 

wafer. This 100 µs lifetime can be achieved even on low as-grown lifetime HEM mc-Si 

wafers by effective gettering and H passivation, as discussed section 6.3.2. It was also 

shown in CHAPTER 5 that ~100 µs lifetime can be achieved even in low quality String 

Ribbon substrates by effective H passivation of defects.  
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The first bar in Fig. 6.14 depicts the current industry standard of 14-16% cells. 

Next two bars represent the current high-efficiency baseline cells fabricated and 

characterized in the previous section, with a bulk lifetime of 150 µs. All the subsequent 

improvements are shown by assuming a bulk lifetime of 100 µs.  
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Figure 6.14 PC1D efficiency roadmap for achieving greater than 20% solar cells on 100 µs lifetime, 
140 µm thick silicon wafers. 

 
The two most significant improvements to push the efficiency to over 20% are the 

reduction of BSRV to at least 125 cm/s and increasing BSR to over 97%. These changes 

should ideally be incorporated in a low-cost manner to keep the module cost ($/W) down. 

Attempt has been made to accomplish this in CHAPTER 9 of the thesis to fabricate high-

efficiency thin solar cells without any bowing.  

6.5 Conclusion 

An optimized co-firing process was developed to achieve high-efficiency cast mc-

Si solar cells. This resulted in ~17% efficient 4 cm2 screen-printed solar cells with single-
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layer AR coating and no surface texturing or selective emitter. Nine 4 cm2 cells on a 100 

cm2 Baysix mc-Si wafer showed an average efficiency of 16.7% and maximum 

efficiency of 16.8%. The HEM mc-Si wafer gave an average efficiency of 16.5%, with a 

maximum of 16.9%. The identical process applied to the un-textured Float zone (FZ) 

wafers gave an efficiency of 17.2%. These cells were fabricated using a simple, 

manufacturable process involving POCl3 diffusion for a 45 Ω/sq emitter, PECVD SiNx:H 

deposition for a single-layer antireflection coating and rapid co-firing of an Ag grid, an 

Al back contact, and Al-BSF formation in a belt furnace. These high efficiencies are 

attributed to the combination of effective gettering and hydrogenation, good ohmic 

contacts, and effective BSF achieved by this rapid process scheme. It is shown that if the 

lifetime during processing can be enhanced above a certain threshold (~100 µs for this 

cell design), the as-grown lifetime becomes relatively inconsequential. The bulk lifetime 

in the finished cells exceeded 100 µs and thus a tight efficiency range of 16.6-16.8% was 

obtained, even though the starting lifetimes in the cast mc-Si wafers used in this study 

were in the range of 4 -70 µs. Using a similar process sequence, a high-efficiency of 

17.1% was achieved on high-sheet-resistance HEM mc-Si with good quality contacts. 

Finally, the effects of changing several device parameters on the efficiency of the solar 

cells was modeled with PC1D and guidelines were established to fabricate over 20% cells 

on low lifetime (100 µs), thin (140 µm) silicon wafers.  
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CHAPTER 7 

INVESTIGATION OF SOLAR CELLS FABRICATED FROM 

TOP, MIDDLE, AND BOTTOM REGIONS OF HEM 

MULTICRYSTALLINE SILICON INGOTS 

7.1 Introduction 

 High-efficiency boron- and gallium-doped multicrystalline silicon (mc-Si) cells 

were fabricated and compared in section 7.2 of this chapter. The quality of three different 

boron-doped mc-Si ingots and one gallium-doped mc-Si ingot was investigated and 

compared by means of lifetime measurements and solar cell efficiencies. Device 

characterization and modeling were performed to show that the combined effect of large 

variation in resistivity and lifetime along the gallium-doped mc-Si ingots results in 

variation in the cell efficiency from different regions of the gallium-doped ingots. Section 

7.3 discusses the solar cell efficiency and lifetime enhancement during various solar cell 

processing steps for ingots from the same supplier with thicknesses of 225 and 175 µm 

and resistivities of 0.5 and 1.5 Ω·cm. Finally, section 7.4 presents the lifetime and solar 

cell efficiency results on the first two ingots grown by a novel process, which produces 

mono-crystalline ingots grown by the HEM casting process.   

7.2 Bulk lifetime and efficiency enhancement due to gettering and hydrogenation of 
defects during cast multicrystalline silicon solar cell fabrication in top, middle, and 

bottom regions of a cast multicrystalline ingots from different suppliers 

Despite the challenge of reaching efficiencies as high as its single-crystal 

counterpart, the market share of mc-Si remains above 50%. Current challenges in mc-Si 

include 1) variability in the quality of material associated with the position of the wafer in 
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the ingot, 2) non-uniformity within the wafer, 3) grain boundaries, twins, and dislocations 

acting as recombination sites, 4) difficulty in effective texturing due to random grain 

orientation, and 5) potential variability in light-induced degradation (LID) along the ingot 

length. The genesis of some of these problems is the use of a somewhat inferior quality of 

silicon (Si) feedstock, aimed at lowering the cost, diffusion of impurities from crucible 

walls, and segregation of impurities during the solidification from bottom to top. In 

general, mc-Si wafers from the sides, top, and bottom regions of a HEM mc-Si ingot are 

of inferior quality compared to those from the center region. The bottom part frequently 

suffers from lower bulk minority carrier lifetime (herein referred to as lifetime) because 

of oxygen and oxygen-induced thermal donors [131, 132] as well as high density of 

dislocations [133]. The low lifetime in the top region is attributed to metallic impurities 

that segregate in the melt and get incorporated in the top region. These impurities can 

also diffuse back in the top section of the ingot [133, 134]. The low lifetime in the top 

region of the ingot has also been attributed to thermal stress-induced defects and 

dislocations, which could be formed in the top region because of rapid cooling of the 

ingot at the end of the solidification process [27]. Several studies have been performed to 

observe the response of gettering, annealing, and hydrogenation on wafers from different 

regions of the mc-Si ingot [27, 132-137]. These studies have attempted to correlate the 

measured material and cell parameters (lifetime, Jsc, efficiency, etc.) with concentration 

and distribution of impurities. This section presents a systematic study of the variation in 

resistivity, oxygen, carbon, and bulk lifetime in silicon wafers sourced from different 

regions of cast mc-Si ingots and their response to different key process steps used during 

solar cell fabrication. Attempts are made to identify the steps to be incorporated or 
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modified to achieve a higher efficiency from low lifetime top and bottom regions of the 

ingot. In addition, the merit of growing gallium-doped mc-Si ingots is explored in an 

effort to achieve higher efficiency and eliminate the occasional LID observed in mc-Si 

solar cells. 

7.2.1 Experimental 

Sister wafers with identical electrical properties from the top, middle, and bottom 

regions of commercially grown mc-Si ingots were used in this study. Generally, the top 

1-cm and bottom 2-cm regions of the cast mc-Si ingots are discarded because of 

unacceptably low lifetime. Wafers designated as top and bottom wafers in this section 

come from regions next to the discarded (1-2 cm) portions of the cast ingot. Solar cells 

were fabricated by the simple and manufacturable baseline process sequence (CHAPTER 

4) shown in Fig. 7.1(a). 

(a) (b)

Belt co-fire

Sister mc-Si wafers

Diffusion gettering

Measure lifetime

SiNx deposition

Cell fabrication

Diffusion gettering

Chemical etch to remove diffused layer

mc-Si wafers

RCA cleaning

45 Ω/□ Phosphorus 
diffusion

LF SiNx deposition

Al screen-print

Ag screen-print

Co-fire

Isolation, FGA, Test

 

Figure 7.1 (a) Process sequence used for the fabrication of solar cells; (b) Schematic of the 
experimental plan followed. 
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The wafers used in this study first were etched chemically in acid to remove the 

saw damage folllowed RCA cleaning. Wafers were then diffused using liquid POCl3 as 

the dopant source to form the n+ emitter on both sides of the wafers. The POCl3 diffusion 

or the impurity gettering step lasted for ~20 min at ~875 °C, resulting in a sheet 

resistivity of ~45 Ω/sq. The wafers were then coated with plasma-enhanced chemical 

vapor deposition (PECVD) SiNx film deposited on one side of the wafer in a direct low-

frequency reactor. Nine 4-cm2 solar cells were fabricated on each 10 cm × 10 cm wafer 

by screen printing aluminum (Al) on the back and silver (Ag) grid on the front. The Al 

paste FX 53-038 from Ferro Corporation was used on the back side, and a commercial 

Ag paste from Dupont (4948) was used on the front. These cells were then co-fired using 

an optimized process in a lamp-heated IR belt furnace, resulting in the simultaneous 

formation of an Al back surface field (Al-BSF) and the Ag grid contact on the front. The 

nine cells were then isolated with a dicing saw. Finally, cells were annealed at 400 °C for 

15 min in forming gas (FGA) before testing and analysis.  

One set of companion wafers from different regions (top, middle, and bottom) 

was cleaned and diffused to form the POCl3 emitter on both sides. In order to assess the 

impact of POCl3 gettering, post-diffusion lifetimes were measured on these wafers after 

chemically etching the emitter and then passivating the surfaces with an iodine– methanol 

solution [61]. Another set of companion wafers was cleaned, diffused, and deposited with 

SiNx on one side. This set was then fired in the belt furnace without any metallization 

followed by lifetime measurements in order to evaluate the impact of SiNx-induced 

hydrogenation on bulk lifetime during the firing cycle. Post-hydrogenation lifetimes were 

measured after removing the SiNx coating, chemically etching the emitter, and then 
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passivating the surfaces using an iodine–methanol solution. The experimental plan is 

shown in Fig. 7.1(b). Bulk lifetime measurements were performed using the quasi-steady-

state photo conductance (QSSPC) technique [88], with both surfaces passivated using an 

iodine–methanol solution [61]. All reported lifetimes were measured at an injection level 

of 1×1015 cm−3, averaged over ten different locations on a wafer. 

7.2.2 Lifetime progress and corresponding solar cell performance 

Four different ingots (1, 2, 3, and 4) from three different suppliers (A, B, and C) 

were investigated in this chapter. Ingots labeled ingot 1A and 2A were boron (B) doped 

from supplier A but had different base resistivities (1.3–1.5 Ω·cm and 0.5–0.7 Ω·cm, 

respectively). Ingot 3B was boron doped from supplier B with a base resistivity of 1.8–

2.0 Ω·cm. Ingot 4C was gallium (Ga) doped from supplier C with a base resistivity 

ranging from 1.4 to 8.1 Ω·cm. Figures 7.2–7.4 show the lifetime enhancement in the three 

boron-doped ingots as a function of wafer position, POCl3 gettering, and defect 

hydrogenation from the SiNx film during the contact co-firing cycle. The best cell 

efficiency attained from the top, middle, and bottom regions of the three different boron-

doped ingots is also shown in Figs. 7.2–7.4. 
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Figure 7.2 Lifetime progress and best solar cell efficiency for ingot 1A (supplier A, boron, resistivity 
∼1.5 Ω·cm). 
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Figure 7.3 Lifetime progress and best solar cell efficiency for ingot 2A (supplier A, boron, resistivity 
∼0.5 Ω·cm). 
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Figure 7.4 Lifetime progress and best solar cell efficiency for ingot 3B (supplier B, boron, resistivity 
∼2.0 Ω·cm). 

 

7.2.2.1 Lifetime enhancement in the wafers from the top, middle, and bottom regions of 
the mc-Si ingots 

 The POCl3 diffusion step to form the n+ junction also acts as a gettering step, 

which extracts the metallic impurities from the active region of the cell, resulting in 

lifetime enhancement. The hydrogen released from the SiNx coating passivates the 

defects, further enhancing the lifetime. Figure 7.5 summarizes the observed increase in 

lifetime due to these two key processing steps.  
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Figure 7.5 Change in lifetime in different regions (top-middle-bottom, in the same sequence) of the 
three ingots due to the solar cell processing steps of diffusion-gettering and SiNx-induced 
hydrogenation. 

 
It is evident from Fig. 7.5 that the top region of all the three ingots benefited most 

from the POCl3 diffusion gettering step because the metal impurities tend to accumulate 

in the top region and diffuse back in the ingot after the solidification process. In addition, 

the back diffusion length of these impurities would be governed by their diffusivities and 

the ingot cooling time, which in turn would be a function of the ingot size. Fortunately 

the fast interstitially-diffusing impurities can be gettered out easily during the short 

diffusion-gettering step (~ 30 min). The slow substitutionally diffusing impurities, which 

are difficult to getter out in the short gettering step, dictate the post-gettering lifetime in 

conjunction with the impurities present in the form of precipitates, oxides, and silicides 

which are very difficult to getter. Figure 7.5 shows that the as-grown lifetime of 12 µs in 

the top region of the ingot 1A increased to 81 µs (lifetime change = 69 µs) after the 

diffusion gettering alone. However, hydrogenation from the SiNx film did not improve 
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the lifetime as dramatically as the diffusion gettering. In Fig. 7.5, SiNx-induced 

hydrogenation improved the bulk lifetime of the top region of ingot 1 A from 81 to 100 

µs (lifetime change = 19 µs). In contrast to the top region, bottom region benefited more 

from the hydrogenation step. For example, diffusion gettering raised the bulk lifetime of 

the bottom region of ingot 1A from 1 to 31 µs, but hydrogenation took it to 176 µs. 

Hence for ingot 1A, hydrogenation was very effective in passivating the lifetime limiting 

defects in the bottom region. As discussed earlier, bottom region generally has more 

oxygen, oxygen and metal precipitates, crystal defects, and fast diffusing metallic 

impurities that diffuse in the ingot from the crucible wall through solid-state diffusion 

during the ingot cooling. Bottom of the ingot also has more grain boundaries (smaller 

grain size) and a higher density of dislocations because of the higher temperature gradient 

in the bottom during the start of the crystallization process. Higher oxygen content in the 

bottom region also can induce dislocations. Fast interstitially-diffusing impurities are 

gettered by the short diffusion giving rise to modest lifetime enhancement. However, 

impurities and precipitates decorating the dislocations and grain boundaries are hard to 

getter but easier to passivate. That is why we observe much greater lifetime enhancement 

in the bottom wafers by the SiNx-induced hydrogenation. The lifetime in the middle part 

of the ingots improved significantly from both gettering and hydrogenation. For example, 

in Fig. 7.5, gettering raised the bulk lifetime of the middle region of ingot 1A from 73 to 

158 µs and hydrogenation increased it to 332 µs. The poor response of the wafers from 

the bottom region of ingot 2A in Fig. 7.5 indicates that there are some lifetime-

dominating defects that could neither be gettered nor hydrogenated. There could be a 

higher degree of dopant defect interaction in this low resistivity ingot, which can also 
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lower the lifetime [138-140]. Figure 7.5 shows that for these three ingots, the increase in 

lifetime due to diffusion-gettering is more effective in the top regions, and SiNx-induced 

hydrogenation is more effective in the bottom regions (except for the bottom region of 

ingot 2A). The hydrogenation trend observed in this study is consistent with the results of 

Geerligs [137], who showed that the degree of hydrogenation (or Jsc) increases as we 

move from middle to bottom regions of the ingot. 

7.2.2.2 Effect of lowering the resistivity on mc-Si solar cell performance 

It is apparent from Fig. 7.2 that high post-hydrogenation lifetimes (≥100 µs) were 

attained from all three regions (top, middle, and bottom) of ingot 1A. For the lower-

resistivity ingot 2A (Fig. 7.3), lifetime revived only in the middle region of the ingot. The 

top region of the ingot showed good response to the gettering and reached a reasonably 

good lifetime value of 50 µs. However, the bottom showed very little improvement, with 

lifetime remaining below 20 µs. The best cell efficiencies from the top, middle, and 

bottom wafers of ingot 1A were 16.6%, 16.7%, and 15.9%, respectively, and the 

corresponding efficiencies for lower-resistivity ingot 2A were 15.9%, 16.2%, and 14.9%, 

respectively. Thus, lowering the resistivity below 1 Ω·cm seems to retard the process 

induced lifetime enhancement and lowers cell performance. This could be due to a higher 

dopant–impurity interaction in lower-resistivity ingot 2A, which makes it difficult to 

getter and passivate. Hence, the expected benefits of going to a lower base resistivity 

[138] are not realized in mc-Si cells because the increase in the open circuit voltage (Voc) 

resulting from lowering the resistivity is not able to compensate for the decrease in the 

lifetime and the short-circuit current (Jsc). Dopant-defect interaction and its effect on cell 

performance and optimum resistivity is discussed and modeled in section 7.3. 
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7.2.2.3 Effect of higher bulk lifetime on cast mc-Si solar cell performance 

The effect of higher bulk lifetime on solar cell performance was evaluated by 

comparing cast mc-Si ingots 3B and 1A from different vendors as well as the top and 

middle regions within these ingots. Figure 7.4 shows that there is a significant 

enhancement in lifetime in wafers from the top, middle, and bottom regions of ingot 3B, 

with the average bulk lifetime reaching 214, 318, and 130 µs, respectively, after complete 

cell processing. The screen printed cell efficiencies were 16.7%, 16.7%, and 16.0% from 

the top, middle, and bottom regions of ingot 3B, respectively. It is interesting to note that 

ingot 3B had a significantly higher lifetime compared to ingot 1A in the top region. In 

addition, lifetime was higher in the middle region than the top region in both ingots 1A 

and 3B; however, cell efficiencies were very similar in the top and middle regions of both 

ingots. Device simulations were performed using PC1D [130] to understand this behavior, 

with the input parameters listed in Table 7.1.  

Table 7.1 Input parameters for PC1D used in the simulations 

File: am15g.spcIllumination spectrum

0.1 W cm-2Illumination intensity

45000 cm/sFront surface 
recombination velocity

45 Ω/sq. sheet resistance; erfc profileFront Diffusion

si.matMaterial file

1e-8 AInternal Diode

2e-3 SInternal Conductor

0.6 ΩBase contact

Front Surface: 92% (First and subsequent bounce); specular
Rear Surface: 80% (First and subsequent bounce); diffuseReflectance internal

70% (Fixed)Reflectance rear external

Coated: 80 nm (index 2.0); Broadband reflectance 6%Reflectance front external

PC1D inputParameter name
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A back surface recombination velocity (BSRV) of 450 cm/s, typical for solar cells 

with an Al-BSF, and a resistivity of 1.3 Ω·cm were used in the modeling. Model 

calculations in Fig. 7.6 show that for the screen printed cells designed and fabricated in 

this study, once bulk lifetime exceeds 100 µs, lifetime has little impact on cell efficiency, 

as also pointed out in CHAPTER 6.  
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Figure 7.6 PC1D-modeled efficiency dependence on lifetime. After a lifetime of ∼100 µs, efficiency is 
not a strong function of lifetime. 

 
This explains why cell performances from ingots 3B and 1A were virtually 

identical in spite of the difference in lifetime. Figure 7.6 also reveals that if the bulk 

lifetime in the finished device does not reach 100 µs, it will degrade the cell efficiency. It 

should be noted that the measured efficiencies of the cells from the top and middle 

regions of the ingot agree well with this simulation, but the efficiencies of cells from the 

bottom region of ingots 1A and 3B were lower than expected from the simulation. This 
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could be due to oxygen precipitate-induced local non-uniformities, which are not 

accounted for in the PC1D model calculations. The average lifetime values obtained in 

this paper agree well with those of Henze, et al. [141], who reported a lifetime of 340 µs 

after gettering and hydrogenation on comparable resistivity (1.3 Ω·cm) B-doped wafers. 

Cell data in Figs. 7.2–7.4 reveal that our process sequence produced 4-cm2 screen printed 

cell efficiencies of ≥ 14.9% for all the ingots regardless of the wafer location. Cell 

efficiencies of ≥ 15.9% were achieved from the top and middle regions of all three ingots. 

Only the wafers from the bottom region of ingot 2A showed a low as-grown lifetime (1 

µs), which remained low (14 µs) even after gettering and passivation, resulting in a cell 

efficiency of 14.9%. Figures 7.2–7.4 show the best cells obtained from the three ingots. 

Table 7.2 shows the average values of the solar cell parameters.  

Table 7.2 Average values of solar cell parameters for the 4 cm2 cells fabricated from different regions 
of the three ingots 

BOT915.777.2932.9615

MID1716.377.6134.0617

TOP916.377.3234.1618

Ingot 3B

BOT1414.176.5830.5604

MID1215.977.3032.8625

TOP1015.677.6232.3621

Ingot 2A

BOT1315.676.5332.9620

MID1516.277.4334.6621

TOP1316.178.2033.2620

Ingot 1A

Region# of 
cells

Eff
(%)

FF 
(%)

Jsc 
(mA/cm2)

Voc 
(mV)Ingot #
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It should be noted that the cells in Table 7.2 were fabricated in two experiments. 

Some wafers were broken during processing, and cells with unusually high series 

resistance or low shunt resistance were omitted from the average values in Table 7.2. 

Average efficiencies in the range of 15.6%–16.3% were achieved from all regions of the 

three ingots, except for the bottom region of ingot 2A, which had a lower resistivity. High 

average Voc values (~620 mV) were also obtained for most of the cells, which is also 

consistent with the high lifetimes achieved in Figs. 7.2–7.4. The standard deviations of 

the solar cell parameters listed in Table 7.2 are in the range of 3–5 mV, 0.2–0.5 mA/cm2, 

0.72%–1.54%, and 0.2%–0.4% for Voc, Jsc, FF, and efficiency, respectively, for all the 

cells from different regions. 

Close examination of the cell data revealed that the fill factors (FF) of the cells 

from the bottom region of the ingots were consistently lower relative to the FF of the 

cells from the other regions. This suggests that the impurities or defects in the bottom 

region, that could not be effectively gettered or passivated by the process sequence, also 

introduce excess recombination in the junction region. This was further supported by the 

suns Voc measurements that showed higher J02 values for the bottom region as compared 

to the middle and the top region. For example for ingot 2A, J02 values were 42, 37, and 56 

nA/cm2 for the top, middle, and bottom regions, respectively. 

To understand the impact of process-induced lifetime on cell performance, 

Internal Quantum Efficiency (IQE) measurements were performed on cells fabricated on 

wafers from top, middle, and bottom regions of all the three ingots. The IQE response of 

cells from top, middle, and bottom regions of ingot 1A is shown in Fig. 7.7.  
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Figure 7.7 Internal Quantum Efficiency (IQE) response for wafers from top middle, and bottom 
regions of ingot 1A (see Figure 7.2). 

 
Qualitatively similar behavior was observed for all other ingots. It is important to 

note that IQE may have some spatial variation over the cell area. Hence the IQE response 

was evaluated at various regions in the cell and only the best response is reported. All the 

wafers from the middle showed a superior IQE response relative to the wafers from the 

top or bottom. This is consistent with the lifetime-efficiency data for these ingots. For 

ingot 3B, cells from the top region showed a comparable performance to the middle 

region, which is not surprising because the bulk lifetime in both regions was found to be 

greater than 100 µs threshold, above which cell efficiency is not very sensitive to bulk 

lifetime. 

7.2.3 Light-induced degradation in boron doped cast multicrystalline silicon solar 
cells 

The oxygen and carbon content of the wafers was measured using fourier 

transform infrared spectroscopy (FTIR). Figure 7.8 shows the interstitial oxygen content 
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in different regions of the three ingots (ingots 1A, 2A, and 3B). Figure 7.9 shows the 

substitutional carbon content in the same three ingots.  
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Figure 7.8 Interstitial oxygen concentration in parts per million for ingots 1A, 2A, and 3B with 
resistivities of 1.5, 0.5, and 2 Ω · cm, measured using FTIR. 
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Figure 7.9 Substitutional carbon concentration in ppm for ingots 1A, 2A, and 3B with resistivities of 
1.5, 0.5, and 2 Ω · cm, measured using FTIR. 

 
Interstitial oxygen concentration increases from top to bottom of the ingot in most 

cases. This oxygen is incorporated mainly close to the surface and the bottom regions of 
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the ingots following the reaction of the molten silicon with the quartz crucible [142]. This 

increases the likelihood of oxygen precipitation in the bottom region of the ingot during 

cooling. This could partly explain the low as-grown lifetime in the bottom region. 

Oxygen precipitates can getter metal impurities and, in combination with dislocations or 

grain boundaries, can enhance metal precipitation at these sites. These metals could be 

subsequently released in the bulk during high-temperature solar cell processing steps and 

may give rise to electrically active local regions. This may slow down the gettering 

process if the dissolution rate of precipitated impurities is slow and rate limiting [143]. 

This may explain the limited recovery of lifetime in the bottom wafers of some of the 

ingots. Defects resulting from carbon in mc-Si are less electrically active, but they can 

enhance the formation of as-grown oxygen precipitates in the crystal growth process 

[144]. Also, these defects can trap recombining impurities, specifically oxygen [145]. A 

relatively high oxygen concentration in the bottom and middle wafers of ingot 3B and 

ingot 2A prompted us to look for the LID in these wafers.  

LID in Czochralski (Cz) silicon has been studied and explained on the basis of the 

BsO2i complex, which acts as a lifetime-reducing recombination center [146-150]. LID in 

mc-Si was first reported by Nagel, et al. [151], and since then, it has been observed and 

reported by other researchers as well [152]. However, it is a more serious problem in 

single-crystal Cz-Si, where a ~1% reduction in absolute efficiency has been reported for 

1 Ω·cm cells with ~ 1018 cm-3 (~20 ppm) oxygen. However, in mc-Si, because of the 

relatively low oxygen concentration, LID is not viewed as a serious problem. In regions 

with a high oxygen concentration in mc-Si, a reduction of 2%–4% (relative) in efficiency 

has been reported [153]. To study the LID phenomenon in these mc-Si cells, two cells 
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from each region of the three B-doped ingots were soaked in light for about 25 h at ~1 

sun. The cells were annealed in dark at 200 °C for 25 min to remove the LID, if any, prior 

to subjecting them to a light soak for 25 h. The most degradation resulting from 

illumination is observed in the first few hours after which the lifetime stabilizes [154]. 

The temperature of the wafers during the light soaking process in our setup reached ≥ 

80 °C. Light I–V and internal quantum efficiency (IQE) measurements were performed 

before and after the light soaking.  
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Figure 7.10 Observed LID in efficiencies for ingot 3B (resistivity 2 Ω·cm). 

 
Fig. 7.10 shows that the middle and bottom regions of ingot 3B showed LID, but 

only about 2% relative degradation in efficiency was observed in the middle region cells 

with ~14 ppm oxygen, and 2.5% relative degradation was observed in the bottom region 

cells with ~14 ppm oxygen. The top of ingot 3B, with only ~8 ppm oxygen, did not show 

any appreciable LID. It should be noted that this ingot had intermediate doping (2.0 
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Ω·cm). Contrary to the expectation, ingot 2A, which showed reasonably high oxygen 

concentration in the bottom region along with high doping (0.5 Ω·cm), did not undergo 

any appreciable LID in efficiency. This is attributed to the fact that the lifetime in the 

bottom of ingot 2A is quite low (14 µs) to begin with, compared to ingot 3B, so a 

degradation in bulk lifetime resulting from LID would not have much impact on the final 

lifetime and cell efficiency. The middle region of ingot 2A, with a higher lifetime (~150 

µs), also showed no LID because of the very low oxygen concentration (~4 ppm). Figure 

7.10 shows that all the wafers recovered after an anneal in the dark at 200 °C for 25 min, 

supporting the presence of the metastable defect associated with boron–oxygen pairing 

[154]. These wafers were then again subjected to light soking for three days, and the 

same efficiency degradation was observed. LID was also confirmed by the decrease in 

long wavelength IQE response. The IQE response, before and after LID, for solar cells 

from the bottom region of ingot 3B is shown in Fig. 7.11. 
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Figure 7.11 IQE response for solar cells from the bottom region of ingot 3B (see Figs. 7.4 and 7.10) 
before and after LID. 
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7.2.4 Effect of gallium doping on efficiency and light-induced degradation in cast 
multicrystalline solar cells 

The LID observed in some mc-Si cells led to the investigation of alternatives to 

boron doping. Gallium doping has been suggested as an alternative to boron for higher 

efficiency cells with no LID, and some positive results have been reported [152]. This 

section presents a systematic study of the process-induced lifetime enhancement and a 

comparison of the Ga- and B-doped mc-Si cells. 

Figure 7.12 shows the as-grown lifetime, processed lifetime, average cell 

efficiency (20–25 cells), best cell efficiency, and resistivity of wafers from the top, 

middle, and bottom regions of the Ga doped ingot 4C. 
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Figure 7.12 Lifetime progress and best solar cell efficiency for ingot 4C (supplier C, gallium, 
resistivity 2–8 Ω · cm). 
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  As seen from Fig. 7.12, the middle region of the Ga-doped ingot showed a very 

favourable response to the solar cell processing steps, with processed lifetime exceeding 

300 µs. However, wafers from the top and bottom of the ingot did not show much 

improvement. This could be due to a high concentration of impurities in these regions 

incorporated during the growth by supplier C. Therefore, another boron-doped ingot 

(ingot 5C) was obtained from the same supplier for proper comparison. The resistivity of 

ingot 5C was in the range of 1.0–1.2 Ω·cm. Figures 7.13 and 7.14 show the efficiency 

distribution of about 20 cells from each region of ingots 4C and 5C.  
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Figure 7.13 Efficiency distribution of solar cells processed from top, middle, and bottom regions of 
the Ga-doped ingot (ingot 4C) from supplier C. 
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Figure 7.14 Efficiency distribution of solar cells processed from top, middle, and bottom regions of B 
doped ingot (ingot 5C) from supplier C. 

 
A maximum efficiency of 16.9% was attained from the middle portion of both the 

Ga- and B-doped ingots. However, the top and bottom regions of the B-doped ingot 

yielded higher efficiencies. The spread of efficiencies is also tighter (lesser standard 

deviation) for the B-doped ingot. It should be noted that this finding is based on only one 

Ga-doped ingot used in this study and should not be generalized. Some researchers have 

reported a more uniform distribution of efficiencies from the different regions of a Ga 

doped ingot [152], where a special 70-kg ingot was grown and studied. High Jsc values 

were obtained from the 5 Ω·cm resistivity middle region of the Ga-doped ingot (best: 36 

mA/cm2, average: 35 mA/cm2) along with high Voc (best: 625 mV, average: 620 mV). 

The fill factors were lower in the Ga-doped ingots. However, the top and bottom regions 

of the Ga-doped ingot yielded very low Voc (606 and 555 mV, respectively) and Jsc (32.4 
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and 31.1 mA/cm2, respectively), indicating a much lower lifetime dominated by 

impurities. This was also supported by the IQE response (Fig. 7.15) of the cells from the 

three regions. 
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Figure 7.15 IQE response for solar cells from top, middle, and bottom regions of the Ga-doped ingot 
(ingot 5C).  

 
No LID was observed in any region of the Ga-doped ingot. This supports the 

expected finding that replacing B with Ga dopant should eliminate LID completely and 

affirms that LID in B-doped mc-Si cells is much less than reported for B-doped Cz cells. 

The solar cell efficiencies obtained from the B-doped ingots were comparable to the 

efficiencies from the impurity-free middle region of the Ga-doped ingot. Hence, Ga 

doping in mc-Si did not produce an appreciable advantage over B doping [141]. 

7.2.5 Device design and modeling to reduce the effect of resistivity variation on 
gallium-doped cell efficiencies 

Gallium has a lower segregation coefficient than boron, resulting in a wide 

variation in resistivity of the wafers from the top to bottom regions. This can lead to an 
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appreciable variation in the efficiencies of cells from different regions if the device 

design and parameters are not optimized. Device modeling was performed using PC1D 

device simulation program [130] to devise some design rules for optimizing performance 

and reducing spread in efficiency when there is a large resistivity and bulk lifetime 

variance. Device modeling was performed using an n+-p-p+ device structure. The 

common parameters used in all the PC1D simulations are listed in Table 7.1. 

7.2.5.1 Understanding the Optimum L/W Ratio 

Figure 7.16 shows the efficiency versus thickness curves for resistivities varying 

from 2 to 5 Ω·cm. These curves are for bulk lifetimes varying from 20 to 200 µs with a 

fixed BSRV of 200 cm/s.  
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Figure 7.16 Efficiency versus thickness curves for different resistivities and lifetimes, showing a peak 
in the efficiency at a given thickness. These curves are for a BSRV of 200 cm/s. 
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Figure 7.16 shows that for a fixed diffusion length (L), base doping, and BSRV, 

cell efficiency peaks at a particular thickness (W), yielding an optimum L/W ratio for that 

diffusion length, doping, and BSRV combination. 

7.2.5.2 Effect of Lifetime and Doping on Optimum L/W Ratio 

Simulations were performed to determine the optimum L/W ratio ((L/W)OPT) for 

solar cells with bulk lifetimes varying from 25 to 1000 µs and base resistivities in the 

range of 0.2–20 Ω·cm. Most PV materials fall into this lifetime and resistivity range. 

Figure 7.17 shows the results of these model calculations.  

0

1

2

3

4

5

6

7

8

0.0 5.0 10.0 15.0 20.0

Resistivity (Ω.cm)

O
pt

im
um

 L
/W

 r
at

io

25 us
50 us
100 us
200 us
300 us
1000 us

BSRV = 100 cm/s

 

Figure 7.17 Optimum L/W ratios as a function of base doping for different lifetimes. These curves 
are for a BSRV of 100 cm/s. 

 
Figure 7.17 shows that for a low BSRV of 100 cm/s, (L/W)OPT varies from 2 to 7 

as resistivity changes from 0.2 to 20 Ω·cm. It should also be noted that the (L/W)OPT ratio 

is not as strong a function of bulk lifetime. Further model calculations showed that the 
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optimum L/W ratio becomes more sensitive to bulk lifetime as BSRV is increased. Thus, 

the optimum thickness (WOPT) will vary depending on the location of the wafer in a 

gallium-doped ingot, which typically has a large resistivity gradient, with higher 

resistivity favoring thinner wafers. 

Table 7.3 Determination of optimum thickness from the optimum L/W ratio for resistivities of 1.2 
and 5.2 Ω·cm, lifetimes of 50 and 200 µs, and BSRV of 100 cm/s. 

 

Table 7.3 shows that, for a BSRV of 100 cm/s, if the resistivity of an ingot 

changes from 1.2 to 5.2 Ω·cm, with the bulk lifetime fixed at 200 µs, (L/W)OPT increases 

from 2.5 to 3.8, reducing the optimum thickness from 309 to 199 µm. However, if the 

resistivity is fixed at 5.2 Ω·cm and the bulk lifetime changed from 200 to 50 µs, the 

optimum L/W ratio increases from 3.8 to 4.1, resulting in a decrease in the optimum 

thickness to 92 µm. 

7.2.5.3 Reduction in Efficiency Spread for HEM mc-Si Through L/W Ratio Modeling 

Figure 7.18 shows the modeling for a Ga-doped ingot, wherein resistivity varies 

from 2 to 8 Ω·cm as we move from top to bottom, with a bulk lifetime of 20 µs in the top 

and bottom regions, and a lifetime of 200 µs in the middle region.  
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Figure 7.18 PC1D simulated curves for efficiencies at 300 µm and at optimum thicknesses. Also 
shown is the value of optimum thickness and the corresponding lifetime value for each resistivity 
used in the modeling. These curves are for a BSRV of 200 cm/s. 

 
Figure 7.18 also shows the calculated WOPT from (L/W)OPT ratio and the cell 

efficiencies for a constant thickness of 300 µm as well as for optimum thickness WOPT. 

These curves were generated for a BSRV of 200 cm/s. These data clearly show that 

reducing the cell thickness from 300 µm to WOPT in the top and bottom regions reduces 

the efficiency spread. Hence, for a BSRV of 200 cm/s, the efficiency spread is reduced 

from 2% (16.4%–14.4%) to 1.4% (16.4%–15%). This optimization will have a more 

positive impact for a lower BSRV. For higher BSRV, the effect of this optimization on 

efficiency spread will be less pronounced, but it will produce the best attainable 

efficiencies with less silicon, resulting in a better utilization of the whole ingot. 

The design rules established above give an overview of the merit of optimizing 

thickness based on bulk lifetime and resistivity. It would be impractical, however, to cut 
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wafers of different thicknesses along the ingot length. A more practical approach based 

on the above design optimization would be to cut the entire ingot with wafer thickness 

equal to minimum WOPT, which would correspond to the optimum thickness for wafers 

from the top and bottom low lifetime regions. Another rule of thumb could be to cut the 

wafers as thin as possible (~100 µm) if the BSRV is on the order of 100–200 cm/s. 

Simulations performed for a constant thickness of 150 µm along the entire ingot length 

showed no appreciable compromise in the cell efficiencies relative to the WOPT case. 

These guidelines can also be used for boron-doped ingots as well, where resistivity is 

nearly constant, but the lifetime in the top and bottom regions is low.  

The four ingots B-doped and one Ga-doped ingot analyzed in this study were 

from three different vendors because of which there could be variability in the impurity 

content and type, depending on the quality of the Si feedstock used, the cleanliness of the 

crucible and the thermal profile during solidification employed by the vendor. To 

minimize the effects of such variations, solar cells were also fabricated on four different 

B-dope ingots from the same supplier. The results are presented in the next section.  

7.3 Investigation of the effects of resistivity and thickness on the performance of 
HEM mc-Si solar cells from top, middle, and bottom regions of four different ingots 

from the same supplier 

The mc-Si wafers investigated in this section were obtained from the same 

supplier and are expected to have a similar impurities and defects. The impact of 

reducing the resistivity and thickness of the solar cells on wafers from the top, middle, 

and bottom regions of these mc-Si ingots was investigated.  

A low resistivity of 0.2-0.3 Ω·cm has been shown to be optimum for high quality 

single-crystal silicon for solar cells. However, for lower quality cast mc-Si, this optimum 
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resistivity increases due to dopant-defect interaction, which reduces the bulk lifetime at 

lower resistivities. An enhancement in efficiency can be realized by reducing the base 

resistivity for high quality FZ, single crystal, Si solar cells, which show an optimum at 

0.2-0.3 Ω·cm [138]. This increase in performance is due to the increase in the open 

circuit voltage (Voc) of the solar cell, without significant loss in the short circuit current 

(Jsc). However, the benefits of going to lower resistivity are not realized in Cz Si due to 

dopant-induced light induced degradation [150] and in mc-Si solar cells due to dopant-

defect interaction. Hence, this section analyzes the impact of increasing the base doping 

through lifetime monitoring and mc-Si cell fabrication and analysis.   

Currently, silicon constitutes about 50% of the total module cost and, therefore, a 

significant cost reduction could be realized if the wafer thickness is reduced without 

compromising yield and cell performance. Reduction in thickness often results in a 

decrease in performance of cells with conventional design with an aluminum back 

surface field (Al-BSF). However, somewhat lower cell efficiency on thinner wafer can be 

more cost effective compared to a higher cell on thick wafer [155]. In this study, the 

effect of reducing the wafer thickness on cell performance and cost is investigated by 

comparing 225 µm and 175 µm thick wafers.  

7.3.1 Experimental 

Solar cells were fabricated using the standard, manufacturable baseline process 

with 45 Ω/sq emitter and SP contacts on wafers from the top, middle, and bottom regions 

of four different boron doped p-type ingots from the same supplier, as shown in Table 7.4. 

To minimize the bowing, a special low bow Al paste was used on the rear side. Lifetime 

in the finished cell was measured after etching off the emitter and the Al-BSF. 
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Table 7.4 Thickness and resistivity of ingots used in this study. 

Ingot # Thickness 
(µm) 

Resistivity 
(Ω·cm) Region* 

1 225 0.6 T,M,B 
2 225 1.5 T,M,B 
3 175 0.6 T,M,B 
4 175 1.5 M 

* T = Top; M = Middle; B = Bottom 
 

7.3.2 Lifetime and performance of thick and thin mc-Si solar cells 

The I-V results of solar cells with SP contacts on 225 µm and 175 µm thick 

wafers in Table 7.5 show that wafers from the middle of each ingot yielded the best cells 

with peak efficiencies in the range of 16.4 to 16.7%.  

Table 7.5 Best I-V parameters of solar cells fabricated on various thicknesses and resistivities and 
from different regions of ingots 1-4, using screen-printed contacts. 

Voc  
(V) 

Jsc 
(mA/cm2) FF Eff  

(%) Region 

Ingot-1 Thickness: 225 µm. Resistivity : 0.6 Ω·cm 
0.623 32.7 0.7908 16.1 TOP 
0.624 33.3 0.7868 16.4 MID 
0.620 32.5 0.7867 15.9 BOT 

Ingot-2 Thickness: 225 µm. Resistivity : 1.5 Ω·cm 
0.615 32.7 0.7813 15.7 TOP 
0.624 34.1 0.7847 16.7 MID 
0.615 33.9 0.7817 16.3 BOT 

Ingot-3 Thickness: 175 µm. Resistivity : 0.6 Ω·cm 
0.617 31.2 0.7810 15.0 TOP 
0.627 33.0 0.7922 16.4 MID 
0.623 32.8 0.7812 16.0 BOT 

Ingot-4 Thickness: 175 µm. Resistivity : 1.5 Ω·cm 
0.623 33.9 0.7840 16.5 MID 

 

No dependence on wafer resistivity or thickness was observed for the cells from 

the middle of each ingot. Cells made on wafers from the top of each ingot showed lower 

Jsc and Voc values, suggesting that the bulk lifetime in these wafers was lower than those 
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from the middle of the ingots. Figure 7.19 summarizes the as-grown, post diffused, and 

post-fired lifetimes in wafers from ingots 1-4.  
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Figure 7.19 As-grown, post diffusion and finished cell lifetime of solar cells fabricated in this study. 

 
The results in Fig. 7.19 again show that wafers from the middle of the ingots have 

high bulk lifetimes after growth (38-83 µs), while wafers from the top and bottom of the 

ingots have much lower lifetimes (1-4 µs). Gettering during POCl3 diffusion improved 

the lifetime in all regions of the four ingots, but was particularly more effective in wafers 

from the bottom of the ingots where the lifetime increased to 63-136 µs. The middle 

region also benefited significantly from the gettering process. Lifetime was further 

enhanced during the co-firing cycle due to SiNx-induced hydrogenation of defects in both 

middle and bottom regions. Figure 7.19 shows that the gettering and passivation 

treatments in this study were more effective in the middle and bottom regions of the 

ingots. After both P-gettering and hydrogenation steps, the lifetime in middle and bottom 

regions of most of the ingots was close to or in excess of 100 µs, while the lifetime in the 
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top regions was below 50 µs. This is contrary to the expectation that P gettering should 

be more effective in the top regions of the ingot (Section 7.2.2.1). This could however be 

due to high density of dislocations (>106 cm-2), typical to wafers from the top of the 

ingots, if it cools down faster at the end of the solidification process. These dislocations, 

or impurity decorated dislocations, then would dominate the lifetime, even after 

interstitial and substitutional impurities have been gettered or passivated [27].  Thus, 

lifetime recovery in the top or bottom or both regions could be dependent on the nature of 

impurities and crystallographic defects, which in turn could be different for different 

suppliers. For the ingots investigated in this section, the lifetime enhancement profile is 

different compared to the ingots in section 7.2.2.1, which possibly is due to the difference 

in feedstock quality, crucible, and the thermal profile used by this supplier during ingot 

growth. 

Figure 7.19 also shows that the bulk lifetime in wafers from the middle of ingots 1 

and 2 decreased from 253 µs to 135 µs when the resistivity was lowered from 1.5 Ω·cm 

to 0.6 Ω·cm. This decrease in lifetime is again attributed to a dopant-defect interaction 

and is analyzed in the following sub-sections. 

7.3.2.1 Effect of lifetime and base resistivity on the performance of mc-Si solar cells 

The results in Table 7.5 and Fig. 7.19 show that there was no significant 

difference in the best cell efficiency of the solar cells made on different resistivity 

substrates, despite a significantly lower finished cell lifetime in low resistivity wafers. 

This can be partly explained by the dependence of efficiency on bulk lifetime. As shown 

earlier, once the bulk lifetime exceeds 100 µs for this cell design, efficiency is no longer 

a strong function of lifetime. In this study the lifetime in the wafers from the middle of 

 159



ingots 1 (0.6 Ω·cm) and 2 (1.5 Ω·cm), exceeded 100 µs after processing leading to >16% 

efficient 4 cm2 cells. Even with a lower final lifetime, no change in Voc was observed for 

the lower resistivity wafers. For example, an increase in average Voc of 2 mV was found 

in the bottom region wafers of 0.6 Ω·cm (ingot 1) wafers, compared to the 1.5 Ω·cm  

(ingot 2) wafers, even though lifetime was ~200 µs lower in the lower resistivity case. 

7.3.2.2 Effect of reducing the wafer thickness on the performance of mc-Si solar cells 

The performance of mc-Si solar cells could increase or decrease when the wafer 

thickness is reduced depending on the device parameters such as bulk lifetime and back 

surface recombination velocity (Sr) [156, 157]. An improvement in Voc, on decreasing the 

thickness, can be observed if Sr on the back of the p-type wafer is kept below a critical 

value given by Sr,cr = D/L (D: Diffusion constant for minority carriers, L = diffusion 

length of minority carriers in the base region) as is evident from Eq. 7.1, where J0b (dark 

saturation current of base) increases for values greater than Sr,cr. On the other hand for Sr 

values less than Sr,cr, an enhancement in Voc would be observed due to a decrease in J0b. 
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where,                                                                                                      

Sr : Rear surface recombination velocity, 

W: Device thickness, and 

NA: Doping concentration.  
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Hence, Voc is a key parameter to assess whether reducing the thickness is 

beneficial or not. For low lifetime top region wafers (eg., ingot 1- lifetime: 31 µs; 

resistivity: 0.6 Ω·cm), Sr,cr is ~800 cm/s. Whereas, for higher lifetime middle region 

(ingot 1- lifetime: 135 µs; resistivity: 0.6 Ω·cm), Sr,cr is ~ 400 cm/s. For the screen-printed 

solar cells fabricated in this study, the Al-BSF gives an Sr values > 700 cm/s for the 0.6 

Ω·cm wafer. This was estimated from the calculated Al-BSF profile and an SRV model. 

Hence, a slight improvement in Voc is expected by reducing the thickness of the low 

lifetime top region wafer where Sr,cr is ~800 cm/s. However, an appreciable reduction in 

Voc is expected for high lifetime middle region where Sr,cr is ~400 cm/s. This was indeed 

found to be the case, where the average Voc practically remained unchanged for the top 

region, whereas it showed a 6 mV decrease for the middle region. This was further 

supported by Voc data of high lifetime cells from middle and bottom regions of other 

ingots, where 4-6 mV decrease in the Voc was observed on reducing the thickness. For 

example, the average Voc reduced from 615 mV for 225 µm-thick wafers in the middle of 

Ingot 2 to 610 mV for 175 µm-thick wafers in the middle of Ingot 4, a decrease of 5 mV.  

The values of Jsc did not decrease much with the reduction in thickness from 225 µm to 

175 µm. Hence it can be concluded that for the set of wafers studied here, thickness 

variation in the range of 225 to 175 µm does not degrade the cell efficiency, it only 

reduces the cost. 

7.3.3 Device modeling to see the impact of base doping and thickness on solar cell 
performance 

Device modeling was performed using PC1D [130] to study the effects of 

changing the base doping and thickness on the device performance. A front surface 
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recombination velocity of 45000 cm/s and Sr (BSRV) of 600 cm/s were assumed. It 

should be noted that the Sr values are expected to be slightly higher for lower resistivity 

wafers, but in these simulations, the same value of Sr is assumed for all resistivities and 

the effect of doping on bulk lifetime is described by a model for dopant defect interaction 

given by equation 7.3 [158].  

ref
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pn
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00
τττ  .               (7.3)                               

Where Nref is the measure of dopant-defect interaction. ∞0τ is the lifetime when 

there is no dopant-defect interaction. A higher value of Nref implies lower dopant-defect 

interaction. Nref value of infinity would imply no dopant-defect interaction. Figures 7.20 

and 7.21 show the efficiency dependence on resistivity and thickness for lifetimes ( ∞0τ ) 

of 25 µs and 250 µs, representing the two extremes in lifetimes observed in cast mc-Si 

cells. In these calculations an Nref value of 2 × 1016 cm-3 was assumed. The data in Fig. 

7.19 shows that the lifetime of the low resistivity 0.6 Ω·cm wafers is approximately half 

the lifetime for 1.5 Ω·cm wafers. Hence an approximate value of Nref, comparable to the 

base doping is used, which reduces the bulk lifetime by a factor of two. Figure 7.20 

shows that for lower lifetime materials (25 µs), cell efficiency improves for lower values 

of thickness (< 100 µm) and base resistivity (~ 0.5 Ω·cm). On the contrary, for higher 

lifetime case of 250 µs, the maximum efficiency is shifted to higher values of base 

thickness (> 300 µm) and there is a broad maxima for doping and thickness (Fig. 7.21). 

The  calculated optimum resistivity for the high lifetime case still remains at ~0.5 Ω·cm. 

Furthermore from the data in Fig. 7.20, for the thickness and doping ranges studied here, 
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efficiency lies in the narrow range of 15.5% to 15.7%. For the high lifetime case in Fig. 

7.21, when the resistivity swings from 1.5 to 0.6 Ω·cm and thickness swings from 225 to 

175 µs, the calculated efficiency swings in the range of 16.5% to 16.8%. This is 

consistent with the cells fabricated here, supporting that no significant change in 

efficiency is observed for these wafers when thickness is reduced from 225 µm to 175 

µm and doping changed from 1.5 Ω·cm to 0.6 Ω·cm for Nref  value of 2 × 1016 cm-3. 

Results may change for different Nref values. 
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Figure 7.20 Efficiency dependence on resistivity and thickness for bulk lifetime of 25 µs, Sr of 600 
cm/s and Nref  of 2 × 1016 cm-3. 
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Figure 7.21 Efficiency dependence on resistivity and thickness for bulk lifetime of 250 µs, Sr of 600 
cm/s and Nref of 2 × 1016 cm-3. 

 
Further device modeling was performed using an Nref value of infinity (no dopant-

defect interaction). The same conclusion was reached regarding thickness but the 

optimum resistivity decreased to a lower value (~0.3 Ω·cm). Hence dopant-defect 

interaction has the effect of increasing the optimum base resistivity. An optimum 

resistivity of 0.5 Ω·cm was found to be true for the set of wafers from this study. This 

optimum resistivity would however increase or decrease based on the value of Nref. 

7.4 Investigation of solar cells fabricated on top, middle, and bottom regions of a 
novel “mono-cast” HEM Si ingot 

 A novel method of ingot growth developed at GT Solar [159] is capable of 

producing single-crystal ingot and wafers using the modified HEM casting technique. 

Due to the single-crystal nature of these wafers, several of the inherent disadvantages of 

mc-Si wafers can be avoided. First of all, the mono-cast wafers can be textured with ease, 
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they are more uniform or homogeneous, and the recombination due to grain boundaries 

and dislocations is reduced. While still in the optimization stage, the first two mono-cast 

p-type, boron doped, ingots grown by GT Solar have been characterized in this section 

through lifetime measurements and complete solar cell fabrication. 

7.4.1 Characterization of mono-cast HEM ingot 1 

 The mono-cast HEM ingot wafers from the first ingot were 5 cm × 5 cm, with 

crystal orientation of <111>.   Wafers were sourced from different locations in the ingot 

and characterized via resistivity and lifetime measurements at different stages of cell 

processing. Four 4 cm2 planar solar cells were fabricated on each 5 cm × 5 cm wafer by 

the baseline process.  

 Figure 7.22 shows the variation in resistivity of wafers from different locations in 

the ingot measured by four-point probe. Resistivity varied in the range of 1.81 to 1.07 

Ω·cm from the bottom to top of the ingot.  
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Figure 7.22 Resistivity variation along the length of the ingot for mono-cast ingot 1.  
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 The as-grown, post-diffused and post-fired lifetime was measured to evaluate the 

quality enhancement. Planar solar cells with a 45 Ω/sq emitter and single layer SiNx AR 

coating were fabricated by the baseline fabrication sequence on wafers from different 

locations along with control FZ samples with resistivities of 1.3 and 2.3 Ω·cm to cover 

the resistivity variation from the bottom to top region of the mono-cast ingot 1. Table 7.6 

shows the I-V results of the planar, screen-printed solar cells fabricated on FZ and mono-

cast ingot 1 wafers.  

Table 7.6 I-V parameters for planar mono-cast ingot 1 and reference FZ wafers. 

Cell ID Voc Jsc Eff. FF n-
factor Rs Rsh 

 V mA/cm2 %   Ω·cm2 Ω·cm2 

# 
cells 

FZ_1.3 ohm.cm 0.635 33.9 16.9 78.33 1.14 0.6 150900  
Average 0.633 33.7 16.7 78.20 1.15 0.6 24765 18 

19 (bottom-most) 0.564 28.5 12.2 75.72 1.23 0.7 19280  
Average 0.563 28.5 11.7 72.83 1.23 1.4 11168 4 

24 0.566 28.1 12.1 75.85 1.21 0.7 14760  
Average 0.567 28.0 12.0 75.57 1.29 0.7 12173 4 

26 0.581 28.9 12.8 76.11 1.34 0.5 13640  
Average 0.577 28.8 12.6 76.09 1.29 0.6 39865 4 

32 0.599 30.5 13.9 75.81 1.27 0.8 23070  
Average 0.597 30.3 13.7 75.94 1.27 0.7 26855 4 

44 0.619 32.7 15.2 74.92 1.29 1.0 1632  
Average 0.619 32.7 15.1 74.64 1.22 1.2 10964 3 

49 0.625 32.7 16.0 78.41 1.18 0.6 50110  
Average 0.623 33.0 15.9 77.23 1.18 0.7 20476 3 

57 0.624 33.2 15.9 76.53 1.16 0.9 5344  
Average 0.621 33.1 15.6 75.81 1.16 1.0 4653 3 

63 0.623 32.2 15.5 77.29 1.22 0.7 13740  
Average 0.619 32.3 15.3 76.37 1.22 0.9 8098 3 

69 (top-most) 0.602 30.9 14.1 75.85 1.22 0.9 13410  
Average 0.594 29.6 13.4 76.03 1.22 0.8 16344 4 

FZ_2.3 ohm.cm 0.634 34.4 17.0 78.01 1.16 0.7 161500  
Average 0.632 34.1 16.7 77.68 1.18 0.7 90247 18 

  

 Voc, Jsc, and the efficiency values in the bottom region of the ingot 1 were very 

low, owing to the impurities incorporated from the crucible during the crystal growth. 
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Cell efficiencies remained low to ~12% in the bottom section. Efficiency started to 

increase towards the middle of the ingot reaching ~16%. Efficiency starts to decrease 

from middle to top. Best efficiency of 14.1% was achieved for solar cells made from the 

top-most region. Efficiency of the reference FZ wafer solar cell was 16.9% and 17% for 

the 1.3 and 2.3 Ω·cm resistivity, respectively.  

 Lifetime was monitored at different stages during the fabrication and is shown in 

Fig. 7.23, along with the cell efficiencies for wafers sourced across the ingot.  
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Figure 7.23 Lifetime progress as a function of solar cell processing steps for the mono-cast ingot 1. 
Also shown is the efficiency of the solar cells fabricated.  

 
For most portion of the ingot, the as-grown lifetime had a low value of <1 µs, 

except for a small region in the middle and towards the top, where the as-grown lifetime 

value peaked at 19 µs. Post-diffusion lifetime increased to 4.8, 52, and 1 µs for the 

bottom, middle and the top region of the ingot, respectively. Post-process lifetime was 
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measured after stripping of the metal and etching the emitter and the BSF. Lifetime in the 

bottom region of the ingots remained low in the range of 9 to 22 µs. The middle region of 

the ingot reached a lifetime value of 130 µs, whereas lifetime in the top region increased 

to 98 µs. The efficiencies of the solar cells closely followed the post-process lifetime 

values. It should be noted that the size of the first mono-cast ingot was much smaller than 

the conventional HEM ingots, as a result contamination from the crucible walls had much 

greater impact on lowering the lifetime and ingot quality. 

 Figure 7.24 shows the measured IQE response, along with the I-V parameters and 

the post-process lifetime for these wafers.  
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Figure 7.24 IQE response for the solar cells from top, middle, and bottom regions of the mono-cast 
ingot and for the 2.3 Ω·cm FZ wafer. Also shown are the I-V parameters and the post-process 
lifetimes. 
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 The IQE response of the solar cells is consistent with the cell efficiencies and the 

lifetime values. The cell from the bottom-most region had very low lifetime and low Voc 

of 564 mV, resulting in a very poor IQE response. High-lifetime FZ wafer had the best 

efficiency and IQE, as expected.  

7.4.2 Characterization of mono-cast HEM ingot 2 

 Mono-cast ingot 2 was grown somewhat larger in size with a crystal orientation of 

<100>.  Ingot size was 19 cm × 19 cm × 8.4 cm from which 10 cm × 10 cm wafers were 

cut at different locations for characterization and solar cell processing. Due to the <100> 

crystal orientation, the wafers could be easily textured to reduce reflectance and increase 

light trapping. Nine 4 cm2 solar cells were fabricated on each 10 cm × 10 cm wafer from 

different locations in the ingot. Large area (100 cm2) solar cells were also fabricated from 

wafers in the middle region.  

7.4.2.1 Small area (4 cm2) solar cell fabrication and characterization 

 Figure 7.25 shows the resistivity variation for wafers along the ingot length.  
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Figure 7.25 Resistivity variation along the length of the ingot for mono-cast ingot 2. 
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 The resistivity varied in the range of 2.3 to 3.0 Ω·cm for most part of the ingot, 

except for the some regions in the bottom and top, where it increased to unusual values.        

As-grown, post diffused and post-fired lifetimes were measured. All wafers were 

textured by the standard  KOH/isopropyl texturing process used for the single-crystal Si. 

Textured solar cells were fabricated with ~45 Ω/sq emitter and single layer SiNx AR 

coating from different locations along with the control FZ control FZ with a resistivity of 

1.3 Ω·cm. Table 7.7 shows the I-V results of the solar cells fabricated on textured FZ and 

mono-cast ingot 2 wafers.  

Table 7.7 I-V parameters for solar cells on textured mono-cast ingot 2 and textured reference FZ 
wafer. 

Cell ID Voc Jsc Eff. FF n-factor Rs Rsh 
 V mA/cm2 %   Ω·cm2 Ω·cm2 

# 
cells

FZ_1.3 Ω·cm 0.633 37.4 18.2 76.82 1.22 0.7 32720  
Average 0.633 37.3 17.9 75.90 1.24 0.8 681974 18 

7 
(bottom_most) 0.551 33.5 14.0 75.65 1.18 0.7 165200  

Average 0.554 32.7 13.2 73.03 1.34 0.9 71433 4 
21 0.618 35.3 15.9 72.76 1.51 1.0 98350  

Average 0.606 34.5 15.2 72.94 1.42 1.1 53751 7 
28 0.622 36.1 17.2 76.55 1.21 0.7 49150  

Average 0.622 35.9 17.0 76.04 1.22 0.8 125260 6 
31 0.624 35.9 17.1 76.45 1.36 0.5 115200  

Average 0.622 35.8 16.8 75.47 1.42 0.6 39115 9 
32 0.625 36.2 17.1 75.47 1.40 0.6 14170  

Average 0.623 35.9 16.8 75.03 1.41 0.7 64745 7 
34 0.624 35.8 17.1 76.55 1.25 0.7 27690  

Average 0.623 35.8 17.0 76.05 1.28 0.7 37765 6 
49 0.623 35.7 17.0 76.27 1.38 0.6 161500  

Average 0.616 35.3 16.3 75.06 1.40 0.7 64916 5 
56 0.624 36.0 16.6 74.11 1.41 0.9 17050  

Average 0.617 35.2 15.2 70.17 1.43 1.6 605037 6 
65 (top-most) 0.582 32.9 14.7 76.67 1.23 0.6 19790  

Average 0.577 32.7 14.3 75.75 1.21 0.8 23743 7 
 

 Bottom region of the ingot suffered from impurities and low lifetime, resulting in 

low efficiency of 14% and a Voc of 551 mV. The middle of the ingot gave an efficiency 
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peak at 17.2%. The cell efficiency decreased to 14.7% near the top. Efficiency was in a 

tight range of 17.0-17.2% for a broad range near the middle of the ingot. Best efficiency 

for the 1.3 Ω·cm textured FZ was 18.2%.  

 Figure 7.26 shows that the maximum as-grown lifetime value was 2.8 µs. 
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Figure 7.26 Lifetime progress as a function of solar cell processing steps for the mono-cast ingot 2.  

 
After diffusion, lifetime increased to > 5 µs for the top and bottom regions while 

the middle section went up to 36 µs. Post-processing lifetimes were measured on cells 

ID: 7 (bottom-most), 32 (middle), and 65 (top-most) from Table 7.7, to get a range for the 

lifetime potential for this material. The lifetimes in the top- and bottom-most regions 

remained below 10 µs even after firing or hydrogenation, consistent with the low Voc and 

Jsc of those cells (Table 7.7). The middle region, however, recovered from the low as-
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grown lifetime value of 3 µs to 142 µs, after SiNx-induced hydrogenation, consistent with 

>17% efficiency.  

 Although the mono-cast growth process is still in the optimization phase, a high 

efficiency of 17.2% shows the potential of this novel material. The Jsc for the textured 

cells of ingot 2 was 3.4 mA/cm2 higher than the planar cells of ingot 1, resulting in 1.2% 

absolute increase in the efficiency. This highlights the importance of effective texturing 

of mono-cast to achieve high efficiency solar cells. Figure 7.27 shows the reflectance of 

the SiNx coated textured FZ, planar mono-cast, and textured mono-cast wafers. The 

average weighted reflectance for the textured mono-cast cell is 5.3% compared to 11.8% 

for the planar wafers, which accounts for the increase of ~ 3 mA/cm2 in the Jsc of the 

textured mono-cast cells. 
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Figure 7.27 Reflectance comparison of the textured wafers from ingot 2 and the planar wafer from 
ingot 1. 
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7.4.2.2 Large area (100 cm2) solar cell fabrication and characterization 

 Due to the inherent inhomogenity in the HEM mc-Si wafers, fabrication of the 

large area solar cells leads to some loss in performance. This loss is expected to be 

smaller in the mono-cast wafers. Large area solar cells were fabricated on the 10 cm × 10 

cm textured mono-cast wafers. Table 7.8 summarizes the I-V results for the textured 

mono-cast wafers from the middle region of the ingot, along with reference Cz solar cells.   

Table 7.8 Large area, 100 cm2, solar cell I-V parameters for solar cells on textured mono-cast ingot 2 
and textured reference Cz wafers. 

Cell ID Resistivity Voc Jsc FF Eff. n-factor Rs Rsh 
  Ω·cm  V mA/cm2   %   Ω·cm2 Ω·cm2

GiTCz-1 1.80 0.623 36.1 0.773 17.4 1.10 0.8 2482 
GiTCz-5 1.71 0.623 35.7 0.773 17.2 1.12 0.7 2107 
GiTCz-7 1.71 0.623 35.9 0.785 17.5 1.04 0.7 1723 
GiTCz-9 1.83 0.622 35.4 0.779 17.2 1.08 0.7 2001 

GiTCz-10 1.34 0.626 35.3 0.780 17.2 1.08 0.7 1698 
Mono-cast-29 2.25 0.621 34.9 0.754 16.3 1.32 0.8 608 
Mono-cast-38 2.26 0.622 34.7 0.766 16.5 1.16 0.8 1104 
Mono-cast-41 2.18 0.624 34.3 0.766 16.4 1.15 0.9 1115 

 

 An efficiency of 16.5% was achieved on the mono-cast wafer, compared to 17.5% 

for the reference Cz wafer. Most of the difference in efficiency came from the loss in Jsc 

of ~1.2 mA/cm2 for the mono-cast cells. To explain the observed loss in Jsc, IQE 

measurements were performed. Figure 7.28 shows the IQE comparison of the Cz and 

mono-cast cells.  

Long wavelength IQE is similar for the two cells, indicating a similar Al-BSF quality. 

There is a considerable difference in the short wavelength IQE which accounts for most 

of the loss in Jsc. Further optimization of the emitter and the front surface passivation 

should result in the reduction of this gap between the Cz and mono-cast cells. 
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Figure 7.28 IQE comparisons for the 100 cm2, textured reference Cz wafer and the mono-cast wafer. 

 

7.5 Conclusion 

Screen-printed solar cells were fabricated on different regions of four ingots from 

different suppliers. High post-diffusion and post-hydrogenation lifetime values were 

obtained for most of the wafers. This study shows that the top region of the ingot 

generally benefits most from the gettering during the phosphorous diffusion used to form 

the n+ emitter and the bottom region benefits most from the hydrogenation from the SiNx 

film during the contact firing cycle. The middle region benefits from both. Lifetime 

values as high as 0.3 ms were achieved for the middle region of two boron-doped ingots 

and the gallium-doped ingot used in this study. These high lifetime values translated into 

high screen printed cell efficiencies of ≥ 15.9% for wafers from all the regions and ingots, 

except for the bottom region of the lower-resistivity boron-doped ingot and the gallium-

doped ingot. Using a lower-resistivity boron-doped mc-Si ingot did not seem to improve 

the efficiency. As expected, the concentration of oxygen in the three boron-doped ingots 
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was found to increase from top to bottom and at a concentration of 14 ppm in a 2 Ω·cm 

resistivity wafer, LID of about 2.5% (relative) in efficiency was observed. A relatively 

tighter and superior distribution in efficiency was found for the boron-doped ingot 

compared to the gallium-doped ingot. However, the gallium-doped ingot was found to be 

very stable under illumination, irrespective of the location of the wafer in the ingot. 

Device modeling showed the merits of tailoring the thickness, based on the doping and 

the bulk lifetime in the solar cell, aimed at achieving a more uniform and optimized 

efficiency distribution for the entire ingot. In general, thinner wafers with good BSRV 

can reduce the impact of resistivity and lifetime variations in the mc-Si ingot. 

Solar cells were fabricated on wafers from top, middle, and bottom regions of cast 

multicrystalline silicon ingots with resistivities of 1.5 Ω·cm and 0.6 Ω·cm and thicknesses 

of 225 µm and 175 µm from the same supplier. A standard manufacturable industrial cell 

fabrication process was used involving screen-printing of front and back contacts. The 

expected increase in the performance with increased doping was not realized, however, 

Voc enhancement was observed for the lower resistivity cells despite significantly lower 

bulk lifetimes compared to higher resistivity cells. The low lifetime in the low resistivity 

ingot was attributed to the dopant-defect interaction, which lowered the lifetime in mc-Si. 

After gettering (during P diffusion) and hydrogenation (from SiNx) steps used in cell 

fabrication, the bulk lifetime in 225 µm thick wafers from the middle of the ingot 

decreased from 253 µs to 135 µs when the resistivity was lowered from 1.5 Ω·cm to 0.6 

Ω.cm. An increase in the average Voc of up to 4 mV was observed on decreasing the base 

resistivity, which was counterbalanced by the loss in lifetime and Jsc. This study shows 

that solar cells fabricated on 175 µm thick, 1.5 Ω·cm, wafers showed no appreciable loss 

 175



in the cell performance when compared to the 225 µm thick cells, consistent with PC1D 

modeling. Device modeling revealed that an optimum thickness occurs at lower thickness 

and lower resistivity for low bulk lifetime wafers. For higher bulk lifetime wafers, an 

optimum still occurs at lower resistivities, but is shifted to higher thickness. Device 

modeling also showed that the dopant-defect interaction has the effect of increasing the 

optimum base resistivity to higher values. 

Solar cells fabricated on the first two ingots grown by a novel process, which 

produced single-crystal Si wafers by HEM casting method,  achieved efficiencies of 16% 

and 17.2% on planar and textured surfaces. Lifetime in the middle region of both the 

ingots exceeded 100 µs after cell processing; however top and bottom regions had lower 

lifetimes due to the impurities that could not be gettered or passivated. Due to the single-

crystal nature of the mono-cast ingots, the wafers were textured easily, which decreased 

the front surface reflectance from 11.8 to 5.3% and resulted in an enhanced Jsc by ~3 

mA/cm2. Large area (100 cm2) solar cells fabricated from the middle regions of this novel 

mono-cast material achieved an efficiency of 16.5%. The mono-cast grown by the HEM 

process is still under optimization, however, these results show that this growth technique 

has a great potential for achieving high-efficiencies at a lower cost and bridging the 

efficiency gap between cast and Cz methods.  
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CHAPTER 8 

THIN CRYSTALLINE SILICON SOLAR CELLS WITH FULL 

AREA ALUMINUM-BACK SURFACE FIELD 

8.1 Introduction 

 The influence of reducing the thickness of multi- and mono-crystalline silicon 

wafers on the performance and cost of screen-printed solar cells with full area aluminum-

back surface field (Al-BSF) has been investigated. First, in section 8.2, a literature review 

of the solar cell efficiencies on thin Si is presented along with the benefits of using 

thinner Si. Device modeling is performed in section 8.3 to assess the impact of reducing 

wafer thickness for low- and high- lifetime c-Si solar cells. Section 8.4 lists the five sets 

of wafers analyzed to study the impact of thickness reduction. This section also discusses 

the importance of adjusting the belt co-firing profiles to assess accurately the impact of 

thickness reduction on cell performance. I-V and IQE results for the five sets of wafers, 

along with the lifetime measurements and PC1D modeling of the cell data is presented in 

section 8.5. Section 8.6 identifies the critical parameters that can improve the 

performance of thin cells. Finally, cost modeling is performed in section 8.7 to calculate 

the impact of reducing the wafer thickness on the total module manufacturing cost.  

8.2 Review of solar cell efficiencies on thin crystalline Si and the benefits of using 
thin Si 

Silicon (Si) accounts for about 50% of the cost of current Si solar cell modules, 

therefore, the cost of Si PV can be reduced significantly by using thinner silicon 

substrates. Current silicon feedstock shortage and high cost has expedited the need for 

thinner substrates. Current industry standard is 200-250 µm thick substrates as compared 
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to 275-300 µm thick substrates couple of years ago. Cost calculations by Münzer, et al., 

showed that 50 µm reduction in wafer thickness can result in ~5% cost reduction ($/W), 

which can be reduced further by improving the yield [160]. Silicon is a poor light-

absorber, therefore, thinner cells generally produce lower efficiencies due to the reduced 

short-circuit current density (Jsc). This loss can be mitigated by a more effective light 

trapping, back-surface passivation, and back surface reflectance (BSR) compared to the 

conventional full Al-BSF cells. Zhao, et al., demonstrated that excellent optical and 

electrical confinement in a ~50 µm thin Si can produce 21.5% PERL cells. Kray, et al., 

reported 20.1% RP-PERC cells on 37 µm thick Si substrate with a BSRV of 120 cm/s 

and BSR of ~98% [161]. Ristow, et al., showed that screen-printed silver paste on thin 

silicon nitride dielectric layers can produce BSR values in excess of 98% [162]. Certain 

cell structures like the EWT cells are well suited for thin, lower lifetime Si wafers, 

because EWT structure enables carrier collection from both surfaces. Glunz, et al., 

showed a high Jsc value of 40.6 mA/cm2 in 235 µm thick EWT cells with diffusion length 

of only 187 µm [163]. For an efficient carrier collection with certain other cell structures 

such as the rear contact cells [164], either the diffusion length should be large or the cells 

should be very thin if the material quality is low. Glunz, et al., showed strong degradation 

of 28.8% relative for rear contact cells as compared to a degradation of only 1.8% for the 

EWT cells [163]. Thinner cells can also reduce LID in Si cells [160, 165, 166]. Kray, et 

al., showed a significant reduction in diffusion length from 778 µm to 187 um due to LID 

in a 132 µm thick 0.8 Ω.cm Cz cell, but the efficiency loss was only 0.2%, compared to 

1.6% loss in efficiency for 250 µm thick wafer [167]. They observed no degradation due 

to LID in 36 µm, 0.8 Ω.cm boron-doped Cz wafers [161]. Steckemetz, et al., also 
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reported smaller loss in efficiency as thickness is reduced [168]. This is because for low 

diffusion length wafers, minority carrier electrons generated at the rear of the cell have a 

higher probability of collection in thinner cells. Thus, there are several direct and indirect 

benefits of using thin wafers. Direct benefits include a) reduced material/module-

manufacturing cost ($/wafer), b) increased manufacturing output (grams of Si/wafer), and 

c) enhanced performance from certain cell structures with good light trapping and BSRV. 

The indirect benefits include a) reduced light-induced degradation, b) better utilization of 

lower quality material, and c) easier adoption of some advanced cell structures like back 

contact and emitter wrap through (EWT) solar cells. There are, however, several 

challenges in using thin wafers, such as a) reduced yield, b) wafer bowing or warping due 

to contact firing of full area Al-BSF, and c) reduced mechanical stability due to surface 

texturing. Bowing not only reduces the mechanical yield during cell production but also 

during module manufacturing.  Some of these challenges can be overcome by appropriate 

cell designs and processing so that the advantages of reduced thickness can be harnessed. 

Yield enhancement can be achieved by going down the learning curve over time [169] 

and by the development of suitable equipment. In the current study the yield issue has 

been neglected since that requires statistical analysis on the production line. Emphasis is 

placed on the change in cell performance when thickness is reduced. Bowing can be 

partly mitigated by using the special low bow aluminum paste; however, it often degrades 

the quality of Al-BSF and cell performance. Therefore adjustments to the conventional 

cell processing are necessary as the thickness is reduced below 200 µm [140, 157, 160, 

170-173]. Table 8.1 lists, in chronological order, the efficiencies achieved on various 

thicknesses of c-Si solar cells in recent years.  
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Table 8.1 Solar cell efficiencies on c-Si of reduced thickness from recent years. 

Authors Year Efficiency 
(%) 

Thickness 
(µm) 

Area 
(cm2) Material Structure Comments 

Münzer, et al., 
[160] 1999 17.2 150 100 Cz Boron BSF; Dry 

oxide 20-40 nm  

Finckenstein, 
et al., [174] 2000 15.2 180 100 mc-Si Full area Al-BSF 

14.1% for back 
contact, fired through 

SiNx 
20.2 165 Warta, et al., 

[166] 2000 
20 115 

4 Cz RP-PERC Acid texture 

14.6-17 160-313 - Poor Al-BSF Bruton, et al., 
[169] 2000 

16.9 140 100 
Cz LGBC 

Improved BSF 
18.4 132 Cz 
20.5 109 FZ Kray, et al., 

[167] 2001 
20.5 72 

- 
FZ 

RP-PERC  

15.2 300 
15.1 200 
15 100 

Cz 

16.8 300 
16.6 200 

Steckemetz, et 
al., [168] 2001 

15.6 100 

4 

FZ 

Textured; Rear 
contact fired 
through SiN 

Screen-printed 
contacts; co-firing 

15.1 300 
14.9 200 
13.9 100 

Full area Al-BSF 

15.5 300 
15.7 200 

Mittelstädt, et 
al., [157] 2002 

14.9 100 

4 mc-Si 

SiNx rear 

Rear contact through 
SiNx opened with 

mechanical abrasion 
and evaporated Al 

Schneider, et 
al., [175] 2002 15.1 200 156  

Tool, et al., 
[171] 2002 12.4-13.5 150-325 100  

Duerinckx, et 
al., [172] 2004 16.7 200 100 

mc-Si Full area Al-BSF 

Textured DLAR 

Glunz, et al., 
[176] 2004 20.2 37 - - LFC Resistivity of 0.25 

Ω·cm 
19 36 Cz Resistivity of 0.8 Ω·cm

20.4 65 FZ Resistivity of 0.1 Ω·cm

20.1 37 FZ Resistivity of 0.25 
Ω·cm 

Kray, et al., 
[161] 2004 

19.6 34 

- 

FZ 

LFC 

Resistivity of 0.5 Ω·cm
Le Quang, et 

al., [177] 2004 15.3 150 156 mc-Si Al back connected 
by grid pattern 

36 cell module 
efficiency 

17.7 170 100 FZ LFC 
16.4 170 100 FZ Full area Al-BSF 

Schneiderlöch
ner, et al., 

[178] 
2004 

17.7 170 147 FZ LFC 
 

Schultz, et al., 
[179] 2004 20.3 99 1 mc-Si LFC Textured; DLAR; wet 

oxide 
Tool, et al., 

[180] 2004 14.2 175 100 mc-Si Full area Al-BSF Acid texture 
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16 180 100 mc-Si 
17.2 180 100 Cz 

Agostinelli, et 
al., [181] 2005 

16.5 160 156 Cz 
i-PERC  

14.4 200  Bähr, et al., 
[182] 2005 

13.9 100 
243 mc-Si Full area Al-BSF 

 
14.4 Full area Al-BSF  

Janβen, et al., 
[183] 2005 

14.7 
180 - mc-Si Al grid fired 

through SiN on 
back 

Grid pattern on back 

Kränzl, et al., 
[184] 2005 15.6 200 100 mc-Si Boron BSF BBr3 open tube 

diffusion 
Sánchez-

Friera, et al., 
[185] 

2005 13.3 200 - mc-Si BBr3 + 
Phosphorous BSF n-type 

Schindler, et 
al., [173] 2005 14.2 200 450 mc-Si 

Al grid fired 
through SiN on 

back 
Very large area 

16.6 i-PERC 
15.6 

180 
Full area Al-BSF 

16.1 i-PERC 

15.1 
150 

mc-Si 

Full area Al-BSF 

17.6 i-PERC 

16.2 
130 

Full area Al-BSF 

17.3 i-PERC 

Agostinelli, et 
al., [186] 2006 

15.1 
105 

Full 
area Al-

BSF 

Cz 

Full area Al-BSF 

 

15 
Al grid fired 

through SiNx on 
back 

Janβen, et al., 
[187] 2006 

14.4 

180 - mc-Si 

Full area Al-BSF 

 

Mason, et al., 
[188] 2006 20.1 140 149 FZ LGBC/LFC  

   

This chapter focuses on the loss in performance incurred when the cell thickness 

is reduced for the conventional cell structure with full area Al-BSF and screen-printed 

contacts. In addition to quantifying the loss in performance, guidelines are presented to 

enhance the performance of thin cells. Finally, cost analysis is performed to see the 

tradeoff between thickness and performance reduction using traditional cell processing. 
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8.3 Device modeling to assess the impact of thickness reduction on cell performance 
as a function of bulk lifetime 

Impact of thickness is a strong function of material quality, technology and cell 

design. In this study, device modeling is performed using the PC1D program [130] to 

assess the effect of thickness reduction on the performance of a simple screen-printed n+-

p-p+ solar cell with full area Al-BSF.  

Figures 8.1 (a) and (b) show the PC1D modeled effect of reducing the wafer 

thickness on Voc of planar solar cells for a low and a high quality substrate, respectively. 

These calculations were performed as a function of BSRV. Figure 8.1 (a) shows that for a 

low quality Si with bulk lifetime of 25 µs, thickness reduction below 300 µm results in 

higher Voc, for BSRV values up to 1000 cm/s. Improvement in Voc due to thickness 

reduction decreases as BSRV increases. For high-lifetime wafers (τ = 200 µs, Fig. 8.1(b)), 

reducing the cell thickness leads to Voc enhancement only if the BSRV is below 300 cm/s. 

These trends can be explained on the basis of relative magnitudes of diffusion velocity of 

the material ((D/L where D is the diffusion constant for minority carriers and L is the 

diffusion length of base) and the BSRV. 
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Figure 8.1 Change in Voc as a function of cell thickness for different BSRVs with lifetime of (a) 25 µs 
and (b) 200 µs.  
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When BSRV > D/L, Voc decreases with thickness reduction and vice versa. Figure 

8.2 shows a plot of critical BSRV (= D/L) as a function of material quality (L) and 

resistivity (which also alters the D value). If the cell technology cannot produce the 

critical BSRV for a given τ and resistivity of the material, then thickness reduction will 

hurt the performance. For example, for a Si substrate with bulk lifetime of 100 µs and 

resistivity of 1.5 Ω.cm, cell technology should provide a BSRV of 536 cm/s or lower to 

achieve Voc enhancement from thickness reduction. 
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Figure 8.2: The critical value of BSRV = D/L below which an increase in Voc can be observed on 
reducing the thickness. Resistivity values of 0.5, 1.5 and 5.0 Ω.cm are shown. 

 
Silicon has a low absorption coefficient, which results in low light absorption, 

especially in the long wavelength, resulting in a lower Jsc and hence the need for thicker 

wafers. Additional device modeling reveals a drop in Jsc with thickness reduction, for 

high lifetime (>150 µs) wafers, irrespective of the BSRV value for both planar and 

textured front surfaces. For low lifetime (<25 µs) cells, a loss in Jsc is observed for BSRV 

values >400 cm/s (eg., for Al-BSF), but an increase in Jsc is observed for lower values of 

BSRV. Change in Jsc with thickness reduction dominates the increase or decrease in the 

efficiency of the solar cells. Thus, even for very low BSRV values, a loss in efficiency 
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could occur in high lifetime thin wafers due to the loss in Jsc, unless effective light-

trapping schemes are utilized. 

8.4 Experimental 

8.4.1. Material selection and cell fabrication to understand and quantify the impact 
of thickness reduction 

The wafers used were p-type boron doped, mono- and mc-Si. All HEM mc-Si wafers 

used in this work had a reasonably good as-grown lifetime (30-83 µs), measured by 

Quasi-Steady-State Photo-conductance (QSSPC) technique [88], with the surface 

passivated in iodine-methanol solution [189]. Lifetimes were measured at an injection 

level of 1 x 1015 cm-3 at various locations in the case of mc-Si, wafers and an average 

lifetime value is reported. The following five sets of wafers were analyzed:  

• Set 1 had HEM wafers with an average as-grown lifetime of 41 µs and were from 

the same ingot region. These wafers were ground down from one side to obtain 

wafer thicknesses of 115, 150, 175, 225, and 280 µm. The resistivity for this set 

of wafers was ~1.3 Ω·cm, and the sheet resistance of the diffused emitter layer 

was ~45 Ω/sq. 

• Set 2 had 1.3 Ω·cm FZ silicon wafers which were ground down to thicknesses of 

115, 150, 175, 225, and 280 µm prior to cell fabrication. FZ wafers were used as a 

reference to observe the effect of thickness reduction on high lifetime material 

with no lifetime inhomogenity. The emitter sheet resistance was ~45 Ω/sq for 

these cells. 

• Set 3 wafers were fabricated to evaluate the benefit of texturing on thickness 

reduction. Cells were fabricated on 1.3 Ω·cm textured FZ material for three 
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different thicknesses of 125, 210, and 300 µm, with emitter sheet resistance of 

~45 Ω/sq. 

• Set 4 wafers were used to assess the impact of thickness reduction on the cells 

with high emitter sheet-resistance. Cells were fabricated on 1.3 Ω·cm textured FZ 

material for three different thicknesses of 125, 210, and 300 µm with emitter sheet 

resistance of ~80 Ω/sq. 

• Finally, in set 5, cells were fabricated on 115 and 150 µm thick HEM mc-Si 

wafers with emitter sheet resistance of ~85 Ω/sq. These wafers were from 

different ingots than the wafers in set 1 and were sawn directly to their respective 

thicknesses from the ingots. 

Planar wafers used in this study first were etched chemically in acid to remove 

surface damage followed by RCA cleaning. Wafers were then diffused using liquid 

POCl3 as the dopant source to form the n+-p junction. As discussed in CHAPTER 7, this 

also serves as a gettering step, which often enhances lifetime in mc-Si wafers. After the 

POCl3 diffusion, wafers were coated with SiNx film deposited in a direct low frequency 

PECVD reactor. Nine 4 cm2 solar cells were fabricated on each wafer by screen printing 

aluminum on the back and silver grid on the front. Screen-printing was performed in a 

semi-automatic screen printer, which adjusted the print parameters depending on the 

wafer thickness. This minimized the variation in the print quality. The cells were then co-

fired using an optimized process in a lamp-heated IR belt furnace, resulting in the 

simultaneous formation of an Al-BSF [190] on the rear and the Ag grid contact on the 

front. Finally, cells were isolated with a dicing saw and annealed at 400 °C for 15 min in 

forming gas before testing and analysis. The post-diffusion lifetimes were measured after 
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etching off the emitter and the post-processing cell lifetimes were measured after 

chemically stripping off the metal and then etching the emitter on front and the BSF layer 

on the back.  

8.4.2 Belt firing adjustment to maintain the same temperature profile for each 
thickness 

By virtue of lower mass, thinner wafers heat up and cool down faster. In addition, 

textured wafers reach a higher peak temperature compared to planar wafers for the same 

firing condition in belt. Finckenstein, et al., suggested that thinner wafers must be fired at 

higher belt speeds [174]. However, the precise variation in firing conditions on different 

cell thickness and on textured surfaces was not taken into account.  This is true for most 

of the work in literature. In this study we used the datapaq to precisely monitor the peak 

temperature as seen by the wafer surface during the firing cycle. Figure 8.3 shows the 

firing profiles for wafers with varying thickness and for a high belt speed furnace setting. 

Figure 8.4 shows the effect of thickness on the peak firing temperature for fixed belt 

zones settings. It is interesting to note that a 115 µm thick wafer sees ~70 °C higher 

temperature than the 280 µm thick wafer for the same setting of the belt furnace. Figure 

8.5 shows the effect of varying the belt speed on the peak firing temperature. As expected, 

higher belt speed leads to a larger difference in the peak temperatures of the thin (115 

µm) and the thick (280 µm) wafers. It should also be pointed out that a high belt speed is 

desirable to form good quality BSF and for more effective hydrogenation of bulk. 
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Figure 8.3 Belt firing profiles for different thicknesses show that for the same temperature setting in 
the furnace, thinner wafers heat and cool down faster than the thick wafers.  
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Figure 8.4 Peak firing temperature as “seen” by wafers of different thicknesses for high belt speed. 
For the same temperature settings, a 115 µm thick wafer sees ~70 °C higher temperature than a 280 
µm thick wafer.   
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Figure 8.5 Effect of belt speed on peak firing temperature for wafers 115 and 280 µm thick. The 
higher the belt speed, the more the difference between the peak temperatures of the two thicknesses. 

 
A similar effect was observed for textured wafers, which absorb more heat for a 

given belt setting as compared to planar wafers. For example, a textured 300 µm thick 

wafer experiences ~30 °C higher temperature than the counterpart 300 µm thick planar 

wafer for the same temperature settings in a belt furnace and a high belt speed of 120 ipm. 

Thus a 115 µm thick textured wafer could have ~100 °C higher temperature compared to 

the 300 µm thick planar wafer. This effect alone could lead to significant difference in the 

contact firing cycle and cell performance and could lead to a wrong assessment of the 

thickness reduction effect. This is why the belt settings were tailored to achieve similar 

firing profile for each thickness. For example, experimental data in Fig. 8.6 shows the 

impact of deviating from the optimum peak firing temperature on the cell efficiency for a 

300 µm, textured FZ cells. The efficiency decreases by ~0.5% absolute when the peak 

firing temperature is lowered by 18 °C or increased by 28 °C relative to the optimum 

firing temperature.  However, it should be pointed out that the behavior in Fig. 8.6 is 

specific to the Ag and Al pastes used in this study.  
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Figure 8.6 Textured cell efficiency as a function of peak firing temperature. T °C represents the 
optimum peak firing temperature. 

 
In the past some studies on thin wafers did not account for these effects [171, 174].  

Therefore, the next step was to adjust the belt zones temperatures and the belt speed to 

achieve the same contact firing profile for each thickness. This is necessary for the 

accurate assessment of the impact wafer thickness. The firing profiles for textured wafers 

were also adjusted for each thickness to maintain the same temperature profile seen by 

each wafer. 

8.5 Performance of characterization of thin solar cells 

8.5.1 Effect of wafer thickness on the performance of screen-printed, un-textured 
mc-Si cell (set 1) 

HEM wafers were sourced from the same region of the brick and were carefully 

ground from one side to reach the desired thicknesses of 225, 175, 150, and 115 µm. 

Solar cells were fabricated on these wafers along with the standard wafer thickness of 

280 µm. A high as-grown average lifetime of 41 µs was measured in these wafers.  
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8.5.1.1 Lighted I-V results on thin HEM mc-Si wafers 

Lighted I-V results from the ground HEM wafers are shown in Table 8.2. 

Table 8.2 I-V results measured (best and average) and PC1D simulated I-V for the best cells for 
HEM wafers from the same ingot, grinded to the desired thickness. 

Thickness Voc Jsc Eff. FF 

µm 
Data 

V mA/cm2 % % 
# of 
cells 

Best 0.628 34.2 16.8 78.39  
PC1D 0.626 34.0 16.8 78.85  280 

Average 0.623 33.9 16.5 78.37 18 
Best 0.628 33.4 16.4 78.39  

PC1D 0.629 33.4 16.4 78.08  225 
Average 0.628 33.4 16.2 77.26 15 

Best 0.628 33.5 16.5 78.29  
PC1D 0.626 33.5 16.5 78.57  175 

Average 0.625 33.5 16.1 76.77 15 
Best* 0.628 33.1 16.3 78.05  
PC1D 0.625 33.1 16.2 78.55  150 

Average 0.620 33.0 15.7 76.67 13 
Best 0.618 33.0 15.7 77.23  

PC1D 0.623 33.0 15.9 77.44  115 
Average 0.615 33.0 15.5 76.35 20 

* Independently confirmed by National Renewable Energy Laboratory (NREL) 

 
For the basic n+-p-p+ cell design, cell efficiency decreased systematically from 

16.8% to 15.7% when the cell thickness was reduced from 280 to 115 µm. Voc of the best 

cell for each thickness was maintained at 628 mV, until the cell thickness decreased to 

115 µm. At 115 µm, the average Voc decreased to 615 mV, and Jsc decreased from 34.2 

(280 µm) to 33.0 mA/cm2. This is attributed to the lack of light trapping, which is 

discussed in the later sections. It is interesting to note that the performance of these planar 

HEM cells decreased from 16.8% to only 16.3%, when wafer thickness was decreased by 

almost a factor of two, from 280 µm to 150 µm. 

Table 8.2 shows that reducing the thickness of mc-Si wafers from 225 µm to 175 

µm does not cause much change in the cell performance. Münzer, et al., reported 
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efficiencies over 17%, relatively independent of the cell thickness [160]. Warta, et al., 

showed comparable performance for thick and thin cells, due to efficient light trapping, 

with a BSR of 97% and BSRV <200 cm/s [166]. Bruton, et al., fabricated 140 µm cells 

with efficiencies equal to that of 300 µm standard production cells [169]. Tool, et al., also 

reported efficiencies independent of wafer thickness [171]. Bähr, et al., showed that 

electrical performance is maintained down to 150 µm thickness [182]. Agostinelli, et al., 

also reported no loss in Voc upon thinning the wafers down from 300 µm to 140 µm [181]. 

The conditions under which this happens will be discussed later.  

8.5.1.2 Lifetime and Internal Quantum Efficiency (IQE) response of planar HEM mc-Si 
cells of different thicknesses 

Figure 8.7 shows the average lifetime in the as-grown, diffused, and fully 

processed wafers.  
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Figure 8.7 As-grown, post gettering and post-processing lifetime for HEM wafers which were ground 
to desired thickness, with I-V results shown in Table 8.2. 

 
As-grown, post-diffusion, and post-processing lifetimes in these HEM wafers 

were 41, 172, and 231 µs, respectively. The average post-process lifetime, which includes 
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the effects of P and Al gettering and hydrogenation from the SiNx film, was very high 

(231 µs), corresponding to a diffusion length of 813 µm, indicating that BSRV should 

play a dominating role in dictating the long wavelength IQE response and the 

performance of these cells. 

Figure 8.8 shows the Internal Quantum Efficiency (IQE) response for the best 

cells listed in Table 8.2, for each thickness. Since the primary difference is expected to be 

in the long wavelength range, this response is shown more clearly on the secondary X-

axis in the wavelength range 950-1200 nm. The IQE was measured at three different 

spots on each mc-Si cell and the best IQE is reported in Fig. 8.8. 
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Figure 8.8 IQE responses for the best cells shown in Table 8.2, for HEM wafers from the same ingot 
grinded to desired thickness. Response for the long wavelength is shown on secondary X-axis. 

 
It is clear that as the wafer thickness decreases, the long wavelength IQE response 

also decreases. This is because the back surface becomes more influential with the 

thickness reduction.  
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8.5.1.3 PC1D modeling of HEM mc-Si cell data 

Device modeling was performed using PC1D [6] to match the cell data and 

extract the relevant device parameters for these mc-Si cells. IQE and I-V parameters were 

matched simultaneously to ensure the accuracy of this analysis. Experimentally 

determined values of front surface reflectance, series and shunt resistances, base and 

emitter sheet resistivity, bulk lifetime, and grid shading were used in the modeling.  

Figure 8.9 shows an example of the match between the experimental and PC1D simulated 

I-V and IQE data for the best 115 µm thick HEM mc-Si cell in Table 8.2. Table 8.3 lists 

the parameters extracted from IQE fitting for these cells. Rear surface reflectance values 

were in the range of 63 to 67% for all the thicknesses, confirming the poor reflection 

properties of the Al-BSF surface. BSRV value was found to be ~400 cm/s for all the cells. 

For these devices, the critical BSRV (section 8.3) is 360 cm/s (Resistivity: 1.7 Ω·cm; L : 

812.8 µm), which is comparable to the extracted BSRV of 400 cm/s, hence Voc (best cell) 

loss was not observed on reducing the thickness (Table 8.2). FSRV values for thickness 

of 175, 150, and 115 µm were similar and between 120,000 and 140,000 cm/s. For 225 

µm it was 75,000 cm/s, and for 280 µm it was 250,000 cm/s. 
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Figure 8.9 PC1D generated and experimental IQE for 115 µm HEM cell from Table 8.2.  

 
Table 8.3 Parameters extracted from PC1D simulation for the best cells in Table 8.2. 

Device 
Thickness 

(µm) 

Bulk 
Lifetime 

(µs) 

Internal 
Reflectance-
Rear Surface 

(%) 

BSRV 
(cm/s) 

FSRV 
(cm/s) 

L/W 
ratio 

280 231 65 400 250000 2.9 
225 231 63 400 75000 3.6 
175 231 63 400 120000 4.6 
150 231 63 400 140000 5.3 
115 231 67 400 120000 7.0 

 

8.5.2 Analysis of thick and thin FZ Si cells (set 2) 

HEM mc-Si wafers in set 1 had lateral inhomogeniety, which could distort the 

study of the impact of thickness reduction. Therefore, in this section, solar cells were 

fabricated and analyzed on homogeneous, high lifetime FZ wafers of different 

thicknesses. 
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8.5.2.1 Lighted I-V results on thin FZ wafers 

Table 8.4 shows the I-V parameters of the FZ cells with thickness range of 280-

115 µm. 

Table 8.4 I-V results measured (best and average) and PC1D simulated I-V for the best cells, for 
planar FZ wafers, ground to the desired thickness. 

Thickness Voc Jsc Eff. FF 

µm 
Data 

V mA/cm2 % % 
# of 
cells 

Best* 0.637 34.7 17.4 78.74  
PC1D 0.635 34.5 17.3 78.79  280 

Average 0.635 34.4 17.1 78.33 17 
Best 0.636 33.8 16.9 78.37  

PC1D 0.635 33.9 16.9 78.56  225 
Average 0.633 33.8 16.6 77.44 18 

Best 0.634 33.6 16.7 78.25  
PC1D 0.634 33.5 16.7 78.49  175 

Average 0.631 33.6 16.2 76.39 27 
Best 0.633 33.2 16.5 78.36  

PC1D 0.634 33.3 16.5 77.94  150 
Average 0.631 33.2 16.1 77.09 26 

Best* 0.634 33.1 16.5 78.64  
PC1D 0.634 33.1 16.5 78.70  115 

Average 0.628 33.1 16.0 77.01 12 

* Independently confirmed by National Renewable Energy Laboratory (NREL) 

 
In the case of FZ cells with varying thickness, a systematic decrease in Voc and Jsc 

was observed with the reduction in cell thickness. The un-textured, screen-printed FZ cell 

efficiency was 17.4% for 280 µm thick substrate, while the 115 µm thin FZ substrate had 

an efficiency of 16.5%. Like the HEM mc-Si cells, FZ cells also showed a decrease of 

~1% in efficiency when the thickness was reduced from 280 µm to 115 µm. 

8.5.2.2 IQE response of FZ cells with varying thickness 

IQE response of FZ Si solar cells with different thicknesses is shown in Fig. 8.10. 

As expected, there is no variation in the short wavelength response. Again the long 

wavelength response shows a systematic decrease with the decrease in cell thickness. 
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Long wavelength IQE response is shown more clearly on the secondary X-axis, in the 

wavelength range 950-1200 nm. 
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Figure 8.10 IQE response for best cells made on FZ silicon, of different thicknesses as listed in Table 
8.4. Response for the long wavelength is shown on secondary X-axis. 

 

8.5.2.3 PC1D modeling of FZ cell data 

Similar to the HEM mc-Si cells, PC1D modeling was performed to match the I-V 

parameters and the IQE response simultaneously, using the measured cell parameters. 

Table 8.4 shows the match between the measured and simulated I-V parameters of the FZ 

cells with varying thicknesses. Cell parameters extracted from modeling are listed in 

Table 8.5. BSR values were in the range of 65-69%, BSRV was 300 cm/s, and FSRV 

values were in the range of 60,000 to 70,000 cm/s. 
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Table 8.5 Parameters extracted from PC1D fitting for the best planar FZ cells from Table 8.4. 

Device 
Thickness 

(µm) 

Bulk 
Lifetime 

(µs) 

Internal 
Reflectance-Rear 

Surface (%) 

BSRV 
(cm/s) 

FSRV 
(cm/s) L/W ratio 

280 304 69 300 70000 3.3 
225 304 69 300 65000 4.1 
175 304 69 300 60000 5.2 
150 304 67 300 70000 6.1 
115 304 65 300 70000 8.0 

 
Figure 8.11 shows the experimentally measured reflectance of the FZ cells. There 

is not much difference in the escape reflectance when thickness is lowered. This 

difference is due to the low, diffused BSR values (65-69%) of the Al-BSF cells. PC1D 

modeling showed that for a higher BSR and a specular reflectance (eg., Ag BSR), escape 

reflectance should be more for thinner wafers and might start to affect the Jsc.  
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Figure 8.11 Experimental front surface reflectance for FZ cells of different thicknesses. Escape 
reflectance does not change much with thickness due to the low BSR values. 

 

8.5.3 Modeling and analysis of thick and thin textured FZ Si cells (set 3) 

In the previous sections only planar cells were investigated. To see the effect of 

light trapping by surface texturing, 1.3 Ω.cm FZ wafers in set 2 were thinned down in 
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KOH and textured to provide three different thicknesses of 300, 210, and 125 µm. Sheet 

resistivity of the emitter diffused layer was kept the same for a fair comparison with the 

planar FZ cells in set 2. 

8.5.3.1 Lighted I-V results on textured FZ wafers 

Table 8.6 shows the I-V parameters of the (300, 210, and 125 µm thick) textured 

FZ cells.  

Table 8.6 I-V results measured (best and average) and PC1D simulated I-V for the best cells, for 
textured FZ wafers, etched in KoH and textured to achieve the desired thickness. 

Thickness Voc Jsc Eff. FF 

µm 
Data 

V mA/cm2 % % 
# of 
cells 

Best* 0.632 37.5 18.1 76.38  
PC1D 0.632 37.2 18.0 76.52  300 

Average 0.630 36.9 17.7 76.02 27 
Best 0.633 36.7 17.7 76.31  

PC1D 0.633 36.7 17.7 76.23  210 
Average 0.632 36.5 17.3 75.21 17 

Best* 0.631 35.9 17.3 76.16  
PC1D 0.631 36.0 17.3 75.99  125 

Average 0.629 35.9 16.7 74.15 17 

* Independently confirmed by National Renewable Energy Laboratory (NREL) 

 
The cell data shows that the Voc does not change appreciably when thickness is 

reduced; however Jsc still reduces with thickness. There is about 1% (0.8% for the best 

cell) absolute efficiency loss due to thickness reduction from 300 to 125 µm for these 

textured screen-printed cells. This is similar to what was observed for planar cells, and is 

in agreement with the study conducted by Tool, et al., [180]. In this study, a high 

efficiency of 18.1% and 17.3% were achieved on 300 µm and 125 µm thick FZ wafers, 

respectively, and on 45 Ω/sq emitter. 

8.5.3.2 Analysis of IQE response of textured FZ cells with varying thickness 
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Figure 8.12 shows the IQE response of the best textured cell for each thickness in 

Table 8.6. IQE as a function of cell thickness showed the same trend as in the case of 

planar FZ cells. Long wavelength response decreased appreciably with thickness 

reduction but short wavelength response remained unchanged. 
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Figure 8.12 IQE response for best cells made on textured FZ silicon, of different thicknesses as listed 
in Table 8.6. 

 

8.5.3.3 PC1D modeling of the textured cell data 

PC1D modeling was performed for the best textured FZ cell for each thickness to 

match the I-V parameters (Table 8.6) and the IQE simultaneously. Figure 8.13 shows the 

experimental and modeled IQE and I-V data for the 115 µm thick, 17.3% textured FZ cell.   
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Figure 8.13 PC1D generated and experimental IQE for 125 µm textured FZ cell from Table 8.6.  

 
Table 8.7 shows relevant cell parameters extracted by matching the I-V and IQE 

response, for the textured FZ cells. 

Table 8.7 Parameters extracted from PC1D fitting of the best textured FZ cells from Table 8.6. 

Device 
Thickness 

(µm) 

Bulk 
Lifetime 

(µs) 

Internal 
Reflectance-
Rear Surface 

(%) 

BSRV 
(cm/s)

FSRV 
(cm/s)

L/W 
ratio 

300 304 70 350 70000 3.1 
210 304 70 350 70000 4.4 
125 304 67 350 50000 7.3 

 
Modeling and analysis revealed that the internal rear surface reflection was 70% 

for 200 and 210 µm cells and 67% for the 125 µm cell. As expected, slightly higher 

BSRV of 350 cm/s was obtained for textured cells, compared to 300 cm/s for the planar 

cells. FSRV was in the range of 50,000 to 70,000 cm/s for these textured ~45 Ω/sq 

emitter cells. Such high FSRV can increase Joe and lower the Voc and cell performance. 

High J0e can also mask the effect of change in J0b due to thickness reduction. Therefore, 
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in the next section, cells were fabricated with higher emitter sheet resistance that should 

increase the sensitivity to change in J0b due to thickness reduction. 

8.5.4 Fabrication and analysis of thick and thin textured FZ Si cells with high sheet- 
resistance emitter (set 4) 

In order to reduce the influence of emitter or J0 (J0e+J0b) on Voc or to enhance the 

impact of thickness reduction on J0, FZ cells were fabricated with high sheet resistance 

emitter (80 instead of 45 Ω/sq) FZ wafers were thinned down in KOH and textured to 

achieve three different thicknesses of 300, 210, and 125 µm prior to cell fabrication. 

8.5.4.1 Lighted I-V results on textured FZ wafers with high sheet-resistance emitter 

Table 8.8 shows the lighted I-V data for the textured 300, 210, and 125 µm thick 

FZ cells with high sheet-resistance emitter. 

Table 8.8 I-V results measured (best and average) and PC1D simulated I-V for the best cells on 
textured FZ wafers with high sheet-resistance emitters. 

Thickness Voc Jsc Eff. FF 

µm 
Data 

V mA/cm2 % % 
# of 
cells 

Best* 0.639 37.4 18.5 77.29  
PC1D 0.639 37.5 18.5 77.17  300 

Average 0.635 37.1 18.0 76.14 44 
Best 0.637 37.1 17.9 75.61  

PC1D 0.638 37.2 18.0 75.60  210 
Average 0.633 37.0 17.5 74.83 33 

Best* 0.639 36.7 17.8 76.01  
PC1D 0.638 36.7 17.8 76.10  125 

Average 0.636 36.4 17.4 74.90 32 

* Independently confirmed by National Renewable Energy Laboratory (NREL) 

  
Note that the cell Voc again does not change appreciably with thickness, however 

the Jsc decreases with thickness. This trend is similar to the low emitter sheet resistance 

cells in the previous sections. There is still ~0.6% average efficiency difference between 

the 300 and 125 µm cells. This suggests that for these thin cells, the rear surface 
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dominates the performance, therefore improving the front surface response did not shrink 

the efficiency gap between thick and thin cells, regardless of emitter sheet resistance. 

This was confirmed by PC1D modeling, which revealed that for the cell structure 

fabricated in this study, there was no appreciable change in efficiency difference between 

thick and thin cells due to the use of a high sheet-resistance emitter. However, absolute 

efficiency increased by ~0.5% absolute for high-sheet resistance emitter. Tables 8.8 and 

8.6 reveal that the high sheet-resistance emitter gives a higher Jsc and Voc. A screen-

printed cell efficiency of 17.8% was achieved on 125 µm thick textured FZ wafer. 

8.5.4.2 Analysis of the IQE response of textured FZ cells with varying thickness and high 
sheet-resistance emitter 

IQE response of the best textured cell for each thickness in Table 8.8 is shown in 

Fig. 8.14. Again the IQE response in the long wavelength decreased with the thickness 

reduction, but the short wavelength response remained unaffected. A comparison of the 

IQE response of the 125 µm thick textured FZ cell with low sheet resistance (~45 Ω/sq) 

emitter in Fig. 8.14 reveals an enhancement in the short wavelength regime which 

accounts for the performance enhancement due to high sheet resistance emitter. (See 

Table 8.6 and 8.8.) 
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Figure 8.14 IQE response for best cells made on textured FZ Si with thickness of 300, 210, and 125 
µm and a high sheet-resistance emitter as listed in Table 8.8. 

 

8.5.4.3 PC1D modeling of the cell data with high emitter sheet resistance 

PC1D modeling was also performed for the best textured FZ cells in Table 8.8 for 

each thickness to match the I-V parameters and the IQE simultaneously. Table 8.8 shows 

the comparison of the measured and simulated I-V data. Table 8.9 shows the extracted 

cell parameters from this analysis. 

Table 8.9 Parameters extracted from PC1D fitting of the best textured FZ cells from Table 8.8. 

Device 
Thickness 

(µm) 

Bulk 
Lifetime 

(µs) 

Internal 
Reflectance-

Rear 
Surface (%) 

BSRV 
(cm/s) 

FSRV 
(cm/s) 

L/W 
ratio 

300 304 70 400 11000 3.1 
210 304 70 400 14000 4.4 
125 304 63 400 10000 7.3 

 
In the case of high emitter sheet resistance cells, internal rear surface reflection 

was found to be 70% for 300 and 210 µm cells and 63% for the 125 µm thick cell. BSRV 
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was 400 cm/s but the FSRV values were much lower, in the range of 10,000-14,000 cm/s, 

as opposed to 50,000-70,000 cm/s for low sheet resistance emitter (Table 8.7). This is the 

result of reduced recombination in the lightly doped emitter and better surface passivation 

due to lower surface concentration.  

8.5.5 Analysis of HEM mc-Si with high sheet-resistance emitter (set 5) 

  Finally, to see the effect high sheet-resistance emitters on HEM mc-Si, planar 

solar cells were fabricated on 150 and 115 µm thick HEM mc-Si wafers with emitter 

sheet resistivity of 85 Ω/sq.  

8.5.5.1 Lighted I-V results on thin HEM mc-Si wafers with high sheet-resistance emitter  

Table 8.10 shows the I-V data for the HEM cells fabricated on the 85 Ω/sq emitter. 

Table 8.10 I-V results measured (best and average) and PC1D simulated I-V for the best cells, for 
high sheet resistance emitter HEM wafers. 

Thickness Voc Jsc Eff. FF 

µm 
Data 

V mA/cm2 % % 
# of 
cells 

Best* 0.634 34.4 16.8 77.13  
PC1D 0.635 34.5 16.8 76.71  150 

Average 0.630 34.4 16.2 74.96 34 
Best* 0.633 33.7 16.4 76.81  
PC1D 0.633 33.7 16.4 76.65  115 

Average 0.627 33.4 15.8 75.51 20 

* Independently confirmed by National Renewable Energy Laboratory (NREL) 

 
The front Ag paste, the grid pattern, and contact firing were optimized for high 

sheet resistance emitter and to ensure that both 150 and 115 µm wafers experience the 

same peak temperature. A much higher Voc of 634 mV (average of 630 mV) was 

achieved on the 150 µm cells along with higher Jsc of 34.4 mA/cm2. This resulted in 

impressive efficiency of 16.8% on 150 µm thick mc-Si. The 115 µm thick cell also 

showed superior performance, yielding a Voc of 633 mV and Jsc of 33.7 mA/cm2, and cell 
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efficiency of 16.4%. High sheet resistance gave 0.5% and 0.7% higher absolute 

efficiency relative to the counterpart 45 Ω/sq emitter cells. These efficiencies represent 

the highest reported efficiencies for such thin screen-printed mc-Si cells, with a full area 

Al-BSF, and a single layer AR coating with no surface texturing. It should be noted that 

there was appreciable bowing in the 115 µm thick cell. 

8.5.5.2 IQE response of the high sheet-resistance HEM mc-Si cells with varying 
thickness 

The IQE response for the 150 and 115 µm cells is shown in Fig. 8.15.  
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Figure 8.15 IQE responses for best HEM mc-Si cells fabricated on high sheet resistance emitter as 
shown in Table 8.10. 

 
As expected, the 115 µm cell has a lower long wavelength response than the 150 

µm cell, which leads to loss in the Jsc and efficiency, but the Voc is comparable. 
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8.5.5.3 PC1D modeling of cell data of high sheet resistance HEM mc-Si cells 

I-V parameters in Table 8.10 and IQE response in Figure 8.15 were matched 

simultaneously using PC1D. Table 8.10 also shows the PC1D modeled I-V parameters, 

while Table 8.11 shows the extracted parameters (BSR, BSRV, and FSRV) along with 

post-process lifetimes. 

Table 8.11 Parameters extracted from PC1D fitting of the best high sheet resistance HEM cells from 
Table 8.10. 

Device 
Thickness 

(µm) 

Post-
process 
lifetime 

(µs) 

Internal 
Reflectance-
Rear Surface 

(%) 

BSRV 
(cm/s) 

FSRV 
(cm/s) 

L/W 
ratio 

150 186 61 400 12000 4.8 
115 171 61 400 25000 6.0 

 
BSRV value was similar (400 cm/s) to the counterpart low sheet resistance cells. 

However, FSRV value of 12000 cm/s for the 150 µm cell and 25,000 cm/s for the 115 µm 

were far superior to the FSRV of low sheet resistance devices (Table 8.3).  

8.5.5.4 A comparison of thick and thin 85 Ω/sq and 45 Ω/sq emitter mc-Si cells 

Figure 8.16 shows a comparison of IQE and I-V data of the low and high sheet-

resistance 150 µm thick mc-Si cells. For comparison, the IQE and I-V of the 45 Ω/sq, 280 

µm thick mc-Si cell is also shown. Figure 8.16 clearly shows that thickness reduction 

from 280 µm to 150 µm for the 45 Ω/sq cells lowers the Jsc by ~1 mA/cm2, resulting in 

~0.5% loss in efficiency. The loss in Jsc is reflected in the loss in long wavelength IQE 

response. Increasing the sheet resistance from 45 to 85 Ω/sq increased the Voc by 8 mV, 

Jsc by 1.7 mA/cm2, and efficiency by 0.6%. Increase in Jsc is reflected in the higher short 

wavelength response for these cells. Notice that the efficiency gain could have been even 
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higher if the FF did not decrease from 0.78 to 0.76, due to higher contact and series 

resistance.   
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Figure 8.16 IQE comparisons for 150 µm, 45 and 85 Ω/sq emitter, and 280 µm thick, 45 Ω/sq HEM 
cells. 

 

8.6 Guidelines for preventing the efficiency loss due to reduced cell thickness 

After fabricating and analyzing the thick and thin cells, with and without texturing, 

and with low and high sheet resistance, further device modeling was performed to 

identify the factors that can help to boost the cell performance when thickness is reduced.  

8.6.1 The impact of L/W ratio on thick and thin cells  

The importance of L/W ratio in understanding and characterizing the cell 

performance has been reported [140, 191] and discussed in CHAPTER 7. L/W increases 

as the material quality or the diffusion length L improves or when the cell thickness W is 
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reduced. An understanding of this ratio is very important, especially for the mc-Si cells, 

in which the lifetime of the wafers changes with the ingot (vendors) as well as the 

position of the wafer within the ingot.  Tables 8.3, 8.5, 8.7, 8.9, and 8.11 show the 

measured L/W ratios for the cells fabricated in this study. Device modeling was 

performed using PC1D to see if this L/W ratio was optimum for the cell performance. 

The curves in Fig. 8.17 show the calculated cell efficiency as a function of the L/W ratio. 

For each curve, cell thickness was kept constant, and L was increased to change the L/W 

ratio. This was done for five different thicknesses: 280, 220, 160, 100, and 70 µm. A 

fixed BSRV value of 400 cm/s was used, which was extracted from the analysis of 

untextured HEM wafers in this study. Two points are highlighted on each curve. 

Highlighted point on the right side of each curve is the lowest L/W value after which 

efficiency does not change. Highlighted point on the left side of each curve is the L/W 

ratio and the corresponding efficiency for a modest 1% relative decrease in the maximum 

efficiency. For each point, lifetime value is calculated and shown for each L/W ratio and 

thickness to get a quantitative lifetime-value-change estimate. As seen in Fig. 8.17, a 

significantly lower L/W ratio (or lifetime) would suffice to get reasonable efficiencies for 

each thickness. For example, for the 100 µm thickness curve, an L/W ratio of 5.6 

(lifetime = 111 µs) would yield an efficiency of 16.6%; however with a significantly 

lower L/W ratio of 3.6 (lifetime = 47 µs), a comparable efficiency of 16.4% can would 

achieved.  
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Figure 8.17 Efficiency dependence on L/W ratio. Highlighted point on the right side of each curve is 
the lowest L/W value after which efficiency does not change. Highlighted point on the left side of each 
curve is the L/W ratio and the corresponding efficiency for a 1% relative decrease in the maximum 
efficiency. 

 
The L/W ratios in Tables 8.3, 8.5, 8.7, 8.9, and 8.11, on comparison with Fig. 

8.17, reveal that the L/W ratios for the cells fabricated in this study are quiet high. A 

significantly lower L/W ratio, and hence a lower material quality wafer, could still have 

yielded comparable efficiencies. The curves of Fig. 8.17 are for a BSRV of 400 cm/s and 

a BSR value of 70%. These values would however be significantly different for lower 

BSRVs and higher BSRs.  

8.6.2 Modeling to identify the parameters critical for a better cell performance on 
thinner substrates 

In this sub-section, the critical parameters for improving the performance of thin 

wafers are identified. In particular, effects of texturing, BSRV, and BSR are analyzed.  

Figure 8.18 shows the efficiency dependence on thickness for a lifetime of 300 µs. The 

lowest curve (curve 1) simulates the change in efficiency when going towards thinner 
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wafers, with the current status of full area Al-BSF cells analyzed in this study. An 

experimental reflectance file for a planar wafer (grid shading 4% and average weighted 

reflectance of 12% (extrapolated in the long wavelength regime)) was used for generating 

this curve. Curve 2 shows the effect of texturing. An external reflectance file for a 

textured wafer (grid shading of 4% and average weighted reflectance of 4.5% 

(extrapolated in the long wavelength regime)) was used to generate this curve; however 

for simplicity, the increased BSRV for textured surface was not taken into account. For 

both curves 1 and 2, there is a reduction of ~0.5% in efficiency when going from 300 µm 

to 100 µm thickness. This difference of ~0.5% is maintained, even when BSRV is 

reduced from 400 cm/s to a low value of 100 cm/s, as seen in curve 3. A comparable 

efficiency for 300 µm and 100 µm wafer is obtained only when light trapping is 

introduced via enhanced BSR of 98%, which is evident from curve 4. This improvement 

retains the Jsc value for thinner cells and yields comparable efficiencies.  
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Figure 8.18 Cell efficiency as a function of thickness. The effects of texturing, improved BSRV and 
BSR are simulated for a lifetime of 300 µs. 
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Figure 8.19 shows the same set of curves as in Fig. 8.18, but for a lower lifetime 

of 30 µs (L: 290 µm, comparable to the thickest cell). The lowest curve (curve 1) 

simulates the change in efficiency when using untextured thin wafers with the current 

technology of full area screen-printed Al-BSF. The curve above that (curve 2) shows that 

texturing alone can produce ~1.2% enhancement in the efficiency of thin cells. Curve 3 

shows that the implementation of a better BSRV (100 cm/s in place of 400 cm/s) gives 

~0.3% enhancement in efficiency. Finally a 98% BSR, as opposed to 65%, gives another 

1% increase in the efficiency for the 100 µm thin cells (curve 4). Figure 8.19 also shows 

that for a relatively low lifetime material (30 µs), thinning the wafer in conjunction with 

advanced design features (BSRV ~100 cm/s and BSR ~98%) can actually raise the 

efficiency from 17.8% to 18.5%. A difference in efficiency of 0.3% in 300 µm and 100 

µm cells is observed, which is lower than the 0.5% difference for a high lifetime, 300 µs 

cell (curves 1 of Figs. 8.18 and 8.19). The 0.3% difference is maintained even after 

texturing and an improved BSRV of 100 cm/s (curves 2 and 3). Improving BSR to 98% 

in this case leads to an improved performance for the 100 µm cell, compared to the 300 

µm cell, as seen in curve 4. Figure 8.19 also shows that reducing the thickness is more 

favorable for a lower lifetime wafer than a high lifetime wafer, if proper light trapping 

schemes can be implemented or even otherwise. Kray, et al., showed that the thin wafers 

indeed outperform their thicker counterparts for comparatively low bulk lifetimes. Thin 

cells on lower quality material exhibit higher Voc and Jsc and an increased L/W ratio [161]. 

Steckemetz, et al., showed that the effect of huge difference in bulk lifetimes for Cz and 

FZ cells becomes negligible for 100 µm cells whereas the benefits of good surface 

passivation increases with decreasing wafer thickness as seen in Fig. 8.19 [168].  
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Figure 8.19 Cell efficiency as a function of thickness. The effects of texturing, improved BSRV and 
BSR are simulated for a lifetime of 30 µs. 

 

8.7 Cost modeling 

8.7.1 Manufacturing cost model 

Several studies have been performed in literature, to analyze the cost of module 

production, which often differ in the assumptions for the input parameters. Cost analysis 

is performed in this study by using a simple and approximate model to assess the impact 

of wafer thickness and efficiency on the direct module manufacturing cost. This model 

was developed for screen-printed, cast mc-Si wafers and cells. Several factors such as 

kerf loss, yield, operating costs, and equipment costs were taken into account for 

calculating the direct module manufacturing cost. The key parameters and their input 

values, based on the current status of module manufacturing, are listed in Table 8.12.  
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Table 8.12 Some of the parameters and their input value, used in the cost analysis model. 

Parameter Input Value 
Cell Area 225 cm2 
Kerf thickness 210 µm 
Silicon cost $100/kg 
Wafer yield 92% 
Cell yield 95% 
Module yield 98% 
Interest rate for capital 8% 
Depreciation 7 years 
Operator cost $11/hr 
Maintenance cost $22/hr 
Engineer cost $30/hr 
Overhead rate (as % of labor) 100% 

  

Figure 8.20 shows the iso-efficiency curves on a plot for the total module cost in 

$/W vs. the thickness of the solar cell. 
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Figure 8.20 Total module cost vs. the thickness of the cell for efficiencies ranging from 13-20%. 

 
Figure 8.20 assumes a constant yield when thickness is reduced. As seen from Fig. 

8.20, the manufacturing cost can be reduced appreciably when the cell thickness is 

reduced because cost of Si is ~50% of the module manufacturing cost. For example, 

highlighted points in Fig. 8.20 show that the manufacturing cost of a module made from 

15% efficient cells can be reduced by $0.58/W if 125 µm wafers are used instead of 300 
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µm wafers. However, this assumes that 15% efficient cells can be achieved on both 

thicknesses, which may not be the case. Figure 8.20 also shows that even if the efficiency 

of 125 µm cell drops to 14%, manufacturing cost would be lower than the 15% efficient 

cell on 300 µm thick wafer. 

8.7.2 Cost implications of the thickness and efficiency tradeoff of the cells fabricated 
in current study 

Figure 8.21 shows the experimental efficiency of the HEM mc-Si cells as a 

function of wafer thickness, as listed in Table 8.2. For each cell thickness and the 

corresponding efficiency, the module manufacturing cost was calculated using the model. 

Note that it is the relative cost saving that is more important in this study rather than the 

absolute manufacturing cost, which depends on inputs and assumptions. Assuming 

constant yield for thick and thin cells, the cost calculations indicate that even though the 

mc-Si efficiency in this study dropped from 16.8% to 15.7%, when the cell thickness was 

reduced from 280 to 115 µm, the direct manufacturing cost decreased by 36¢/W, which is 

very significant. This highlights the merit of thickness reduction for $100/kg feedstock Si, 

even with the current screen-printing technology with full area Al-BSF, which reduces 

the efficiency upon thickness reduction. If advanced design features are implemented, 

like dielectric back passivation and more efficient light trapping, the impact on cost 

would be even greater.  

The direct manufacturing cost of the module made from 16.8% high-sheet-

resistance emitter cells on 150 µm thick mc-Si cell in section 8.5.5 is calculated to be 

$1.95/W. This is higher than the manufacturing cost of $1.89/W for the 16.4%, 115 µm 

thick mc-Si cell, assuming the same yield. The module cost for each cell thickness and 

efficiency combination attained in this study is calculated and depicted in Fig. 8.21. 
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Reduced cell thickness results in reduced manufacturing cost even though cell efficiency 

decreases from 16.8% to 15.7%. 
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Figure 8.21 Experimental efficiency from Table 8.2 and the corresponding cost for the five different 
thicknesses of mc-Si cells fabricated in this study. 

 
Since the cost calculations in Fig. 8.21 assumed same yield, additional 

calculations were performed in Fig. 8.22 to quantify the impact of the wafer, cell, and the 

module yield on the manufacturing cost of 115 µm thick, 16.4% efficient screen-printed 

mc-Si cell fabricated in this study. As expected, the cost increases as the yield decreases. 

The increase in cost is greater for the same loss of yield as you go from wafer to module. 
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Figure 8.22 Total module cost as a function of yield at various stages in the cell fabrication. Baseline 
yields were 92, 95, and 98% for wafer, cell, and module. Only one yield was varied at a time to 
generate the three curves, while other two were fixed. 

 
The dotted horizontal line in Fig. 8.22 is indicative of the module manufacturing 

cost of $2.33/W for the 280 µm thick mc-Si cell fabricated in this study. As shown by the 

three vertical lines in Fig. 8.22, same cost can be achieved with 16.4%, 115 µm thick 

cells if the wafer yield drops to 67%, or the cell yield decreases to 72%, or module yield 

reduces to 79%. This shows that there is a substantial leverage in the yield as you thin the 

device down. 

8.8 Conclusion 

In this chapter, solar cells were fabricated on thin c-Si wafers with full areal Al-

BSF. The contact firing cycle for each thickness was adjusted so that all the wafers 

experience the same peak contact firing temperature. Planar solar cells were fabricated on 

HEM mc-Si wafers along with single crystal FZ silicon and ground down to desired 

thickness. Selected cells were also fabricated with low and high sheet-resistance emitters 

to evaluate the influence of emitter design on thin cells. All cells were 4 cm2 screen-
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printed with a single layer SiNx antireflection (AR) coating and a full area aluminum 

back surface field (Al-BSF). Screen-printed cell efficiencies of 17.8 and 18.5% were 

achieved on 125 µm and 300 µm thick textured FZ wafers, respectively, with high sheet-

resistance emitters (80-100 Ω/sq). Screen-printed cell efficiencies of 16.4 and 16.8% 

were obtained on 115 and 150 µm thick planar HEM mc-Si cells with a high sheet-

resistance emitter. The 0.5-1% difference in the efficiency of thick and thin cells was 

analyzed by detailed cell characterization and PC1D modeling. The processed bulk 

lifetime was in excess of 200 µs for all the cells, which made the thin cells more sensitive 

to BSRV and less dependent on lifetime. It was found that the high BSRV (300-400 

cm/s) and low Back Surface Reflectance (BSR) (63-70%) associated with the full area 

Al-BSF were the major reasons for the reduced performance of thin cells. Model 

calculations showed that a BSRV of ≤100 cm/s and BSR of ≥ 95% can virtually eliminate 

the efficiency gap between 300 µm and 115 µm thick cells for these ≥ 200 µs bulk 

lifetime wafers. Manufacturing cost modeling showed that reducing the mc-Si wafer 

thickness from 300 µm to 115-150 µm reduces the module manufacturing cost in spite of 

~1% lower cell efficiency. 
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CHAPTER 9 

FABRICATION, CHARACTERIZATION, AND MODELING OF 

LOW-COST, DIELECTRIC-FIRED-THROUGH BACK-SURFACE 

PASSIVATED SOLAR CELLS WITH LOCAL BACK-SURFACE 

FIELD ON THIN SILICON 

9.1 Introduction 

 This chapter describes the fabrication, characterization, and modeling of a device 

structure with rear local Al contacts and BSF formed simultaneously by firing through a 

passivating dielectric layer. This process sequence is explored to determine its 

compatibility with the fabrication of high-efficiency solar cells on thin c-Si substrates. 

Section 9.2 first provides background and motivation behind using a dielectric to 

passivate the rear surface. Section 9.3 describes a novel process sequence used in this 

study for fabrication of the dielectric passivated local back-surface field (LBSF) cells, 

along with the formation of the dielectric layer and a metallization sequence. Results of 

the fabrication and a comprehensive characterization of thick and thin dielectric cells are 

presented in section 9.4. Finally, PC1D modeling is performed in section 9.5 to extract 

the relevant device parameters and model the solar cells fabricated in section 9.4. 

9.2 Background and motivation for the use of dielectric to passivate the rear surface 

 Several cell structures have been reported in the literature to enhance performance 

of thin cells relative to the full area Al-BSF cells. Some of them are: laser-fired contacts 

(LFC) [70], industrial Passivated Emitter and Rear Cells (i-PERC) [181], Emitter Wrap-

Through (EWT) [192], and Interdigitated Back Contact (IBC) [193]. Most of these 
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structures implement a suitable passivating layer and contact of the back to provide 

enhanced surface passivation, which is critical for thinner wafers. Three different back 

surface passivation schemes are usually applied, namely aluminum back-surface field 

(Al-BSF), boron back-surface field (B-BSF) and dielectric passivation. Solar cells with 

full area Al-BSF suffer from bowing and loss in efficiency on thinning the cells. B-BSF 

needs a second diffusion step at much higher temperature, because of lower diffusion 

coefficient of boron and often results in lifetime degradation. Therefore the use of a 

dielectric layer to passivate the rear is being pursued very aggressively and is the subject 

of this chapter.  

 Two of the recent studies, which use screen-printing for the front contacts, 

involve laser fired Al local BSF and contacts (LFC) on the rear. Schultz, et al., used 

screen-printing of hot-melt Ag paste for the front contacts, followed by the light-induced 

plating (LIP) [194], to achieve 19.3% LFC cells on 4 cm2 FZ cells. Hörteis, et al., defined 

the front contacts by first printing a seed layer using an aerosol jet printer and Ag ink, 

followed by LIP to achieve line widths below 45 µm, resulting in a FF of 80.1% on a 110 

Ω/sq emitter, and an efficiency of 20.3% LFC cells [195]. Both these structures involved 

Al evaporation and laser-firing to form the rear contacts. Despite the superior efficiencies 

and potential, LFC cells are not yet in production probably because of the challenges 

arising from the cost and ease of manufacturability. 

Formation of a good-quality rear contact with dielectric passivation in conjunction 

with low-cost screen-printing technology is very challenging. Attempts have been made 

to form rear contact of the solar cell after the application of the dielectric layer by 

techniques such as LFC [70], mechanical abrasion [196], plasma etching and laser 
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ablation/patterning [197, 198], dielectric-fired-through [199], and etching pastes [198]; 

however the ensuing cost, throughput, and manufacturability remains the challenge. 

Therefore in this chapter we have made an attempt to develop a process sequence that 

uses the low-cost screen-printing technology to form local BSF and contacts without the 

need to locally open the vias through the dielectric layer. In addition, front and back 

screen-printed contacts are formed simultaneously, and this process sequence is capable 

of producing thin cells without any bowing.  

9.3 Development and characterization of screen-printed solar cells with dielectric-
fired-through local back-surface field and contacts 

 A cost-effective solar cell fabrication sequence was developed that involves a 

dielectric passivated rear surface, screen-printed front and rear contacts, and a screen-

printed back surface reflector. Figure 9.1 shows the process sequence.   

The following challenges were addressed to make the process sequence work, while 

keeping the fabrication cost low: 

• Application of a suitable low-cost dielectric layer with low positive charge 

density to provide a good and stable surface passivation after contact firing. 

• Simultaneous formation of screen-printed front and rear contacts that can fire 

through the AR coating on the front and passivating dielectric layer on the rear. 

• Formation of an LBSF through the vias in the rear dielectric. 

• Formation of an efficient back surface reflector composed of rear dielectric 

capped with screen-printed metal. 

The next sub-sections discuss the process steps and the challenges in more detail. 
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Figure 9.1 Fabrication sequence for the novel LBSF solar cells. 

 

9.3.1 n+ emitter formation on the front side 

 To reduce the number of processing steps, spin-on phosphorous coated Si wafers 

were used for limited solid source diffusion [200]. Solid source wafers were prepared in-

house using a spin-on process and phosphoric acid. These wafers were stacked alternately 

with target wafers for making cells, as shown in Fig. 9.2. Limited source enables the 

formation of in-situ front and rear oxide due to negligible glass formation. This is 

accomplished by turning the oxygen gas on after the diffusion process. 
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Figure 9.2 Stacking diagram showing the load positions of source and target wafers. 

 
 Prior to loading the target wafers, a spin-on dielectric was applied on the rear side 

of the wafers, which also acts as a mask to limit the cross-doping, ensuring that the n+ 

emitter is formed only on the front side. Thus in a single high-temperature step, the 

following steps are achieved: 

• n+ emitter formation on the front side only. 

• Curing of the spin-on dielectric layer on the rear. 

• High-quality front and back in-situ oxide for superior surface passivation. 

9.3.2 Desirable properties of the dielectric layer for the rear surface passivation 

 The dielectric layer at the rear surface should have the following properties: 

• Low SRV to reduce the recombination of minority carriers at the rear surface. 

• Good passivation even after the high temperature contact firing step in the belt 

furnace. 

• Low charge density to limit the formation of an inversion layer on the rear side 

that could cause parasitic shunting due to the leakage of the minority carrier 

electrons from the rear contacts.  
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• Compatibility with the fire-through process sequence allowing the formation of 

uniform LBSF through the vias. 

• Low absorption and formation of effective back surface reflector in conjuction 

with the metal cap. 

• Low-cost growth or deposition.   

In this study, a stack dielectric layer comprising of a spin-on dielectric and SiNx was 

investigated to see its suitability for the rear surface passivation.  

 SiNx deposition provides very good and stable surface passivation [49]. However, 

in the presence of contacts, SiNx layer alone can lead to parasitic shunting [50] due to its 

high positive charge density of ~2×1012 cm-2 [201]. Oxide layer by itself provides great 

passivation due to high quality Si/SiO2 interface, but the passivation degrades 

dramatically after firing of the screen-printed contacts in a belt furnace in air ambient. 

This led to the investigation of a stack dielectric layer comprising of a spin-on SiO2 based 

dielectric layer, capped with a SiNx layer. The properties of this stack layer were 

examined by means of effective lifetime and charge density measurements to ascertain its 

suitability to passivate the rear surface.  

9.3.2.1 Surface passivation quality of the stack dielectric by effective lifetime 
measurements 

 Surface passivation quality of the stack dielectric layer was measured after 

different processing steps of the cell fabrication sequence (Fig. 9.1), using symmetric test 

structures prepared on ~2 Ω·cm planar FZ wafers. After the RCA cleaning, the spin-on 

dielectric was deposited on both surfaces and annealed in the tube furnace with the same 

recipe used to form the emitter and the in-situ oxide, but without the source wafers. SiNx 
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was then deposited on top of the spin-on dielectric on both sides of the wafers. The 

wafers were then co-fired followed by an FGA anneal. Effective lifetime measurements 

were performed after each process step and are shown in Fig. 9.3. The effective surface 

recombination velocities were extracted from the effective lifetimes and are also plotted 

in Fig. 9.3. 
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Figure 9.3 Effective lifetime progress as a function of different processing steps for the stack 
dielectric layer. 

  
Figure 9.3 shows that the spin-on dielectric layer alone does not provide a very 

good surface passivation, with effective lifetime of ~60 µs. After the deposition of the 

SiNx layer, effective lifetime improved to ~250 µs, which could be due to the 

hydrogenation of interface defect states during the SiNx deposition. Effective lifetime 

improved further to > 400 µs after the contact firing cycle, due to the surface passivation 

provided by the hydrogen released from SiNx during the firing. The effective lifetime 

remained at ~400 µs after the final FGA treatment. This shows that unlike thermal oxide, 

this dielectric stack passivation is not dependent on additional hydrogenation treatment to 
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passivate the surfaces after the firing cycle. This demonstrates a good and stable surface 

passivation provided by this low-cost stack dielectric. The SRV progress for different 

stages in Fig. 9.3 shows that the stack dielectric provides low SRV values of < 40 cm/s 

after contact firing. It was found that without the presence of the SiNx cap layer on top of 

the spin-on dielectric, the passivation quality degrades significantly to < 5 µs after the 

firing step and an additional hydrogenation step such as the FGA is required to recover 

the passivation. This behavior is similar to the thermal oxide passivation and also shows 

that the spin-on dielectric alone cannot be used for rear surface passivation.  

 Implied Voc measurements were performed to study the combined effect of the 

passivation quality of the rear dielectric layer and the emitter surface passivation 

provided by the in-situ oxide capped with SiNx AR coating on the front side. Implied Voc 

measurements were performed on ~2 Ω·cm FZ wafers with an emitter sheet resistivity of 

~85 Ω/sq. Figure 9.4 shows the change in implied Voc at various stages of the fabrication 

sequence. 
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Figure 9.4 Implied Voc progress on ~2 Ω·cm FZ wafers with ~85 Ω/sq emitter on one side, and 
surfaces passivated by stack dielectric on the rear and in-situ oxide capped with SiNx on the front. 
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 Average implied Voc after curing the rear dielectric combined with in-situ oxide 

formation on ~85 Ω/sq emitter was only 638 mV. This improves slightly to 645 mV after 

the SiNx deposition on the front surface. However, after the SiNx deposition on the rear, 

implied Voc improved significantly to 676 mV and stayed at 677 mV even after the 

contact co-firing cycle. This again supports the high-quality and stable surface 

passivation provided by the stack dielectric. 

9.3.2.2 Determination of charge density in the stack dielectric layer 

A low charge density is important for the dielectric layer that passivates the rear. 

The dielectric charge density and polarity were measured using a SemiTest SCA-2500 

surface charge analyzer tool that allows a measurement of a flat-band equivalent charge 

density, QFB (total charge density at the flat-band condition) in the dielectric. Fig. 9.5 

shows the charge density in the dielectric layers, measured on the test structures, 

fabricated on planar ~2 Ω·cm FZ wafers, at different stages of cell processing. 
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Figure 9.5 Progress in charge density of the stack dielectric layer as a function of the different 
processing steps. 
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 Charge density in the dielectric layer was reasonably low (~1.7 ×1011 cm-2) after it 

was cured at high-temperature in the tube furnace. After the SiNx deposition, charge 

density increased to ~4 ×1011 cm-2 and then decreased to 2-3 ×1011 cm-2 after firing and 

the FGA treatment. Compared to the charge density of ~2 ×1012 cm-2 in the SiNx layer 

[201], the charge density in the stack dielectric layer used in this study was much lower 

and, therefore, could minimize the inversion layer induced parasitic shunting, which leads 

to a loss in Jsc.  

9.3.3 Development of a low-cost metallization process to form local BSF and rear 
screen-printed contacts fired-through the dielectric layer 

 Section 9.3.2 showed that the novel stack dielectric layer is able to provide very 

good surface passivation and has a low charge density. However, these properties have to 

be combined with a suitable low-cost metallization technique. To keep the cost down, a 

fired through metallization sequence, without opening the dielectric locally, was 

developed. Screen-printed Al dots were fired through the dielectric stack. Although the 

rear contact metal coverage was only ~5%, it is still highly desirable to form a local BSF 

underneath the contacts to keep the contact recombination low and to avoid the parasitic 

shunting. The quality of the contacts was assessed through scanning electron microscopy 

(SEM) images, effective lifetime measurements, and suns Voc measurements. 

9.3.3.1 Study of the contact quality by SEM imaging 

Test structures were developed by printing Al dots on top of the rear dielectric 

stack and by firing in a belt furnace using the co-fire recipe. The openings in the screen 

were 100 µm × 100 µm with 800 µm spacing. This gave round screen-printed Al dots 
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ranging from 120-170 µm in diameter. The uniformity in the thickness and the height of 

the dots across the wafer depends on the print setting such as the squeegee pressure and 

its uniformity and the snap-off distance. Care was taken to print the dots with uniform 

thickness to avoid variations due to print quality. Fired samples were cleaved through the 

Al dots and SEM images were taken to determine the depth of the BSF. Reference FZ 

wafers that were processed simultaneously, but with full area Al-BSF on rear were also 

imaged to compare with the thickness of the local BSF formed by the point contacts. 

Figure 9.6 shows the cross sectional SEM micrograph of the reference full area Al-BSF 

wafer. 
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Figure 9.6 Cross-sectional SEM micrographs of the full area Al-BSF region showing the BSF 
thickness variation from ~4 µm to ~8 µm. White line is a guide to the eye. 

 
 The full area Al-BSF region, underneath the metal contact, was found to be ~4 

µm to ~8 µm deep.  
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 Cross-sectional SEM micrographs were also taken for the LBSF region. Figure 

9.7 (a) and (b) show the cross-sectional SEM images of two consecutive Al dots that 

were fired-through the stack dielectric to form the local BSF. 

2.69 µm
1.53 µm

2.69 µm
1.53 µm

 

(a) 

3.96 µm

5.21 µm

3.96 µm

5.21 µm

 

(b) 

Figure 9.7 Cross-sectional SEM micrographs of the LBSF region underneath two consecutive Al dots 
that fired-through the stack dielectric. White lines are a guide to the eye. 
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Figure 9.7 (a) shows that the thickness of the LBSF region directly underneath the 

dot was between 1.5 and 2.7 µm. The LBSF becomes shallower on moving away from 

the center of the dot to the periphery. The LBSF region underneath the adjacent Al dot 

(Fig. 9.7 (b)) varied between 4 µm to 5.2 µm but at some places near the periphery of the 

dots, the LBSF became < 1 µm deep resulting in some disconnections. It should be noted 

that the thickness and uniformity of the BSF region depends on the peak alloying 

temperature, the ramp-up and ramp-down rates of the firing profile, and the thickness of 

the screen-printed Al layer [63, 202]. The co-firing profile used in this study was 

optimized to simultaneously yield a good quality front and back contacts. The height of 

the screen-printed Al dots also varied from the center of the dot to its periphery. This 

combined with somewhat non-uniform punching resulted in some non-uniformity in the 

LBSF thickness. Nevertheless, Fig. 9.7 shows that the Al dots were able to fire-through 

the stack dielectric in most regions to form contact and LBSF underneath the dielectric, 

although non-uniformly. It is important to realize that the formation of the LBSF region 

is important not only to reduce the recombination at the local contact regions but also to 

reduce the parasitic shunting of  the electrons leaking to the back contact in the absence 

of LBSF. 

9.3.3.2 Effective lifetime measurements to determine the impact of LBSF on rear surface 
passivation 

 Effective lifetime measurements were performed on a symmetric test structure. 

The dielectric stack layer was deposited on both sides of a planar ~2 Ω·cm FZ wafer. On 

one half of the wafer, aluminum dots were screen-printed on both sides and fired. The 

other half was fired without printing any metal. Effective lifetime measurements were 

performed directly on the half that had no metal. Al dots were chemically etched before 
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performing the effective lifetime measurements on the other half. Figure 9.8 shows the 

effective lifetimes and the corresponding SRVs on the two structures.  
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Figure 9.8 Effective lifetime measurements on stack passivated FZ wafers, fired with and without the 
Al dots. Corresponding SRVs are also shown. 

 
 Figure 9.8 shows that with the LBSF, the effective lifetime was 184 µs, as 

opposed to 466 µs in the absence of LBSF. Although the effective lifetime dropped 

significantly after firing with the Al dots, an average value of 184 µs represents a 

satisfactory quality of LBSF with ~5% coverage on the rear.  

 Due to the high-quality FZ material used in this study, the diffusion length (Ln) of 

the minority carriers is comparable to the spacing of 800 µm between the rear Al dots. 

Hence, the recombination of the minority carriers is controlled by an area-averaged 

recombination velocity given by [203]:  

dielectricmetaleff SrrSS )1( −+= ,            (9.1) 

where Seff is the effective SRV, r is the metallization area ratio, Smetal is the SRV at the 

metal contact, and Sdielectric is the SRV at the dielectric/Si interface.  Putting the values of 
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Seff and Sdielectric from Fig. 9.8 and assuming a 5% metal coverage, Eq. 9.1 gives the value 

of Smetal to be 969 cm/s. Smetal value of <1000 cm/s also supports the existence of local 

BSF underneath the contacts since the SRV at the metal-Si interface in the absence of a 

BSF is ~105-106 cm/s.  

9.3.3.3 Suns Voc measurements to study the contact quality  

 To further study the quality of the fired-through rear contact, suns Voc 

measurements were performed on test structures by printing the front Ag grid, rear Al 

points and then co-firing the ~2 Ω·cm FZ wafers with emitter sheet resistivity of ~85 

Ω/sq. Middle bar of Fig. 9.9 shows the suns Voc after the co-firing cycle and before the 

deposition of the rear Ag reflector. For reference, the implied Voc of the samples after co-

firing, without any metal (taken from Fig. 9.4), is also shown along with the suns Voc for 

the full area Al-BSF structure.  
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Figure 9.9 Suns Voc of test structures after co-firing with metal contacts. The implied Voc is also 
shown as reference for sample fired without any metallization, taken from Fig. 9.4. 
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 An average implied Voc of 677 mV, after firing without any metal contacts, 

dropped to suns Voc of 648 mV when metal contacts were applied. Thus an average loss 

of 29 mV is incurred due to the added recombination occurring at the metal contacts. The 

suns Voc for the full area Al-BSF sample was only 642 mV, which is 6 mV lower than the 

LBSF sample. Suns Voc as high as 667 mV was measured for the ~2 Ω·cm LBSF sample 

which indicates towards a good quality of the local BSF, at least in some regions, and 

also a good surface passivation provided by rear dielectric. 

9.4 Fabrication and characterization of low-cost, high-efficiency, screen-printed, 
dielectric-fired-through, thick and thin solar cells with local back-surface field 

 After the development of a suitable dielectric layer for back surface passivation 

and a metallization sequence to form the rear contact with LBSF, complete solar cells 

were fabricated by the process sequence shown in Fig. 9.1. This section presents the I-V 

results along with the detailed characterization of the fabricated cells.  

9.4.1 Experimental  

 All solar cells were fabricated on boron doped p-type 1.7-2.3 Ω·cm FZ Si wafers 

with textured front surface and a planar rear surface. Emitter on the front side for all the 

wafers was formed using the process sequence described in section 9.3.1 with an emitter 

sheet resistivity in the range of 65-95 Ω/sq. The front structure of all the cells was kept 

the same, while three different rear structures were analyzed: 1) Full area Al-BSF 2) 

Dielectric fired through LBSF with evaporated Ag reflector, and 3) Dielectric fired 

through LBSF with screen-printed Ag paste reflector. Two different cell thicknesses (300 

and 140 µm) were analyzed. Table 9.1 summarizes the devices fabricated and 

characterized. 
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Table 9.1 Thickness and rear surface characteristics of the devices fabricated in this study. 

Thickness 
(µm) Rear BSF Rear Reflector 

Full area Screen-printed Al paste 
Local Evaporated Ag metal 300 
Local Screen-printed Ag paste 
Full area Screen-printed Al paste 

Local Evaporated Ag metal 140 
Local Screen-printed Ag paste 

 
 To obtain wafers with only the front side textured, SiNx was first deposited on the 

rear side followed by alkaline texturing of the front side. After removing the SiNx in 

dilute HF acid, wafers were RCA cleaned followed by the deposition of spin-on oxide on 

the rear. After the formation of the front emitter, curing of the spin-on dielectric, and the 

in-situ oxide formation in a single furnace anneal step, the wafers were coated with SiNx 

on both sides. For the wafers with full area Al-BSF, SiNx was deposited only on the front 

side and the rear spin-on dielectric was chemically etched. This ensured that all the solar 

cells have a similar front surface emitter and passivation and the differences in the cell 

performances can be attributed to the variations in the rear structure only. Nine 2 cm × 2 

cm solar cells were fabricated on each 4 inch round FZ wafer by screen printing Ag paste 

on the front side. Al paste was screen-printed on the entire backside for the full area Al-

BSF cells. For the LBSF cells, Al dots were screen-printed using a screen with 100 µm × 

100 µm square openings and 800 µm spacing. Metallization area of the rear Al dots was 

~5%. All wafers were co-fired in a belt furnace using optimized firing conditions to 

simultaneously form the front and the rear contacts. To reduce the recombination at the 

periphery of these 4 cm2 devices, mesa etching was performed after protecting the 

surfaces with a photoresist and defining an active device area of 2 cm × 2 cm by a dicing 

saw. After removing the photoresist, Ag metal was evaporated on the rear of the LBSF 
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cells to form the back reflector. On other cells, Ag paste was screen-printed, dried at 

200 °C and cured at 500 °C in a belt furnace to form the rear reflector. All wafers were 

annealed in FGA for 20 min to improve the front contact quality. For the thin cells, KOH 

was first used to thin the wafers, followed by the texturing of the front surface, such that 

the final thickness was ~140 µm. Thin solar cells were fabricated by the same process 

sequence described above except for a modification in the co-firing recipe such that the 

thin cells also experience the same thermal profile as the thick cells, as discussed in 

CHAPTER 8. 

9.4.2 Lighted I-V measurement 

I-V parameters of the solar cells structures listed in Table 9.1 are shown in Table 

9.2.  

Table 9.2 I-V parameters of solar cells fabricated on 300 and 140 µm thick FZ wafers with full area 
and LBSF. 

Thic-
kness Voc Jsc Eff. FF n- Rs Rsh 

µm 

Rear 
Structure mV mA/cm2 %  factor Ω.cm2 Ω.cm2 

# of 
cells 

645 37.9 19.4 79.56 1.11 0.5 18210 Best*Full area 
Al-BSF 642 37.2 19.0 79.32 1.13 0.5 16000 27  

648 38.2 19.2 77.41 1.22 0.7 45300 Best*Local BSF/ 
Evaporated 
Ag metal 645 37.9 18.3 74.95 1.27 1.2 83984 50  

645 39.1 19.2 76.13 1.32 1.0 15540 Best*

300 
µm 

Local BSF/ 
Screen-
printed Ag 
paste 

644 38.7 18.8 75.60 1.26 1.1 13407 22  

636 36.6 18.3 78.81 1.17 0.5 98270 Best*Full area 
Al-BSF 635 36.1 18.2 79.11 1.16 0.5 84876 18  

658 38.7 18.7 73.38 1.46 1.3 10290 Best*Local BSF/ 
Evaporated 
Ag metal 648 38.5 18.2 72.84 1.47 1.3 11893 18  

649 38.3 18.4 74.02 1.31 1.3 6156 Best*

140 
µm 

Local BSF/ 
Screen-
printed Ag 
paste 

647 38.1 18.1 73.20 1.46 1.2 43206 8 

* Independently confirmed by National Renewable Energy Laboratory (NREL) 
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High screen-printed solar cell efficiencies of >19% were achieved on 300 µm 

thick wafers and >18% on 140 µm thick wafers. For the 300 µm thick cells, an efficiency 

of 19.4% was achieved with full area Al-BSF. This efficiency is 0.9 % higher than the 

best double-sided textured FZ wafers on high-sheet resistance emitter discussed in Table 

8.8 of CHAPTER 8. The 0.9% difference in efficiency is due to the improved FF (lower 

n-factor) attributed to the mesa edge isolation.  Corresponding efficiencies on LBSF cells 

with both evaporated and screen-printed Ag reflector were 19.2%. The LBSF cells have a 

higher Voc and Jsc than the full area cells; however the efficiencies are limited by the low 

fill factor in spite of the mesa edge isolation. The average Jsc improved by 0.7 mA/cm2 

(evaporated Ag reflector) and 1.5 mA/cm2 (screen-printed Ag reflector) compared to the 

cells with full area Al-BSF rear. This supports a lower BSRV and a higher back surface 

reflectance for the LBSF cells.  

The 140 µm thick cells are able to fully utilize the benefit of the superior 

dielectric rear passivation. That is why the 140 µm thick full area Al-BSF cell had an 

efficiency of 18.3%, while the LBSF cells had an efficiency of 18.7% for the evaporated 

Ag reflector and 18.4% for the screen-printed Ag reflector. Average Jsc improved by 2.4 

mA/cm2 (evaporated Ag) and 2 mA/cm2 (screen-printed Ag) compared to the full area 

Al-BSF wafers. A 22 mV enhancement in  Voc was observed for the evaporated Ag back 

compared to the full area, while the average Voc improved by ~12 mV for the LBSF cells. 

However, the efficiency of thin LBSF cells was still limited by the low FF and high series 

resistance. Hence, in its present form, this fabrication sequence is not yet able to achieve 

efficiencies over 20% on thin substrates, and further improvements or modifications to 

the metallization sequence might be needed. It should also be mentioned that the 140 µm 
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cells with full area BSF suffered from severe bowing, which makes them impractical, 

however, the thin LBSF cells were not only bow-free, but also gave higher efficiencies. 

The best cell efficiencies in Table 9.2 were independently confirmed by NREL and are 

among the highest reported efficiencies on such thin devices with dielectric passivated 

rear and screen-printed contacts with local BSF. I-V data for the best 300 µm and 140 µm 

thick cells are summarized in Figs. 9.10 and 9.11, respectively, and reveal a clear 

enhancement in the Isc and Voc for the LBSF cells. 
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Figure 9.10 I-V curves for the best 300 µm thick solar cells from Table 9.2. 
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Figure 9.11 I-V curves for the best 140 µm thick solar cells from Table 9.2. 
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9.4.3 Long-wavelength light beam induced current (LBIC) response 

 Since front side of all the cells in Table 9.2 was similar for the three different rear 

structures, long-wavelength LBIC mappings were performed on the best cells from Table 

9.2 to assess the degree of back passivation. Figures 9.12 and 9.13 show the LBIC 

responses with a 980 nm laser, for the 300 µm and 140 µm cells respectively. 
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Figure 9.12 LBIC responses for the best 300 µm thick cells from Table 9.2. 
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Figure 9.13 LBIC responses for the best 140 µm thick cells from Table 9.2. 

 
 The 300 µm cells showed fairly uniform and high LBIC response in the long-

wavelength, however, the difference becomes apparent in the LBIC responses of the 140 

µm cells. Due to the reduced thickness, the rear surface becomes more transparent to the 

980 nm laser and the differences in the passivation quality of the rear surfaces become 

more evident. LBIC response for all the 140 µm cells was quiet uniform; however, the 

dielectric passivated cells have a superior response, supporting a much better rear surface 

passivation. This is also supported by the higher Voc and Jsc for the LBSF cells. Notice 

that the rear LBSF areas show up in the LBIC map, indicating a higher recombination 

underneath the contact relative to the surrounding dielectric.  
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9.4.4 Reflectance and IQE measurements  

 Total reflectance was measured in the wavelength range of 300-1200 nm for the 

best 300 and 140 µm cells in Table 9.2. Figure 9.14 shows a comparison of reflectance as 

a function of wavelength for the three rear structures. 
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Figure 9.14 Total reflectances for the best 300 and 140 µm thick cells from Table 9.2. 

  
 Reflectance response for wavelengths <1000 nm was quiet similar. However the 

reflectance for wavelengths >1000 nm, which represents the escape reflectance, is much 

higher for the LBSF cells compared to the full area Al-BSF cells. This is indicative of a 

higher rear internal reflectance for the LBSF cells, which is desirable for coupling more 

light into the cell. As expected, the onset of the escape reflectance starts earlier for the 

thin wafers.  
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 Spectral response measurements were performed on the best cells in Table 9.2 

and IQE response was calculated from the spectral response and the total internal 

reflectance (Fig. 9.14). Spectral response measurements were performed with and 

without a constant 1 sun light-bias. IQE responses for the three 300 µm cells are shown in 

Fig. 9.15 along with the responses of the full area and the dielectric cell (screen-printed 

reflector) without a light-bias.  
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Figure 9.15 IQE comparisons for the best 300 µm thick cells from Table 9.2 with an applied light-
bias. IQE response of the full area and the dielectric-passivated back (screen-printed reflector) cell 
without a light-bias is also shown. 

 
 There is no difference in the IQE of the 19.4% full area Al-BSF cell with and 

without light-bias; however IQE response of the dielectric passivated cell is very low in 

the long wavelength, in the absence of light-bias. However, when the light-bias is applied, 

which represents the operating condition of the solar cell, the IQE response for the 

dielectric back is significantly improved relative to the full area Al-BSF cell. This 
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behavior of IQE is due to the injection level dependence of the rear surface passivation 

provided by the dielectric and will be discussed later. The higher IQE for the dielectric 

cells is consistent with the high Jsc and Voc (Table 9.2), and high long-wavelength LBIC 

response of the LBSF cells (Fig. 9.12).  

 Fig. 9.16 shows the IQE response of the 140 µm cells with light-bias. 

0

10

20

30

40

50

60

70

80

90

100

350 450 550 650 750 850 950 1050 1150

Wavelength (nm)

IQ
E 

(%
)

18.3% full area Al-BSF
18.7 % LBSF_Evaporated Ag refector
18.4% LBSF_screen-printed Ag reflector

 

Figure 9.16 IQE responses for the best 140 µm cells from Table 9.2 with light-bias. 

 
 IQE response of the thin cells with light-bias also showed a significant 

improvement in the long wavelength IQE, which is consistent with the high Jsc and Voc 

for the thin LBSF cells (Table 9.2). Figure 9.17 shows a comparison of the 300 µm and 

140 µm cells with full area Al-BSF and LBSF cells with screen-printed reflector. 
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Figure 9.17 IQE comparison of the 300 and 140 µm thick solar cells with full area Al-BSF and 
dielectric back with the screen-printed Ag reflector. 

 
 It is interesting to note from Fig. 9.17 that thinning the device with the full area 

Al-BSF leads to a significantly lower IQE in the long wavelength, consistent with the 

lower Jsc for thin cells, due to a high BSRV and a low BSR, as also discussed in detail in 

CHAPTER 8. However, the IQE responses of the thick and thin dielectric cells are very 

similar, which is also consistent with the similar Jsc values for these cells (Table 9.2). 

This shows that the application of the superior dielectric passivation along with an 

effective BSR in this study maintains the higher Jsc, while using less than half the amount 

of Si compared to the thick cells. As mentioned previously, the reason for lower 

efficiency in the thin cells is poor FF partly due to a non-uniform fired through BSF and 

contacts. One way of achieving a better FF is by opening a vias prior to firing [204].  
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9.4.5 Dark I-V analysis 

 Dark I-V measurements were performed for the 300 and 140 µm thick cells with 

full area Al-BSF and dielectric cells with screen-printed Ag reflector. Figure 9.18 shows 

as an example, the dark I-V curves for the 19.4%, 300 µm thick full area Al-BSF cell and 

the 18.4%, 140 µm thick dielectric cell with LBSF. 
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Figure 9.18 Dark I-V characteristics of the 300 µm cell with full area Al-BSF and the 140 µm thick 
cell with dielectric passivation and LBSF. 

 
 Measured dark I-V characteristics were fitted with the two-diode model of Eq. 

2.10 to determine the J01, J02, and n2. Table 9.3 summarizes the parameters extracted with 

the fitting.  

Table 9.3 Extracted parameters from the dark I-V analysis. 

J01 J02 n2 
pA/cm2 nA/cm2  

Rear Structure Thickness 

0.56 26.27 2.30 Full area Al-BSF 
0.61 335.23 2.93 LBSF_SP Ag 300 µm 

0.58 24.24 2.27 Full area Al-BSF 
0.17 2.32 1.60 LBSF_SP Ag 

140 µm 
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9.4.6 Bulk lifetime measurement 

 Bulk lifetime measurements were performed on 300 and 140 µm cells by etching 

the Al in hydrochloric acid solution and Ag metal in a mixture of nitric acid and 

hydrofluoric acid. After etching off the n+ emitter and the BSF, lifetime measurements 

were performed by transient photo-decay technique with surfaces passivated by iodine-

methanol. An average bulk lifetime of 550 µs was measured on the 300 µm thick wafers, 

while 140 µm thick wafers had a lifetime of 350 µs. The difference of 200 µs in lifetime 

for the 300 and 140 µm thick cells is not expected to cause much difference in the cell 

performances since the resulting diffusion lengths of 1280 µm ( for 500 µs) and 1022 µm 

(for 350 µs) are much greater than their respective cell thicknesses.  

The detailed characterization of the cells was used in conjunction with PC1D to 

model the cells and to extract other relevant device parameters. The results from the 

PC1D modeling are presented in the next sub-section. 

9.5 Device modeling of the full area Al-BSF and LBSF solar cells 

 Device modeling was performed with one dimensional device simulation program, 

PC1D, to extract the relevant solar cells parameters for the full area Al-BSF cells and the 

LBSF cells with evaporated and screen-printed Ag reflectors. It should however be 

mentioned that the LBSF cells are best modeled by a two dimensional simulation, as is 

evident from the LBIC mappings for the 140 µm thick cells in Fig. 9.13, because SRV is 

different under the local contacts and the dielectric. However, for simplicity, one 

dimensional simulation was performed by incorporating additional elements in the basic 

device structure, to best replicate the dielectric passivated cells.   

9.5.1 Extraction of back surface reflectance (BSR) 
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 Back surface reflectance was extracted by matching the measured reflectance 

curves from Fig. 9.14 with the PC1D generated curves in the long wavelength range of 

900-1200 nm, which is most sensitive to back-surface reflectance. Front surface 

reflectance was extrapolated for wavelengths greater than 900 nm to use as the front 

reflectance input for PC1D. Front surface texturing was activated in PC1D by assuming a 

texture angle of 54.34° and texture depth of 3.535 µm. This ensures that the enhanced 

front surface recombination and changes in the optical generation due to the textured 

front surface are also taken into account. Figure 9.19 shows as an example of the fit, the 

measured and PC1D calculated reflectance curves for the 300 µm thick full area Al-BSF 

and the LBSF cells with screen-printed Ag paste reflector. Figure 9.19 also shows the 

extrapolated front surface reflectance for the dielectric cell used as front surface 

reflectance input for PC1D. Table 9.4 summarizes the back surface reflectance 

parameters for the 300 and 140 µm thick cells with full area Al, evaporated Ag and 

screen-printed Ag on the back side. 
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Figure 9.19 Comparison of the measured and PC1D fitted reflectance curves for the 300 µm thick 
full-area Al-BSF back and the dielectric passivated back with screen-printed Ag reflector.  
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Table 9.4 PC1D parameter for the best fit of the measured reflectance in the wavelength range 900-

1200 nm. 

Parameter name 

Full 
area 
Al-

BSF 

Dielectric
/ Evap. 

Ag 
reflector 

Dielectric/ 
screen-

printed Ag 
reflector 

Full 
area 
Al-

BSF 

Dielectric  
/ Evap. Ag 
reflector 

Dielectric/ 
screen-
printed 

Ag 
reflector 

Thickness (µm) 300 140 
First bounce 92 75 84 92 75 79 Front 

internal 
reflection 
(Specular)
 % 

Subsequent 
bounce 92 91 91 92 94 91 

First bounce 65 96 96 65 98 96 Back 
internal 
reflection 
(diffused) 
% 

Subsequent 
bounce 65 95 95 65 97 96 

 
 Clearly, high BSR values of 96-98% were obtained with the evaporated and 

screen-printed Ag reflectors compared to only 65% for the full area Al-BSF. Additionally, 

the front internal reflection is more for the screen-printed Ag compared to the evaporated 

Ag for both the thicknesses. This shows that the screen-printed Ag reflectance from the 

rear surface is more “diffused” in nature than the evaporated Ag, which is more 

“specular”. This diffused nature of the screen-printed reflectors is highly desirable to 

couple more light into the cell. 

9.5.2 Extraction of FSRV and BSRV 

 Effective FSRV and BSRV values of the cells were calculated by fitting the 

measured short and long wavelength IQEs, respectively, (Figs. 9.15 and 9.16) with the 

PC1D generated IQEs. Measured value of the bulk lifetime, front surface reflectance 

(extrapolated in the long-wavelength), and resistivity were used as inputs to the PC1D 

model for the 300 and 140 µm thick cells. In addition, extracted internal reflectance 
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parameters from Table 9.4 were used for each cell structure. In the case of dielectric 

passivated cells, both the IQEs, with and without light-bias, were matched. Figure 9.20 

shows the measured and PC1D simulated IQE response of the 19.4%, 300 µm thick cell 

with full area Al-BSF and the 18.4%, 140 µm dielectric passivated cell with screen-

printed Ag reflector, (with and without light-bias). Table 9.5 shows the FSRV and BSRV 

values extracted form the PC1D fitting for the 300 and 140 µm cells. 
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Figure 9.20 Measured and PC1D simulated IQEs of the 19.4%, 300 µm thick cell with full area Al-
BSF and the 18.4%, 140 µm dielectric passivated cell with screen-printed reflector. The measured 
and PC1D fitted IQEs for the dielectric cell without the light-bias are also shown. 

 
Table 9.5 FSRV and BSRV values extracted from PC1D fitting, for 300 µm cell with full area Al-BSF 
and the 140 µm cell with dielectric passivated rear and screen-printed Ag reflector, with and without 

light-bias. 

Dielectric/screen-
printed Ag 
reflector Parameter 

name 

Full 
area 

Al-BSF No 
light-
bias 

Light-
bias 

Thickness      
(µm) 300 140 

FSRV (cm/s) 35000 18000 18000 
BSRV (cm/s) 300 25000 125 
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Table 9.5 shows that the BSRV values for the 300 µm cell with full area Al-BSF 

was 300 cm/s. BSRV value for the 140 µm thick dielectric cell, without light-bias, was 

25000 cm/s. This value is is high due to the injection level dependence of the stack 

dielectric passivation, which is discussed in the next sub-section. On the contrary, the 

BSRV in the presence of light-bias has a low value of 125 cm/s for the dielectric cell. 

Hence, under the operating conditions of the solar cell, dielectric passivation is able to 

provide a low BSRV value of 125 cm/s. By using the BSRV and FSRV values extracted 

in this section and the BSR values from section 9.5.1, these cells were modeled in PC1D 

to match the I-V parameters, which is discussed in the next sub-section. 

9.5.3 PC1D matching of I-V parameters  

 PC1D was further used to match the I-V parameters of the full area Al-BSF and 

the LBSF solar cells, by using the extracted J02, n2 (Table 9.3), BSR (Table 9.4), and 

FSRV, BSRV (Table 9.5) values. The full area Al-BSF cells and the dielectric cells with 

screen-printed Ag reflector were simulated as representatives for both 300 and 140 µm 

thicknesses.  

 The full area Al-BSF cells were simulated using a similar basic PC1D device 

schematic discussed in CHAPTER 8. For the dielectric passivated cells, some additional 

features were added to the basic design. A positive surface charge density was applied on 

to the rear surface to emulate the charge density in the dielectric. In addition, a rectifier 

shunt diode was introduced between the inversion layer on the rear and the rear back 

contact to emulate the shunt path between the inversion layer and the back contact. 
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Figure 9.21 shows the two structures. In addition, Fig. 9.21 (b) shows the zoom-in of the 

rectifier shunt diode attached to the rear. 

(a) (b)(a) (b)

 

Figure 9.21 PC1D device schematic used to simulate (a) full area Al-BSF cells and (b) dielectric 
passivated cells. A zoom-in of the rectifier shunt diode attached on the rear is also shown. 

 
 The injection level dependence of the rear stack dielectric passivation, as 

discussed earlier, arises from the combination of 1) positive charge density in the 

dielectric 2) asymmetry of the electron and hole capture cross sections, that results in 

asymmetric rear surface recombination velocities for the electrons (Sn0) and holes (Sp0), 

and 3) parasitic shunting of the inversion layer. The Sn0 and Sp0 values were fixed at 1000 

and 15 cm/s respectively, which represent the recombination activity of Si/SiO2 interfaces 

[205]. The shunt diode on the rear was represented by a J0 value and a diode ideality 

factor, which was fixed at 3.0 for simplicity. A higher J0 value of the shunt diode would 

represent a more “leaky” diode and would create a low resistance shunt path between the 

inversion layer and the rear contact, resulting in Jsc loss. A lower J0 value on the other 
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hand, would represent lesser parasitic shunting. The charge density in the dielectric layer 

was fixed at 2.5 × 1011 cm-2. This value was calculated by applying a resistive shunt 

between the inversion layer and the rear contact with a low resistance value of 100 Ω. 

The charge density in the dielectric layer was then varied and Jsc was monitored. A high 

loss in Jsc was observed for a charge density of 1.93 × 1011 cm-2, which represents the 

onset of shunting for a 1.7 Ω·cm material. The resistivity of the FZ wafers used in this 

study varied from 1.7 to 2.3 Ω·cm. Hence, the positive charge density was fixed at 2.5 × 

1011 cm-2 for all simulations. This value is also in the range of the measured charge 

density shown in Fig. 9.5 for the stack dielectric. To simulate the dielectric cells, the 

value of J0 for the rectifier shunt diode was varied to match the measured Jsc. Table 9.6 

summarizes the measured and PC1D simulated I-V parameters for the 300 µm thick full 

area Al-BSF and the LBSF cells with screen-printed Ag reflector. Table 9.7 summarizes 

the measured and PC1D simulated results for the corresponding 140 µm thick cells.  

Table 9.6 Measured and PC1D simulated I-V parameters for the 300 µm thick cells with full area Al-
BSF and dielectric passivated cells with screen-printed Ag reflector. 

Full area Al-BSF Dielectric/screen-printed Ag reflector Parameter name 
Measured Simulated Measured Simulated 

Thickness (µm) 300 

Voc (mV) 645 635 645 647 

Jsc (mA/cm2) 37.9 37.7 39.1 38.8 

Efficiency (%) 19.4 19.1 19.2 19.3 

FF (%) 79.56 79.8 76.13 76.85 
J0 of rectifier shunt 
diode (nA) N/A 66 
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Table 9.7 Measured and PC1D simulated I-V parameters for the 140 µm thick cells with full area Al-
BSF and dielectric passivated cells with screen-printed Ag reflector. 

Full area Al-BSF Dielectric/screen-printed Ag reflector Parameter name 
Measured Simulated Measured Simulated 

Thickness (µm) 140 

Voc (mV) 636 631 649 645 

Jsc (mA/cm2) 36.6 36.3 38.3 38.3 

Efficiency (%) 18.3 18.3 18.4 18.2 

FF (%) 78.81 79.92 74.02 73.67 
J0 of rectifier shunt 

diode (nA) N/A 280 

 

 Tables 9.6 and 9.7 show that the one dimensional PC1D simulation was able to 

match the measured I-V parameters quiet well, in spite of the two dimensional 

characteristics of the LBSF cells.  

9.6 Conclusion 

 In this chapter, a dielectric stack layer and a metallization sequence was used for 

the fabrication of high-efficiency solar cells. The process sequence involved the 

deposition of a spin-on dielectric layer on the rear (planar) side of single-side textured FZ 

wafers. This was followed by the curing of the spin-on dielectric, formation of an n+ 

emitter on the textured front side, and formation of an in-situ front oxide all in a single 

furnace anneal step. After the deposition of SiNx on both sides, Ag grid was screen-

printed on the front and Al dots on the rear. Front and rear local contacts were formed by 

co-firing in a belt furnace followed by the deposition of Ag reflector on the rear.  

The dielectric layer developed was found to provide a very good surface 

passivation, which is stable even after a belt firing step and resulted in low SRV values of 

< 40 cm/s on ~2 Ω·cm FZ wafers. A high average implied Voc of 677 mV was measured 
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on test structures after the co-firing cycle. In addition the charge density in the stack 

dielectric layer was found to be low (2-3 × 1011 cm-2), which reduces the parasitic 

shunting of the rear contacts relative to the SiNx layer alone. SEM micrographs of the 

rear local contacts showed a BSF formation underneath the contacts with an SRV value 

of ~1000 cm/s calculated through effective lifetime measurements. A 29 mV average loss 

in Voc was observed after the application of the front and rear contacts, measured through 

suns Voc. Suns Voc as high as 677 mV was measured for a deielctric passivated LBSF cell 

after the contact firing.  

High screen-printed solar cell efficiencies of 19.4, 19.2, and 19.2% were achieved 

on 300 µm thick full area Al-BSF, LBSF with evaporated Ag reflector, and LBSF cell 

with screen-printed Ag paste reflector, respectively. The corresponding efficiencies on 

140 µm thick cells were 18.3, 18.7, and 18.4%. This process sequence is compatible with 

thin cell fabrication and resulted in bow-free devices, compared to the thin full area Al-

BSF cells. The Voc and Jsc for the dielectric cells was higher than the full area Al-BSF 

cells, however the efficiency of the LBSF cells was limited by the low FF and high series 

resistance partly due to somewhat non-uniform punch through of local contacts and BSF. 

Hence, in its present form, this fabrication sequence is not yet capable of achieving 

efficiencies over 20% on thin substrates and further improvements or modifications to the 

metallization sequence might be needed. Enhancement in Voc and Jsc of these solar cells 

was clearly reflected in the long-wavelength LBIC and IQE responses. Device modeling 

in the PC1D revealed high BSR values in the range of 96-98% for the dielectric 

passivated cells compared to a low value of 65% for the full area Al-BSF cells. The rear 

dielectric stack was able to provide low BSRV values of 125 cm/s compared to a BSRV 
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in the range of 300-500 cm/s for the full area Al-BSF cells. I-V parameters for the 

dielectric cells matched quiet well with the one dimensional PC1D modeling by the 

introduction of a rear surface charge and a rectifier shunt diode between the inversion 

layer and the rear contact.  
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CHAPTER 10 

GUIDELINES FOR FUTURE WORK 

10.1 Introduction 

 In this chapter, guidelines are provided for work that can be performed to further 

improve the understanding the hydrogen diffusion mechanism in Si and to achieve high-

efficiency thin solar cells using the dielectric fired-through LBSF solar cell structure. 

Section 10.2 provides guidelines for future work by using the novel methodology 

developed in this thesis to trap deuterium diffusing through the Si. Future work for the 

development of high-efficiency and low-cost cells with the novel solar cell structure 

developed in this thesis is presented in section 10.3.  

10.2 Hydrogen diffusion in Si from PECVD SiNx film 

Further studies can be performed using the structure developed in CHAPTER 5 

with SiNx:D to study the effect of emitter on hydrogen diffusion in Si. Depending on the 

charge state of H, the presence of a junction may alter the hydrogen diffusion mechanism. 

By using the structure developed, the amount of hydrogen diffusing through the c-Si, 

with and without an emitter can be measured. Further experiments can be performed by 

changing the doping type of Si (n or p) to gain useful insights about the hydrogen 

diffusion mechanism.  

The substrates used in CHAPTER 5 to trap deuterium were defect-free FZ wafers. 

However the diffusivity of H would be much lower in the presence of defects and traps in 

the bulk, especially at lower temperatures. Due to the limited release of hydrogen from 

SiNx at low temperatures (< 500 °C), microwave induced remote deuterium plasma 
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(MIRDP) technique can be used as a source of deuterium to study deuterium diffusion at 

low-temperatures. Figure 10.1 shows the proposed structure. 

Deuterated plasmaD DD D D

Defective Si

SiNx:H capping layer
Sputtered Si

Deuterated plasmaD DD D D

Defective Si

SiNx:H capping layer

Deuterated plasmaD DD D D

Defective Si

Deuterated plasmaD DD D D

Defective Si

SiNx:H capping layer
Sputtered Si

 

 

 

 

 

 

 

   

 

Figure 10.1 Proposed structure to study the diffusion and trapping of hydrogen at low temperatures. 

  
MIRDP technique is able to maintain a constant and high concentration of D on 

the surface and can be applied at low temperatures. A SiNx:H capping layer is required on 

top of the sputtered layer to block the deuterium diffusion from the rear side, to ensure 

that all the deuterium trapped inside the sputtered layer is diffusing through the c-Si. By 

varying time and temperature of the MIRDP treatment, and also the nature of defective Si, 

the changes in the amount of deuterium trapped in the sputtered layer can be measured. 

This can provide very useful information about hydrogen diffusion and trapping 

mechanism in Si, especially at low temperatures.  

 Future experiments can be performed by changing the properties of the SiNx film 

(Density, thickness, index etc.) to clearly identify the critical and optimum parameters 

related to the release of hydrogen from the SiNx film. 
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10.3 Fabrication of dielectric passivated LBSF cells 

 High-efficiencies of 19.2% on 300 µm thickness and 18.7 and 18.4% on 140 µm 

thicknesses were achieved using the dielectric passivated LBSF structure developed in 

CHAPTER 9; however the efficiencies were severely limited by the low FF, high series 

resistance and a high n-factor. In addition, all solar cells were fabricated on 4 cm2 area, 

high-lifetime FZ wafers. This section proposes some of the steps that can be applied to 

improve the performance and to reduce the cost of the dielectric cells.  

10.3.1 Improved series resistance 

 Further optimization of the rear SiNx is required for a more uniform punch-

through of the rear Al dots to improve the contact quality and the uniformity and depth of 

the LBSF on the rear. This can also be achieved through the development of the Al paste 

that is able to fire through the SiNx more uniformly. 

The pitch of the rear Al dots in this study was 800 µm and the resistivity of the FZ 

was ~2 Ω·cm. Reducing the pitch of the rear Al dots (increasing the density of dots) 

would lead to lower Voc and Jsc due to increase in the contact area of higher 

recombination, however this would improve the FF. Additional theoretical modeling and 

experiments are needed to find an optimum pitch for a given resistivity that would 

improve the series resistance without compromising much on the Voc and Jsc. 

10.3.2 Application on low-cost and large area substrate 

 High-quality FZ material was used to fabricate the LBSF cells in this thesis. 

These materials, however, are not cost-effective. To reduce the cost, further experiments 

could be performed on low-quality substrates such as HEM mc-Si. Several changes in the 

process sequence would be required to achieve this. The curing temperature of the spin-
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on oxide would have to be lowered to avoid any thermal degradation of the low-cost 

material. Also, the pitch of the rear Al dots will have to be optimized since the series 

resistance in the bulk of mc-Si materials is more due to the presence of grain boundaries 

and dislocations in mc-Si, which restrict the mobility of the carriers. Hence, a higher 

density of Al dots would be needed on the rear to achieve high FFs on mc-Si. 

 The typical industry standard size of solar cell is 149 cm2 or larger as opposed to 

the 4 cm2 solar cells fabricated in this thesis. Further work is needed to transform these 

small area cells into more cost-effective large area solar cells. To achieve this, the 

uniformity of the solar cells fabricated in this study needs to be improved and some 

changes in the processing parameters might be needed. Due to the non-uniformities in the 

mc-Si, it becomes more challenging to restrict the efficiency loss when the area of the 

solar cell is increased. The mono-cast HEM wafers discussed in CHAPTER 7 are very 

promising candidates for such large area cell development. This can also be achieved on 

single-crystal, solar-grade Cz materials. Preliminary results of the LBSF solar cells 

fabricated by this method were able to achieve a high and promising Voc of 650 mV on 2-

3 Ω·cm, 149 cm2 Cz substrates. However, the efficiency was limited by low Jsc and FF. 

 The LBSF structure allows the use of thinner substrates. Hence, the thickness of 

the solar cells can be further reduced from 140 µm used in this thesis to ~100 µm. This 

would be even more beneficial for low-quality substrates or for substrates prone to LID.  

10.3.3 Use of Al as back surface reflector  

 A screen-printed Ag reflector was used to fabricate the dielectric LBSF cells in 

this thesis. However, cheaper alternatives to the Ag paste, such as the development of an 

Al paste as the reflector can further reduce the cost.  

 258



REFERENCES 
 
 

[1] "IEA Energy Statistics." 

[2] MarketBuzz, "http://www.solarbuzz.com/Marketbuzz2008-intro.htm," 2008. 

[3] E. I. Administration, "Official energy statistics from U.S. government," 2008. 

[4] P. Maycock and T. Bradford, "PV Technology, Performance, and Manufacturing 
Cost "  2006. 

[5] S. M. Sze, Semiconductor Devices: Physics and Technology: John Wiley & 
Sons, 1985. 

[6] J. Dziewior and W. Schmid, "Auger coefficients for highly doped and highly 
excited silicon," Applied Physics Letters, vol. 31, pp. 346-348, 1977. 

[7] W. Shockley and W. T. Read, "Statistics of the Recombinations of Holes and 
Electrons," Physical Review, vol. 87, pp. 835 - 842, 1952. 

[8] R. N. Hall, "Electron-Hole Recombination in Germanium," Physical Review, vol. 
87, pp. 387-387, 1952. 

[9] C. R. M. Groveno, "Grain boundaries in semiconductors," J. Phys. C: Solid 
State Phys., vol. 18, pp. 4079-4119, 1985. 

[10] J. Nelson, The physics of solar cells: Imperial college press, 2003. 

[11] F. Schmid and D. Viechincki, "Growth of Sapphire Disks from the Melt by a 
Gradient Furnace Technique," Journal of the American Ceramic Society, vol. 53, 
pp. 528 - 529, 1970. 

[12] C. P. Khattak and F. Schmid, "Low-Cost Conversion of Polycrystalline Silicon 
into Sheet by HEM and FAST," in Proc. 14th IEEE Photovoltaic Specialists 
Conference, New York, 1980, pp. 484-487. 

 259



[13] Crystal-systems, "Available on-line: http://www.crystalsystems.com, accessed 
06/2008." 

[14] K. A. Dumas, C. P. Khattak, and F. Schmid, "Characterization of HEM Silicon 
for Solar Cells," in Proc. 15th IEEE Photovoltaic Specialists Conference, New 
York, 1981, pp. 954-958. 

[15] C. P. Khattak, F. Schmid, D. W. Cunningham, and J. G. Summers, "Directional 
Solidification of 80 kg Multicrystalline Silicon Ingots by HEM," in Proc. 22nd 
IEEE Photovoltaic Specialists Conference, New York, 1991, pp. 976-978. 

[16] C. P. Khattak and F. Schmid, "Growth of 240 KG Multicrystalline HEM Silicon 
Ingots," in Proc. 2nd World Conference and Exhibition on Photovoltaic Energy 
Conversion, Vienna, Austria, 1998, pp. 1870-1873. 

[17] T. F. Ciszek, "Some Applications of Cold Crucible Technology for Silicon 
Photovoltaic Material Preparation," Journal of the Electrochemical Society, vol. 
132, pp. 963-968, 1985. 

[18] Siliconsultant, "Available on-line: http://www.siliconsultant.com/SImulticrs.htm, 
accessed 06/2008." 

[19] Evergreen-Solar, "Available on-line: http://evergreensolar.com, accessed 
06/2008." 

[20] A. Rohatgi, J. R. Davis, R. H. Hopkins, P. Rai-Choudhury, and P. G. McMullin, 
"Effect of titanium, copper and iron on silicon solar cells," Solid-State Electron., 
vol. 23, pp. 415–422, 1980. 

[21] J. S. Kang and D. K. Schroder, "Gettering in silicon," Journal of Applied 
Physics, vol. 65, pp. 2974-2985, 1989. 

[22] S. M. Myers, M. Seibt, and W. Schröter, "Mechanisms of transition-metal 
gettering in silicon," Journal of Applied Physics, vol. 88, pp. 3795-3819, 2000. 

[23] A. Cuevas, D. Macdonald, M. Kerr, C. Samundsett, A. Sloan, S. Shea, A. Leo, 
M. Mrcarica, and S. Winderbaum, "Evidence of impurity gettering by industrial 
phosphorous diffusion," in Proc. 28th IEEE Photovoltaic Specialists Conference, 
2000, pp. 244-247. 

 260



[24] A. Goetzberger and W. Shockley, "Metal Precipitates in Silicon p-n Junctions," 
Journal of Applied Physics, vol. 31, pp. 1821-1824, 1960. 

[25] R. Falster, "Platinum gettering in silicon by phosphorus," Applied Physics 
Letters, vol. 46, pp. 737-739, 1985. 

[26] C. S. Chen and D. K. Schroder, "Kinetics of gettering in silicon," Journal of 
Applied Physics, vol. 71, pp. 5858–5864, 1992. 

[27] D. Macdonald, A. Cuevas, and F. Ferrazza, "Response to phosphorus gettering 
of difference regions of cast multicrystalline silicon ingots," Solid-State 
Electron., vol. 43, pp. 571–581, 1999. 

[28] B. L. Sopori, L. Jastrzebski, and T. Tan, "A comparison of gettering in single- 
and multicrystalline silicon for solar cells," in Proc. 25th IEEE Photovoltaic 
Specialists Conf., 1996, pp. 625–628. 

[29] S. A. McHugo, H. Hieslmair, and E. R. Weber, "Gettering of metallic impurities 
in photovoltaic silicon," Appl. Phys. A, vol. 64, pp. 127–137, 1997. 

[30] S. A. McHugo, A. C. Thompson, A. Mohammed, G. Lamble, I. Périchaud, S. 
Martinuzzi, M. Werner, M. Rinio, W. Koch, H. U.-. Hoefs, and C. Haessler, 
"Nanometer-scale metal precipitates in multicrystalline silicon solar cells," J. 
Appl. Phys., vol. 89, pp. 4282-4288, 2001. 

[31] S. M. Joshi, U. M. Gösele, and T. Y. Tan, "Improvement of minority carrier 
diffusion length in Si by Al gettering," Journal of Applied Physics, vol. 77, pp. 
3858-3863, 1995. 

[32] S. M. Joshi, U. M. Gosele, and T. Y. Tan, "Extended high temperature Al 
gettering for improvement and homogenization of minority carrier diffusion 
lengths in multicrystalline Si," Sol. Energy Mater. Sol. Cells, vol. 70, pp. 231-
238, 2001. 

[33] A. Rohatgi, P. Sana, M. S. Ramanachalam, J. Salami, and W. B. Carter, 
"Investigation of the effects of aluminum treatment on silicon solar cells," in 
Proc. 23th IEEE Photovoltaic Specialists Conference, Louisville, KY, USA, 
1993, pp. 52-57. 

 261



[34] G. Hahn, J. M. Spiegel, P. Fath, G. Willeke, and E. Bucher, "Improvement of 
mc-Si solar cells by Al-gettering and hydrogen passivation," in Proc. 26th IEEE 
Photovoltaic Specialists Conference, Anaheim, CA, USA, 1997, pp. 75-78. 

[35] M. Apel, I. Hanke, R. Schindler, and W. Schröter, "Aluminum gettering of 
cobalt in silicon," Journal of Applied Physics, vol. 76, pp. 4432-4433, 1994. 

[36] K. Mahfoud, B. Pivac, and J. C. Muller, "P/Al co-gettering effectiveness in 
various polycrystalline silicon," Solar Energy Materials and Solar Cells, vol. 46, 
pp. 123-131, 1997. 

[37] A. V. Wieringen and N. Warmoltz, "On the permeation of hydrogen and helium 
in single crystal silicon and germanium at elevated temperatures," Physica, vol. 
22, pp. 849-865, 1956. 

[38] S. J. Pearton, J. W. Corbett, and M. Stavola, Hydrogen in crystalline 
semiconductors: Springer-Verlag, 1992. 

[39] F. Jiang, M. Stavola, A. Rohatgi, D. Kim, J. Holt, H. Atwater, and J. Kalejs, 
"Hydrogenation of Si from SiNx(H) films: Characterization of H introduced into 
the Si," Applied Physics Letters, vol. 83, p. 931, 2003. 

[40] J. I. Pankove, P. J. Zanzucchi, C. W. Magee, and G. Lucovsky, "Hydrogen 
localization near boron in silicon," Applied Physics Letters, vol. 46, p. 421, 1985. 

[41] W. L. Hansen, E. E. Haller, and P. N. Luke, "Hydrogen Concentration and 
Distribution in High-Purity Germanium Crystals," IEEE Transactions on 
Nuclear Science, vol. 29, pp. 738-744, 1982. 

[42] M. Stavola, S. J. Pearton, J. Lopata, and W. C. Dautremont-Smith, "Vibrational 
spectroscopy of acceptor-hydrogen complexes in silicon: Evidence for low-
frequency excitations," Phys. Rev. B, Condensed matter and materials physics 
vol. 37, pp. 8313-8318, 1988. 

[43] H. J. Möller, Semiconductors for solar cells: Artech House, 1993. 

[44] T. Ichimiya and A. Furuichi, "Solubility and diffusion coefficient of tritium in 
single crystals of silicon," Int. J. Appl. Radiat. Isotop., vol. 19, pp. 573-578, 
1968. 

 262



[45] J. D. Plummer, M. D. Deal, and P. B. Griffin, Silicon VLSI Technology - 
Fundamentals Practice and Modeling: New Jersey: Prentice Hall, 2000. 

[46] J. Zhao, A. Wang, and M. A. Green, "High-efficiency PERL and PERT silicon 
solar cells on FZ and MCZ substrates," Solar Energy Materials & Solar Cells, 
vol. 65, pp. 429-435, 2001. 

[47] O. Schultz, M. Hofmann, S. W. Glunz, and G. Willeke, "Silicon oxide / Silicon 
nitride stack system for 20% efficient silicon solar cells," in Proc. 31st IEEE 
Photovoltaic Specialists Conference, Lake Buena Vista, 2005, pp. 872-876. 

[48] C. Leguijt, P. Lolgen, J. A. Eikelboom, A. W. Weeber, F. M. Schuurmans, W. C. 
Sinke, P. F. A. Alkemade, P. M. Sarro, C. H. M. Maree, and L. A. Verhoef, 
"Low temperature surface passivation for silicon solar cells," Solar Energy 
Materials & Solar Cells, vol. 40, pp. 297-345, 1996. 

[49] A. G. Aberle and R. Hezel, "Progress in low-temperature surface passivation of 
silicon solar cells using remote-plasma silicon nitride," Prog. Photovolt: Res. 
Appl., vol. 5, pp. 29-50, 1997. 

[50] s. Dauwe, L. Mittelstädt, A. Metz, and R. Hezel, "Experimental evidence of 
parasitic shunting in silicon nitride rear surface passivated solar cells," Prog. 
Photovolt: Res. Appl., vol. 10, pp. 271-278, 2002. 

[51] A. G. Aberle, Advanced surface passivation and analysis: Centre for 
Photovoltaic Engineering, University of New South Wales, 1999. 

[52] S. Dauwe, J. Schmidt, and R. Hezel, "Very low surface recombination velocities 
on p- and n-type silicon wafers passivated with hydrogenated amorphous silicon 
films," in Proc. 29th IEEE Photovoltaic Specialists Conference, New Orleans, 
2002, pp. 1246-1249. 

[53] M. Schaper, J. Schmidt, H. Plagwitz, and R. Brendel, "20.1%-efficient 
crystalline silicon solar cell with amorphous silicon rear-surface passivation," 
Prog. Photovolt: Res. Appl., vol. 13, pp. 381 - 386, 2005. 

[54] M. Tanaka, S. Okamoto, S. Tsuge, and S. Kiyama, "Development of hit solar 
cells with more than 21% conversion efficiency and commercialization of 
highest performance hit modules," in Proc. 3rd World Conference and 

 263



Exhibition on Photovoltaic Energy Conversion, Osaka, Japan, 2003, pp. 955- 
958. 

[55] I. Martin, M. Vetter, A. Orpella, J. Puigdollers, A. Cuevas, and R. Alcubilla, 
"Surface passivation of p-type crystalline Si by plasma enhanced chemical vapor 
deposited amorphous SiCx:H films," Applied Physics Letters, vol. 79, pp. 2199-
2201, October 2001. 

[56] S. W. Glunz, S. Janz, M. Hofmann, T. Roth, and G. Willeke, "Surface 
passivation of silicon solar cells using amorphous silicon carbide layers," in 
Proc. 4th World Conference and Exhibition on Photovoltaic Energy Conversion, 
Waikoloa, 2006, pp. 1016-1019. 

[57] S. W. Glunz, A. Grohe, M. Hermle, M. Hofmann, S. Janz, T. Roth, O. Schultz, 
M. Vetter, I. Martin, R. Ferré, S. Bermejo, W. Wolke, W. Warta, R. Preu, and G. 
Willeke, "Comparison of different dielectric passivation layers for application in 
industrially feasible high-efficiency crystalline silicon solar cells," in Proc. 20th 
European Photovoltaic Solar Energy Conference, Barcelona, Spain, 2005, pp. 
572-577. 

[58] G. Agostinelli, P. Vitanov, Z. Alexieva, A. Harizanova, H. F. W. Dekkers, S. De 
Wolf, and G. Beaucarne, "Surface passivation of silicon by means of negative 
charge dielectrics," in Proc. 19th European Photovoltaic Solar Energy 
Conference, Paris, France, 2004, pp. 132-135. 

[59] E. Vermariën, G. Agostinelli, G. Beaucarne, and J. Poortmans, "Negative 
charges in the pseudo-binary Al2O3/TiO2 system," in Proc. 21st European 
Photovoltaic Solar Energy Conference and Exhibition, Dresden, Germany, 2006, 
pp. 249-252. 

[60] H. M'saad, J. Michel, J. J. Lappe, and L. C. Kimerling, " Electronic passivation 
of silicon surfaces by halogens," Journal of Electronic Materials, vol. 23, pp. 
487-491, 1994. 

[61] H. M'saad, J. Michel, A. Reddy, and L. C. Kimerling, "Monitoring and 
Optimization of Silicon Surface Quality," J. Electrochem. Soc., vol. 142, pp. 
2833-2835, 1995. 

[62] J. Schmidt, M. Kerr, and A. Cuevas, "Surface passivation of silicon solar cells 
using plasma-enhanced chemical-vapour-deposited SiN films and thin thermal 

 264



SiO2/plasma SiN stacks," Semiconductors Science and Technology, vol. 16, pp. 
164-170, 2001. 

[63] V. Meemongkolkiat, K. Nakayashiki, D. S. Kim, R. Kopecek, and A. Rohatgi, 
"Factors Limiting the Formation of Uniform and Thick Aluminum–Back-
Surface Field and Its Potential," J. Electrochem. Soc., vol. 153, pp. G53-58, 
2006. 

[64] F. Duerinckx, P. Choulat, G. Beaucarne, R. J. S. Young, M. Rose, and J. A. 
Raby, "Improved screen printing process for very thin multicrystalline silicon 
solar cells," in Proc. 19th European Photovoltaic Solar Energy Conference, 
Paris, France, 2004, pp. 443-446. 

[65] A. Luque, A. Cuevas, and J. Eguren, "Solar cell behavior under variable surface 
recombination velocity and proposal of a novel structure," Solid-State 
Electronics, vol. 21, pp. 793-794, 1978. 

[66] J. Zhao, A. Wang, P. Altermatt, and M. A. Green, "Twenty-four percent 
efficient silicon solar cells with double layer antireflection coatings and reduced 
resistance loss," Applied Physics Letters, vol. 66, pp. 3636-3638, 1995. 

[67] J. Zhao, A. Wang, and M. A. Green, "24.5% Effciency Silicon PERT Cells on 
MCZ Substrates and 24.7% Effciency PERL Cells on FZ Substrates," Prog. 
Photovolt: Res. Appl., vol. 7, pp. 471-474, 1999. 

[68] O. Schultz, S. W. Glunz, and G. P. Willeke, "Multicrystalline silicon solar cells 
exceeding 20% efficiency," Prog. Photovolt: Res. Appl., vol. 12, pp. 553 - 558, 
2004. 

[69] O. Schultz, "High-efficiency multicrystalline silicon solar cells." vol. PhD: 
Fraunhofer Institute for Solar Energy Systems, 2005. 

[70] E. Schneiderlöchner, R. Preu, R. Lüdemann, and S. W. Glunz, "Laser-fired rear 
contacts for crystalline silicon solar cells," Prog. Photovolt: Res. Appl., vol. 10, 
pp. 29 - 34, 2002. 

[71] http://www.sunpowercorp.com. 

 265



[72] M. P. Mulligan, D. H. Rose, M. J. Cudzinovic, D. M. De Ceuster, K. R. 
McIntosh, D. D. Smith, and R. M. Swanson, "Manufacture of solar cells with 
21% efficiency," in Proc. 19th European Photovoltaic Solar Energy Conference, 
Paris, France, 2004, pp. 387-390. 

[73] M. Taguchi, H. Sakata, Y. Yoshimine, E. Maruyama, A. Terakawa, M. Tanaka, 
and S. Kiyama, "An approach for the higher efficiency in the HIT cells," in Proc. 
31st IEEE Photovoltaic Specialists Conference, 2005, pp. 866- 871. 

[74] A. Goetzberger, J. Knobloch, and B. Voss, Crystalline Silicon Solar Cells: John 
Wiley & Sons, 1998. 

[75] D. K. Schroder and D. L. Meier, "Solar cell contact resistance—A review," 
IEEE Transactions on Electron Devices, vol. 31, pp. 637- 647, 1984. 

[76] G. Schubert, J. Horzel, R. Kopecek, F. Huster, and P. Fath, "Silver thick film 
contact formation on lowly doped phosphorous emitters," in Proc. 20th 
European Photovoltaic Solar Energy Conference, Barcelona, Spain, 2005, pp. 
934-937. 

[77] J. Szlufcik, K. De Clercq, P. De Schepper, J. Poortmans, A. Buczkowski, J. Nijs, 
and R. Mertens, "Improvement in multicrystalline silicon solar cells after 
thermal treatment of PECVD silicon nitride AR coating," in Proc. 12th 
European Photovoltaic Solar Energy Conference, Amsterdam, 1994, pp. 1018–
1021. 

[78] C. Leguijt, P. Lolgen, P. A. Eikelboom, P. H. Amesz, R. A. Steeman, W. C. 
Sinke, P. M. Sarro, L. A. Verhoef, P.-P. Michiels, Z. H. Chen, and A. Rohatgi, 
"Very low surface recombination velocities on 2.5 Ωcm Si wafers, obtained with 
low-temperature PECVD of Si-oxide and Si-nitride," Sol. Energy Mater. Sol. 
Cells, vol. 34, pp. 177-181, 1994. 

[79] Z. Chen, A. Rohatgi, and D. Ruby, "Silicon Surface and Bulk Defect Passivation 
by Low Temperature PECVD Oxides and Nitrides," in Proc. 1st World 
Conference on Photovoltaic Energy Conversion, Hawaii, 1994, pp. 1331-1334. 

[80] J. Schmidt and M. J. Kerr, "Highest-quality surface passivation of low-resistivity 
p-type silicon using stoichiometric PECVD silicon nitride," Sol. Energy Mater. 
Sol. Cells, vol. 65, pp. 585-591, 2001. 

 266



[81] B. Lenkeit, T. Lauinger, A. G. Aberle, and R. Hezel, "Comparison of Remote 
Versus Direct PECVD Silicon Nitride Passivation of Phosphorus Diffused 
Emitters of Silicon Solar Cells," in Proc. 2nd World Conference on Photovoltaic 
Energy Conversion, Vienna, 1998, pp. 1434-1437. 

[82] D. S. Ruby, W. L. Wilbanks, and C. B. Fleddermann, "A Statistical Analysis of 
the Effect of PECVD Deposition Parameters on Surface and Bulk 
Recombination in Silicon Solar Cells," in Proc. 1st World Conference on 
Photovoltaic Energy Conversion, Hawaii, 1994, pp. 1335-1338  

[83] L. Cai, S. Han, G. May, S. Kamra, T. Krygowski, and A. Rohatgi, "Optimization 
of saturation current density of PECVD SiN coated phosphorus diffused emitters 
using neural network modelling," Journal of Electronic Materials, vol. 25, pp. 
1784-1789, 1996. 

[84] J. D. Moschner, P. Doshi, D. S. Ruby, T. Lauinger, A. G. Aberle, and A. 
Rohatgi, "Comparison of Front and Back Surface Passivation Schemes for 
Silicon Solar Cells," in Proc. 2nd World Conference on Photovoltaic Energy 
Conversion, Vienna, 1998, pp. 1894-1897. 

[85] D. E. Kane and R. M. Swanson, "Measurement of the Emitter Saturation Current 
by a Contactless Photoconductivity Decay Method," in Proc. 18th IEEE 
Photovoltaic Specialists Conference, Las Vegas, 1985, pp. 578-585. 

[86] M. J. Kerr, J. Schmidt, A. Cuevas, and J. H. Bultman, "Surface recombination 
velocity of phosphorous-diffused silicon solar cell emitters passivated with 
plasma enhanced chemical vapor deposited silicon nitride and thermal silicon 
oxide," Journal of Applied Physics, vol. 89, pp. 3821-3826, 2001. 

[87] B. L. Sopori, X. Deng, J. P. Benner, A. Rohatgi, P. Sana, S. K. Estreicher, Y. K. 
Park, and M. A. Robertson, "Hydrogen in silicon: A discussion of diffusion and 
passivation mechanisms," Solar Energy Materials & Solar Cells, vol. 41-42, pp. 
159-169, 1996. 

[88] R. A. Sinton and A. Cuevas, "Contactless determination of current-voltage 
characteristics and minority-carrier lifetimes in semiconductors from quasi-
steady-state photoconductance data," Applied Physics Letters, vol. 69, pp. 2510-
2512, Oct. 1996. 

 267



[89] H. F. W. Dekkers, S. De Wolf, G. Agostinelli, F. Duerinckx, and G. Beaucarne, 
"Requirements of PECVD SiNx:H layers for bulk passivation of mc-Si," Solar 
Energy Materials and Solar Cells, vol. 90, pp. 3244-3250, 2006. 

[90] G. Hahn, D. Sontag, S. Seren, A. Schönecker, A. R. Burgers, R. Ginige, K. 
Cherkaoui, D. Karg, and H. Charifi, "Hydrogenation of multicrystalline silicon - 
the story continues," in Proc. 19th European Photovoltaic Solar Energy 
Conference, Paris, France, 2004, pp. 427-430. 

[91] S. Kleekajai, F. Jiang, M. Stavola, V. Yelundur, K. Nakayashiki, A. Rohatgi, G. 
Hahn, S. Seren, and J. Kalejs, "Concentration and penetration depth of H 
introduced into crystalline Si by hydrogenation methods used to fabricate solar 
cells," Journal of Applied Physics, vol. 100, p. 093517, 2006. 

[92] A. Rohatgi, D. S. Kim, K. Nakayashiki, V. Yelundur, and B. Rounsaville, 
"High-Efficiency Solar Cells on Edge-Defined Film-Fed Grown (18.2%) and 
String Ribbon (17.8%) Silicon by Rapid Thermal Processing," Applied Physics 
Letters, vol. 84, pp. 145-147, 2004. 

[93] M. Spiegel, G. Hahn, W. Jooss, S. Keller, P. Fath, G. Willeke, and E. Bucher, 
"Investigation of hydrogen diffusion, effusion and passivation in solar cells 
using different multicrystalline silicon base materials," in Proc. 2nd World 
Conference on Photovoltaic Solar Energy Conversion Vienna, Austria, 1998, pp. 
1685-1688. 

[94] I. G. Romijn, W. J. Soppe, H. C. Rieffe, A. R. Burgers, and A. W. Weeber, 
"Passivating mc-Si solar cells using SiNx:H: Magic or Physics," in Proc. 20th 
European Photovoltaic Solar Energy Conference and Exhibition Barcelona, 
Spain, 2005, pp. 1352-1355. 

[95] V. Yelundur, A. Rohatgi, J. I. Hanoka, and R. Reedy, "Beneficial impact of 
lowfrequency PECVD SiNx:H-induced hydrogenation in high-efficiency string 
ribbon silicon solar cells," in Proc. 19th European Photovoltaic Solar Energy 
Conference and Exhibition Paris, France, 2004, pp. 951-954. 

[96] B. Sopori, R. Reedy, K. Jones, L. Gedvilas, B. Keyes, Y. Yan, M. Al-Jassim, V. 
Yelundur, and A. Rohatgi, "Damage-layer-mediated H diffusion during SiN:H 
processing: A comprehensive model," in Proc. 4th World Conference on 
Photovoltaic Energy Conversion Waikoloa, HI, 2006, pp. 1028-1031. 

 268



[97] C. Boehme and G. Lucovsky, "H loss mechanism during anneal of silicon 
nitride: Chemical dissociation," Journal of Applied Physics, vol. 88, p. 6055, 
2000. 

[98] A. Shin, S. Yeh, S. Lee, and T. R. Yang, "Structural differences between 
deuterated and hydrogenated silicon nitride/oxynitride," Journal of Applied 
Physics, vol. 89, p. 5355, May 15 2001. 

[99] S. Lin, A. J. Flewitt, W. I. Milne, R. B. Wehrspohn, and M. J. Powell, "Stability 
of fully deuterated amorphous silicon thin-film transistors," Applied Physics 
Letters, vol. 86, p. 063513, 2005. 

[100] H. F. W. Dekkers, S. De Wolf, G. Agostinelli, J. Szlufcik, T. Pernau, W. M. 
Arnoldbik, H. D. Goldbach, and R. E. I. Schropp, "Investigation on mc-Si bulk 
passivation using deuterated silicon-nitride," in Proc. 2nd World Conference 
and Exhibition on Photovoltaic Energy Conversion, Osaka, Japan, 2003, pp. 
983-986. 

[101] H. F. W. Dekkers, G. Beaucarne, M. Hiller, H. Charifi, and A. Slaoui, 
"Molecular hydrogen formation in hydrogenated silicon nitride," Applied 
Physics Letters, vol. 89, p. 211914, 2006. 

[102] J. Hong, W. M. M. Kessels, W. J. Soppe, A. W. Weeber, W. M. Arnoldbik, and 
M. C. M. van de Sanden, "Influence of high-temperature “firing” step on high-
rate plasma deposited silicon nitride films used as bulk passivating antireflection 
coatings on silicon solar cells," J. Vac. Sci. Technol. B, vol. 21, pp. 2123-2132, 
Sep/Oct 2003. 

[103] J.-W. Jeong, A. Rohatgi, M. D. Rosenblum, and J. P. Kalejs, "Lifetime 
enhancement in EFG multicrystalline silicon," in Proc. 28th IEEE Photovoltaic 
Specialists Conference, Anchorage, Alaska, 2000, pp. 83-86. 

[104] D. S. Kim, V. Yelundur, K. Nakayashiki, B. Rounsaville, V. Meemongkolkiat, 
A. M. Gabor, and A. Rohatgi, "Ribbon Si solar cells with efficiencies over 18% 
by hydrogenation of defects," Sol. Energy Mater. Sol. Cells, vol. 90, pp. 1227-
1240, 2006. 

[105] K. Mclean, C. Morrow, and D. Macdonald, "Activation Energy for the 
Hydrogenation of Iron in P-Type Crystalline Silicon Wafers," in Proc. 4th 
World Conference on Photovoltaic Energy Conversion Waikoloa, HI, 2006, pp. 
1122-1125. 

 269



[106] D. Macdonald and A. Cuevas, "The trade-off between phosphorus gettering and 
thermal degradation in multicrystalline silicon," in Proc. of the 16th European 
Photovoltaic Solar Energy Conference, 2000, pp. 1707-1710. 

[107] B. A. Authier,  German Patent (DOS): 25 08 803, 1975. 

[108] H. Fischer and W. Pschunder, "Low-cost solar cells based on large-area 
unconventional silicon," IEEE Transactions on Electron Devices, vol. 24, pp. 
438 - 442, 1977. 

[109] S. Narayanan, S. R. Wenham, and M. A. Green, "17.8-percent efficiency 
polycrystalline silicon solar cells," IEEE Electron Device Lett., vol. 37, pp. 382 - 
384, 1990. 

[110] A. Rohatgi, S. Narasimha, S. Kamra, and C. P. Khattak, "Fabrication and 
analysis of record high 18.2% efficient solar cells on multicrystalline silicon 
material," IEEE Electron Device Lett., vol. EDL-17, pp. 401–403, 1996. 

[111] A. Rohatgi, S. Narasimha, S. Kamra, P. Doshi, C. P. Khattak, K. Emery, and H. 
Field, "Record high 18.6% efficient solar cell on HEM multicrystalline 
material," in Proc. 25th IEEE Photovoltaic Specialists Conf., 1996, pp. 741–744. 

[112] J. Zhao, A. Wang, M. A. Green, and F. Ferrazza, "19.8% efficient ’honeycomb’ 
textured multicrystalline and 24.4% monocrystalline silicon solar cells," Applied 
Physics Letters, vol. 73, pp. 1991–1993, 1998. 

[113] M. Stocks, A. Blakers, and A. Cuevas, "Multicrystalline silicon solar cells with 
low rear surfacerecombination," in Proc. 26th IEEE Photovoltaic Specialists 
Conference, 1997, pp. 67-70. 

[114] M. J. Kerr, J. Schmidt, C. Samundsett, and A. Cuevas, "Simplified PERC solar 
cells passivated with PECVD silicon nitride," in Proc. 16th European 
Photovoltaic Solar Energy Conference, Glasgow, 2000, pp. 1177-1180. 

[115] L. Mittelstädt, S. Dauwe, A. Metz, R. Hezel, and C. Häßler, "Front and rear 
silicon-nitride-passivated multicrystalline silicon solar cells with an efficiency of 
18.1%," Prog. Photovolt: Res. Appl., vol. 10, pp. 35 - 39, 2002. 

 270



[116] K. Shirasawa, H. Yamashita, K. Fukui, M. Takayama, K. Okada, K. Masuri, and 
H. Watanabe, "Large area high efficiency multicrystalline silicon solar cell," in 
Proc. 21st IEEE Photovoltaic Specialists Conference, 1990, pp. 668-673. 

[117] K. Shirasawa, H. Takahashi, Y. Inomata, S. Ogasawara, K. Fukui, K. Okada, M. 
Takayama, and H. Watanabe, "Over 16% efficiency large area-multicrystalline 
silicon solar cell," in Proc. 23rd IEEE Photovoltaic Specialists Conference, 
1993, pp. 256-259. 

[118] D. L. King, W. K. Schubert, and T. D. Hund, "World's first 15%-efficient 
multicrystalline silicon modules," in Proc. 24th IEEE Photovoltaic Specialists 
Conference, 1994, pp. 1660-1662. 

[119] Y. Inomata, K. Fukui, and K. Shirasawa, "Surface texturing of large area 
multicrystalline silicon solar cells using reactive ion etching method," Solar 
energy materials and solar cells, vol. 48, pp. 237-242, 1997. 

[120] S. Arimoto, M. Nakatani, Y. Nishimoto, H. Horikawa, M. Hayashi, H. Namizaki, 
and K. Namba, "Simplified mass-production process for 16% efficiency multi-
crystalline Si solar cells," in Proc. 28th IEEE Photovoltaic Specialists Conf., 
2000, pp. 188–191. 

[121] S. Noel, L. Debarge, R. Monna, H. Lautenschlager, R. Schindler, and J. C. 
Muller, "Record cell efficiency on industrial multicrystalline silicon by rapid 
thermal processing," in Proc. 28th IEEE Photovoltaic Specialists Conference, 
2000, pp. 339-342. 

[122] K. Shirasawa, N. Matsushima, T. Sakamoto, Y. Inomata, S. Fujii, M. Tsuchida, 
K. Niira, and K. Fukui, "Over 17% high efficiency multicrystalline silicon solar 
cell process for large scale production," in Proc. 19th Euro. Photovoltaic Solar 
Energy Conf., 2004, pp. 616–619. 

[123] C. J. J. Tool, G. Coletti, F. J. Granek, J. Hoomstra, M. Koppes, E. J. Kossen, H. 
C. Rieffe, I. G. Romijn, and A. W. Weeber, "17% mc-si cell efficiency using full 
inline processing with improved texturing and screen-printed contacts on high-
ohmic emitters," in Proc. 20th Euro. Photovoltaic Solar Energy Conf., 2005, pp. 
578–583. 

[124] A. W. Weeber, A. R. Burgers, M. J. A. A. Goris, M. Koppes, E. J. Kossen, H. C. 
Rieffe, W. J. Soppe, C. J. J. Tool, and J. H. Bultman, "16% mc-Si cell 

 271



efficiencies using industrial in-line processing," in Proc. 19th Euro. 
Photovoltaic Solar Energy Conf., 2004, pp. 532–535. 

[125] M. McCann, B. Raabe, W. Jooss, R. Kopecek, and P. Fath, "18.1% efficiency 
for a large area, multicrystalline silicon solar cell," in Proc. 4th World Conf. 
Photovoltaic Energy Conversion, 2006, pp. 894–899. 

[126] W. Jooss, M. McCann, P. Fath, S. Roberts, and T. M. Bruton, "Buried contact 
solar cells on multicrystalline silicon with optimized bulk and surface 
passivation," in Proc. 3rd World Conf. Photovoltaic Energy Conversion, 2003, 
pp. 959–962. 

[127] T. Sakamoto, N. Kobamoto, T. Sakano, K. Okada, N. Nakatani, Y. Miura, H. 
Hashigami, H. Oowada, K. Fukui, and K. Shirasawa, "Mass production 
technology for multicrystalline silicon solar cells," in Renewable Energy, 
Makuhari, 2006. 

[128] Mitsubishi-Electric-Corp., "Available on-line: 
http://global.mitsubishielectric.com/bu/solar/products/pdf/PVe_0531.pdf, 
accessed 09/2008." 

[129] J. Szlufcik, F. Duerinckx, E. V. Kerschaver, and J. Nijs, in Proc.17th European 
Photovoltaic Solar Energy Conference, Munich, Germany, 2001, pp. 1271-1274. 

[130] P. A. Basore and D. A. Clugston, "PC1D version 4 for Windows: from analysis 
to design," in Proc. 25th IEEE Photovoltaic Specialists Conference, Washington, 
DC, 1996, pp. 377-381. 

[131] D. Karg, G. Pensl, M. Schulz, C. Hassler, and W. Koch, "Oxygen-related defect 
centers in solar-grade, multicrystalline silicon. A reservoir of lifetime killers," 
Phys. Stat. Sol., B, vol. 222, pp. 379–387, 2000. 

[132] M. Ghosh, D. Yang, A. Lawerenz, S. Riedel, and H. J. Moller, "Investigation of 
minority carrier lifetime degradation in multicrystalline silicon," in Proc. 14th 
European Photovoltaic Solar Energy Conference, Barcelona, Spain, 1997, pp. 
724–727. 

[133] A. Bentzen, H. Tathgar, R. Kopecek, R. Sinton, and A. Holt, "Recombination 
lifetime and trap density variations in multicrystalline silicon wafers through the 

 272



block," in Proc. 31st IEEE Photovoltaic Spec. Conf., Orlando, FL, 2005, pp. 
1074–1077. 

[134] D. Macdonald, A. Cuevas, A. Kinomura, Y. Nakano, and L. J. Geerligs, 
"Transition-metal profiles in a multicrystalline silicon ingot," Journal of Applied 
Physics, vol. 97, p. 033523, 2005. 

[135] M. Stocks, A. Cuevas, and A. Blakers, "Minority carrier lifetimes of 
multicrystalline silicon during solar cell processing," in Proc. 14th European 
Photovoltaic Solar Energy Conference, Barcelona, Spain, 1997, pp. 770–773. 

[136] A. Azzizi, L. J. Geerligs, and A. R. Burgers, "Analysis of cell-process induced 
changes in multicrystalline silicon," in Proc. 3rd World Conference on 
Photovoltaic Energy Conversion, Osaka, Japan, 2003, pp. 1384–1387. 

[137] L. J. Geerligs, "Impact of defect distribution and impurities on multicrystalline 
silicon cell efficiency," in Proc. 3rd World Conference on Photovoltaic Energy 
Conversion, Osaka, Japan, 2003, pp. 1044–1047. 

[138] J. Brody, A. Rohatgi, and V. Yelundur, "Bulk resistivity optimization for low-
bulk-lifetime silicon solar cells," Prog. Photovolt: Res. Appl., vol. 9, pp. 273 - 
285, 2001. 

[139] L. J. Geerligs and D. Macdonald, "Base doping and recombination activity of 
impurities in crystalline silicon solar cells," Prog. Photovolt: Res. Appl., vol. 12, 
pp. 309 - 316, 2004. 

[140] M. Sheoran, A. Upadhyaya, B. Rounsaville, D. S. Kim, A. Rohatgi, and S. 
Narayanan "Investigation of the effect of resistivity and thickness on the 
performance of cast multicrystalline silicon solar cells," in Proc. 4th World 
Conference on Photovoltaic Energy Conversion, Waikoloa, HI, 2006, pp. 1308-
1311. 

[141] J. Henze, P. Pohl, C. Schmiga, M. Dhamrin, T. Saitoh, I. Yamaga, and J. 
Schmidt, "Millisecond area-averaged lifetimes in gallium-doped multicrystalline 
silicon," in Proc. 20th European Photovoltaic Solar Energy Conference, 
Barcelona, Spain, 2005, pp. 769–772. 

 273



[142] D. Yang, L. Li, X. Ma, R. Fan, D. Que, and H. J. Moeller, "Oxygen-related 
centers in multicrystalline silicon," Sol. Energy Mater. Sol. Cells, vol. 62, pp. 
37–42, 2000. 

[143] H. J. Möller, L. Long, M. Werner, and D. Yang, "Oxygen and carbon 
precipitation in multicrystalline solar silicon," Phys. Stat. Sol., vol. 171, pp. 
175–189, 1999. 

[144] D. Yang and H. J. Möeller, "Effect of heat treatment on carbon in 
multicrystalline silicon," Sol. Energy Mater. Sol. Cells, vol. 72, pp. 541–549, 
2002. 

[145] C. Cabanel and J. Y. Laval, "Localization of the electrical activity of structural 
defects in polycrystalline silicon," Journal of Applied Physics, vol. 67, pp. 
1425–1432, 1990. 

[146] J. Schmidt and A. Cuevas, "Electronic properties of light-induced recombination 
centers in boron-doped Czochralski silicon," Journal of Applied Physics, vol. 86, 
pp. 3175–3180, 1999. 

[147] T. Saitoh, H. Hashigami, S. Rein, and S. Glunz, "Overview of light degradation 
research on crystalline silicon solar cells," Prog. Photovolt: Res. Appl., vol. 8, 
pp. 537 - 547, 2000. 

[148] S. W. Glunz, S. Rein, J. Y. Lee, and W. Warta, "Minority carrier lifetime 
degradation in boron-doped Czochralski silicon," Journal of Applied Physics, 
vol. 90, pp. 2397–2404, 2001. 

[149] J. Schmidt, K. Bothe, and R. Hezel, "Formation and annihilation of the 
metastable defect in boron-doped Czochralski silicon," in Proc. 29th IEEE 
Photovoltaic Specialists Conference, New Orleans, LA, 2002, pp. 178–181. 

[150] J. Schmidt and K. Bothe, "Structure and transformation of the metastable boron 
and oxygen related defect center in crystalline silicon," Phys. Rev. B., vol. 69, p. 
024107, 2004. 

[151] J. H. Nagel, J. Schmidt, A. G. Aberle, and R. Hezel, "Exceptionally high bulk 
minority-carrier lifetimes in block-cast multicrystalline silicon," in Proc. 14th 
European Photovoltaic Solar Energy Conference, Barcelona, Spain, 1997, pp. 
762–765. (Stephens, Bedford). 

 274



[152] M. Dhamrin, H. Hashigami, and T. Saitoh, "Elimination of light-induced 
degradation with gallium-doped multicrystalline silicon wafers," Prog. 
Photovolt: Res. Appl., vol. 11, pp. 231–236, 2003. 

[153] Y. Kayamori, M. Dhamrin, H. Hashigami, and T. Saitoh, "Rapid initial light-
induced degradation of multicrystalline silicon solar cells," in Proc. 3rd World 
Conference on Photovoltaic Energy Conversion, Osaka, Japan, 2003, pp. 1511–
1514. 

[154] J. Schmidt, A. G. Aberle, and R. Hezel, "Investigation of carrier lifetime 
instabilities in Cz-grown silicon," in Proc. 29th IEEE Photovoltaic Spec. Conf., 
Anaheim, CA, 1997, pp. 13–18. 

[155] A. Upadhyaya, M. Sheoran, A. Ristow, A. Rohatgi, S. Narayanan, and S. Roncin, 
"Greater than 16% efficient screen printed solar cells on 115-170 µm thick cast 
multicrystalline Silicon," in Proc. 4th World Conference on Photovoltaic Energy 
Conversion, 2006, pp. 1052-1055. 

[156] M. Sheoran, A. Upadhyaya, A. Rohatgi, D. E. Carlson, and M. Narayanan, 
"High efficiency thin multicrystalline solar cells," in 15th Workshop on 
Crystalline Silicon Solar Cells and Modules: Materials and Processe, Vail, 
Colorado, 2005, pp. 257-260. 

[157] L. Mittelstädt, A. Metz, and R. Hezel, "Thin multicrystalline silicon solar cells 
with silicon nitride front and rear surface passivation," in Proc. 29th IEEE 
Photovoltaic Specialists Conference, New Orleans, Louisiana, 2002, pp. 166-
169. 

[158] A. Rohatgi, A. W. Doolittle, A. W. Smith, F. V. Wald, R. O. Bell, and C. E. 
Dube, "Doping and oxygen dependence of efficiency of EFG silicon solar cells," 
in Proc. 21st IEEE Photovoltaic Specialists Conference, 1990, pp. 581-587. 

[159] http://www.gtsolar.com/. 

[160] K. A. Münzer, K. T. Holdermann, R. E. Schlosser, and S. Sterk, "Thin 
monocrystalline silicon solar cells," IEEE transactions on electron devices, vol. 
46, pp. 2055-2061, October 1999. 

[161] D. Kray, H. Kampwerth, E. Schneiderlöchner, A. Grohe, F. J. Kamerewerd, A. 
Leimenstoll, D. Osswald, E. Schäffer, S. Seitz, S. Wassie, S. W. Glunz, and G. P. 

 275



Willeke, "Comprehensive experimental study on the performance of very thin 
laser-fired high-efficiency solar cells," in Proc. 19th European Photovoltaic 
Solar Energy Conference and Exhibition Paris, France, 2004, pp. 608-611. 

[162] A. Ristow, M. Hilali, A. Ebong, and A. Rohatgi, "Screen-printed back surface 
reflector for light trapping in crystalline silicon solar cells," in Proc. 17th 
European Photovoltaic Solar Energy Conference and Exhibition, Munich, 
Germany, 2001 pp. 1335-1338. 

[163] S. W. Glunz, J. Dicker, D. Kray , J. Y. Lee, R. Preu, S. Rein, E. 
Schneiderlöchner, J. Sölter, W. Warta, and G. Willeke, "High-efficiency cell 
structures for medium-quality silicon," in Proc. 17th European Photovoltaic 
Solar Energy Conference and Exhibition, Munich, Germany, 2001, pp. 1287-
1292. 

[164] E. V. Kerschaver and G. Beaucarne, "Back-contact solar cells: A review," Prog. 
Photovolt: Res. Appl., vol. 14, pp. 107-123, 2006. 

[165] J. Schmidt and K. Bothe, "Structure and transformation of the metastable boron- 
and oxygen-related defect center in crystalline silicon," Phys. Rev. B, vol. 69, p. 
024107, 2004. 

[166] W. Warta, S. W. Glunz, J. Dicker, and J. Knobloch, "Highly efficiency 115-µm-
thick solar cells on industrial czochralski silicon," Prog. Photovolt: Res. Appl., 
vol. 8, pp. 465-471, 2000. 

[167] D. Kray , J. Dicker, A. Leimenstoll, S. W. Glunz, and G. Willeke, "20% 
efficient flexible silicon solar cells," in Proc. 17th European Photovoltaic Solar 
Energy Conference and Exhibition, Munich, Germany, 2001, pp. 1600-1603. 

[168] S. Steckemetz, A. Metz, and R. Hezel, "Thin Cz-silicon solar cells with rear 
silicon nitride passivation and screen printed contacts," in Proc. 17th European 
Photovoltaic Solar Energy Conference and Exhibition, Munich, Germany, 2001, 
pp. 1902-1905. 

[169] T. M. Bruton, S. Roberts, K. C. Heasman, R. Russel, W. Warta, S. W. Glunz, J. 
Dicker, and J. Knobloch, "Prospects for high efficiency silicon solar cells in thin 
czochralski wafers using industrial processes," in Proc. 28th IEEE Photovoltaic 
Specialists Conference, Anchorage, Alaska, 2000 pp. 180-183. 

 276



[170] C. J. J. Tool, A. R. Burgers, P. Manshanden, and A. W. Weeber, "Effect of 
wafer thickness on the performance of mc-Si solar cells," in Proc. 17th 
European Photovoltaic Solar Energy Conference and Exhibition, Munich, 
Germany, 2001, pp. 1551-1554. 

[171] C. J. J. Tool, A. R. Burgers, P. Manshanden, A. W. Weeber, and B. H. M. van 
Straaten, "Influence of wafer thickness on the performance of multicrystalline Si 
solar cells: and experimental study," Prog. Photovolt: Res. Appl., vol. 10, pp. 
279-291, 2002. 

[172] F. Duerinckx, P. Choulat, G. Beaucarne, R. J. S. Young, M. Rose, and J. A. 
Raby, "Improved screen printing process for very thin multicrystalline silicon 
solar cells," in Proc. 19th European Photovoltaic Solar Energy Conference and 
Exhibition, Paris, France, 2004, pp. 443-446. 

[173] R. Schindler, M. Hermle, G. Kleer, C. Kohn, R. Kübler, H. Lautenschlager, I. E. 
Reis, and G. Willeke, "Thin large area solar cells," in Proc. 20th European 
Photovoltaic Solar Energy Conference and Exhibition, Barcelona, Spain, 2005, 
pp. 845-847. 

[174] B. F. v. Finckenstein, H. Horst, P. Fath, and E. Bucher, "Thin mc si low cost 
solar cells with 15% efficiency," in Proc. 28th IEEE Photovoltaic Specialists 
Conference, Anchorage, Alaska, 2000, pp. 198-200. 

[175] A. Schneider, C. Gerhards, P. Fath, E. Bucher, R. J. S. Young, J. A. Raby, and A. 
F. Carroll, "Bow reducing factors for thin screenprinted mc-Si solar cells with 
Al BSF," in Proc. 29th IEEE Photovoltaic Specialists Conference, New Orleans, 
Louisiana, 2002, pp. 336-339. 

[176] S. W. Glunz, E. Schneiderlöchner, D. Kray, A. Grohe, M. Hermle, H. 
Kampwerth, R. Preu, and G. Willeke, "Laser fired silicon solar cells on p- and n- 
substrates," in Proc. 19th European Photovoltaic Solar Energy Conference and 
Exhibition Paris, France, 2004, pp. 408-411. 

[177] N. Le Quang, G. Goaer, F. Coustier, and M. Gauthier, "Thickness reduction of 
large size high efficiency screen-printed multicrystalline silicon solar cells-
possibilities and limitations for industrial production," in Proc. 19th European 
Photovoltaic Solar Energy Conference and Exhibition, Paris, France, 2004, pp. 
1259-1262. 

 277



[178] E. Schneiderlöchner, G. Emanuel, G. Grupp, H. Lautenschlager, A. Leimenstoll, 
S. W. Glunz, R. Preu, and G. P. Willeke, "Silicon solar cells with screen printed-
front contact and dielectrically passivated, laser-fired rear electrode," in Proc. 
19th European Photovoltaic Solar Energy Conference and Exhibition Paris, 
France, 2004, pp. 447–450. 

[179] O. Schultz, Glunz, S. W. , and G. P. Willeke, "Multicrystalline silicon solar cells 
exceeding 20% efficiency," Prog. Photovolt: Res. Appl. , vol. 12, pp. 553-558, 
2004. 

[180] C. J. J. Tool, P. Manshanden, A. R. Burgers, and A. W. Weeber, "Wafer 
thickness, texture and performance of multicrystalline silicon solar cells," in 
Proc. 14th International Photovoltaic Science and Engineering Conference 
Chulalongkorn University, Bangkok, Thailand, 2004, pp. 397-399. 

[181] G. Agostinelli, P. Choulat, H. F. W. Dekkers, S. De Wolf, and G. Beaucarne, 
"Screen printed large area crystalline silicon solar cells on thin substrates," in 
Proc. 20th European Photovoltaic Solar Energy Conference and Exhibition, 
Barcelona, Spain, 2005, pp. 647-650. 

[182] M. Bähr, S. Dauwe, A. Lawerenz, and L. Mittelstädt, "Comparison of bow-
avoiding Al- pastes for thin, large-area crystalline solar cells," in Proc. 20th 
European Photovoltaic Solar Energy Conference and Exhibition, Barcelona, 
Spain, 2005, pp. 926-929. 

[183] L. Janβen, M. Rinio, H. Windgassen, W. A. Nositschka, D. Borchert, and H. 
Kurz, "Double sided silicon nitride passivated thin screen printed 
multicrystalline silicon solar cells," in Proc. 20th European Photovoltaic Solar 
Energy Conference and Exhibition Barcelona, Spain, 2005, pp. 1333-1335. 

[184] A. Kränzl, R. Kopecek, K. Peter, A. Schneider, and P. Fath, "Industrial η = 
15.5% mc-Si solar cells with boron BSF and open rear contact," in Proc. 20th 
European Photovoltaic Solar Energy Conference and Exhibition Barcelona, 
Spain, 2005, pp. 781-784. 

[185] P. Sánchez-Friera, J. Alonso, L. J. Geerligs, R. Kinderman, R. Kopecek, J. Libal, 
T. Buck, K. Wambach, and I. Röver, "PV modules with thin n-type 
multicrystalline Si solar cells," in 20th European Photovoltaic Solar Energy 
Conference and Exhibition, Barcelona, Spain, 2005, pp. 2388-2391. 

 278



[186] G. Agostinelli, P. Choulat, H. F. W. Dekkers, Y. Ma, and G. Beaucarne, "Silicon 
solar cells on ultra-thin substrates for large scale production," in Proc. 21st 
European Photovoltaic Solar Energy Conference and Exhibition, Dresden, 
Germany, 2006, pp. 601-604. 

[187] L. Janβen, M. Rinio, D. Borchert, H. Windgassen, D. L. Bätzner, and H. Kurz, 
"Thin bifacial multicrystalline silicon solar cells for industrial production," in 
Proc. 21st European Photovoltaic Solar Energy Conference and Exhibition 
Dresden, Germany, 2006, pp. 834-837. 

[188] N. Mason, O. Schultz, R. Russel, S. Glunz, and W. Warta, "20.1% efficient large 
area cell on 140 micron thin silicon wafer," in Proc. 21st European Photovoltaic 
Solar Energy Conference and Exhibition, Dresden, Germany, 2006, pp. 521-523. 

[189] H. M'saad, J. Michel, A. Reddy, and L. C. Kimerling, "Monitoring and 
optimization of silicon surface quality," J. Electrochem. Soc., vol. 142, pp. 
2833-2835, Aug. 1995. 

[190] F. Huster, "Investigation of the alloying process of screen printed aluminium 
pastes for BSF formation on silicon solar cells," in Proc. 20th European 
Photovoltaic Solar Energy Conference and Exhibition Barcelona, Spain, 2005, 
pp. 1466-1469. 

[191] A. Ristow and A. Rohatgi, "Design rules for the reduction of the influence of 
material quality on the performance of crystalline silicon solar cells," in Proc. 
29th IEEE Photovoltaic Specialists Conference New Orleans, Louisiana, 2002, 
pp. 458- 461. 

[192] J. M. Gee, W. K. Schubert, and P. A. Basore, "Emitter wrap-through solar cell," 
in Proc. 23rd IEEE Photovoltaic Specialists Conference, Louisville, KY, USA, 
1993, pp. 265-270. 

[193] R. A. Sinton and R. M. Swanson, "Simplified backside-contact solar cells," 
IEEE Transactions on Electron Devices, vol. 37, pp. 348 - 352 1990. 

[194] O. Schultz, A. Mette, M. Hermle, and S. W. Glunz, "Thermal oxidation for 
crystalline silicon solar cells exceeding 19% efficiency applying industrially 
feasible process technology," Prog. Photovolt: Res. Appl., vol. 16, pp. 317 - 324, 
2008. 

 279



[195] M. Hörteis and S. W. Glunz, "Fine line printed silicon solar cells exceeding 20% 
efficiency," Prog. Photovolt: Res. Appl., vol. 16, pp. 555 - 560, 2008. 

[196] A. Metz and R. Hezel, "High-quality passivated rear contact structure for silicon 
solar cells based on simple mechanical abrasion," in Proc. 28th IEEE 
Photovoltaic Specialists Conference, Anchorage, Alaska, 2000 pp. 172-175. 

[197] S. W. Glunz, R. Preu, S. Schaefer, E. Schneiderlöchner, R. Lüdemann, and G. 
Willeke, "New simplified methods for patterning the rear contact of RP-PERC 
high-efficiency solar cells," in Proc. 28th IEEE Photovoltaic Specialists 
Conference, Anchorage, Alaska, 2000, pp. 168-171. 

[198] G. Agostinelli, J. Szlufcick, P. Choulat, and G. Beaucarne, "Local contact 
structures for industrial PERC-type solar cells," in Proc. 20th European 
Photovoltaic Solar Energy Conference and Exhibition Barcelona, Spain, 2005, 
pp. 942-945. 

[199] B. Lenkeit, S. Steckemetz, F. Artuso, and R. Hezek, "Excellent thermal stability 
of remote plasma-enhanced chemical vapour deposited silicon nitride films for 
rear of screen-printed bifacial silicon solar cells," Solar energy materials and 
solar cells, vol. 65, pp. 317-323, 2001. 

[200] T. Krygowski, A. Rohaigi, and D. Ruby, "Simultaneous P and B diffusion, in-
situ surface passivation,impurity filtering and gettering for high-efficiency 
silicon solar cells," in Proc. 26th IEEE Photovoltaic Specialists Conference, 
1997, pp. 19-24. 

[201] V. Meemongkolkiat, D. S. Kim, and A. Rohatgi, "SiO2-Based Spin-On 
Dielectrics For Back Surface Passivation of P-type Si Solar Cells," in Proc. 
22nd European Photovoltaic Solar Energy Conference, Milan, 2007, pp. 1034-
1038. 

[202] V. Meemongkolkiat, M. Hilali, and A. Rohatgi, "Investigation of RTP and belt 
fired screen printed Al-BSF on textured and planar back surfaces of silicon solar 
cells," in Proc. 3rd World Conference on Photovoltaic Energy Conversion, 2003. 

[203] M. Schöfthaler, U. Rau, and J. H. Werner, "Direct observation of a scaling effect 
on effective minority carrier lifetimes," Journal of Applied Physics, vol. 76, pp. 
4168-4172, 1994. 

 280



[204] S. Ramanathan, V. Meemongkolkiat, and A. Rohatgi, "Spin-on based process 
for simultaneous diffusion and passivation for high-efficiency LBSF solar cells," 
in Proc. 33rd IEEE Photovoltaic Specialists Conference, 2008. 

[205] A. G. Aberle, P. P. Altermatt, G. Heiser, S. J. Robinson, A. Wang, J. Zhao, and 
U. Krumbein, "Limiting loss mechanism in 23% efficient silicon solar cells," 
Journal of Applied Physics, vol. 77, pp. 3491-3504, 1995. 

 
 

 281



PUBLICATIONS FROM THIS WORK 
 
 
[1] Raghavan P.S., Chandra Mohan, Jones Bernard, Sheoran Manav,  Kim D.S.,  

Rohatgi Ajeet,” Enhancement of lifetime and solar cell efficieny of edge wafers 
from ulticrystalline silicon ingots,” 15th American Conference on Crystal Growth 
and Epitaxy, July 20-24 2003, Keystone Colorado. 

 
[2] Upadhyaya Ajay, Sheoran Manav, Rohatgi Ajeet Matthei Keith, “Record high 

efficiency screen-printed belt co-fired cells on cast multi-crystalline silicon”, 19th 
European Photovoltaic Solar Energy Conference and Exhibition Paris, France; 
June 7-11, 2004, pp 1307-1310. 

 
[3] T. Buonassisi, A. A. Istratov, T. F. Ciszek, D. W. Cunningham, A. Gabor, R. 

Jonczyk, R. Schindler, M Sheoran, A. Upadhyaya, A. Rohatgi, B. Lai, Z. Cai, M. 
A. Marcus, and E. R. Weber (2004). Differences and Similarities Between Metal 
Clusters in mc-Si Materials from Different Manufacturers. 2004 NREL 
Photovoltaics Workshop. 

 
[4] Upadhyaya Ajay, Sheoran Manav, Rohatgi Ajeet “Study of direct PECVD SiNx-

induced surface emitter and bulk defect passivation in p-type silicon solar cells”, 
31st IEEE Photovoltaic Specialists Conference Orlando, Florida; January 3-7, 
2005, pp 1273-1276. 

 
[5] Rohatgi Ajeet, Upadhyaya Ajay, Sheoran Manav, “High-efficiency screen-

printed belt co-fired solar cells on cast multicrystalline silicon,” Appl. Phys. Lett. 
2005, 86, 054103. 

 
[6] Sheoran Manav, Upadhyaya Ajay, Rohatgi Ajeet, Carlson D.E., Narayanan M. 

“High efficiency thin multicrystalline silicon solar cells”, 15th Workshop on 
Crystalline Silicon Solar Cells and Modules: Materials and Processes, 2005, Vail 
Colorado. 

 
[7] Sheoran Manav, Upadhyaya Ajay, Rohatgi Ajeet, “A Comparison of Bulk 

Lifetime, Efficiency and Light-induced Degradation in Boron and Gallium Doped 
Cast Multicrystalline Silicon Solar Cells” IEEE Trans. Elec. Devices. 2006, 53, 
pp 2764-2772. 
 

[8] Sheoran Manav, Upadhyaya Ajay, Rounsaville Brian, Kim Dongseop, Rohatgi 
Ajeet, Narayanan S.,” Investigation of the Effect of Resistivity and Thickness on 
the Performance of Cast Multicrystalline Silicon Solar Cells”, 4th World 
Conference on Photovoltaic Energy Conversion, Hawaii, USA; May 7-12, 2006, 
pp 1308-1311. 

 
[9] Upadhyaya Ajay, Sheoran Manav, Ristow Alan, Rohatgi Ajeet, Narayanan S., 

Roncin Steve, “Greater than 16% efficient screen printed solar cells on 115-170 

 282



µm thick cast multicrystalline Silicon”, 4th World Conference on Photovoltaic 
Energy Conversion, Hawaii, USA; May 7-12, 2006, pp 1052-1055. 

 
[10] Sheoran Manav, Upadhyaya Vijay, Upadhyaya Ajay, Rohatgi Ajeet, ”High-

efficiency screen-printed thin silicon solar cells”, 22nd European Photovoltaic 
Solar Energy Conference and Exhibition, Milano, Italy; Sept. 3-7, 2007, pp 1738-
1741. 

 
[11] Sheoran Manav, Upadhyaya Ajay, Rohatgi Ajeet, “Bulk Lifetime and Efficiency 

Enhancement due to Gettering and Hydrogenation of Defects during Cast 
Multicrystalline Silicon Solar Cell Fabrication” Solid-State Electronics, 2008, 52, 
pp 612-6174.  

 
[12] Sheoran Manav, Kim Dongseop, Rohatgi Ajeet, Dekkers Harold, Young Matt, 

Asher Sally, “Hydrogen diffusion in silicon from plasma-enhanced chemical 
vapor deposited silicon nitride film at high temperature” Appl. Phys. Lett. 2008, 
92, 172107. 

 
[13] Sheoran Manav, Kim Dongseop, Rohatgi Ajeet, Dekkers Harold, Young Matt, 

Asher Sally, “Hydrogen diffusion in silicon from PECVD silicon nitride” 33rd 
IEEE Photovoltaic Specialists Conference, San Diego, May 11-16, 2008. IEEE 
best presentation award. 

 
[14] Sheoran Manav, Kim Dongseop, Rohatgi Ajeet, Dekkers Harold, Young Matt, 

Asher Sally, “Migration of Hydrogen in Silicon from PECVD SiNx Films” 2008 
NREL Photovoltaics Workshop. 

 
[15] Sheoran Manav, Upadhyaya Vijay, Upadhyaya Ajay, Rohatgi Ajeet, “High-

efficiency, thin, full area aluminum back-surface field silicon solar cells” in 
preparation. 

 
[16] Sheoran Manav, Upadhyaya Vijay, Ramanathan Rishi, Kang Moon Hee, 

Renshaw John, Rohatgi Ajeet, “High-efficiency, thin, dielectric rear surface 
passivated silicon solar cells, in preparation. 

 
 
[17] Dekkers H.F.W., Cornagliotti, E., Sheoran M., Rohatgi, A., De Wolf Stefaan 

“Hydrogen passivation of multicrystalline silicon from SiNx:H, in communication 
with Appl. Phys. Lett. 

 
 
 
 
 
 
 

 283



VITA 
 
 

Manav Sheoran was born on September 30, 1979 in Jind, Haryana, India. He 

earned his Bachelor of Science in Physics from the Indian Institute of Technology, 

Kharagpur, India in 2001. He obtained his Master of Science degree in Physics from 

Georgia Institute of Technology in 2002. He is currently pursuing the Doctorate of 

Philosophy from the Georgia Institute of Technology in the School of Physics, under the 

supervision of Dr. Ajeet Rohatgi at the University Center of Excellence for Photovoltaic 

Research and Education. His graduate research has focused on the development of high-

efficiency solar cells on thin crystalline silicon substrates by fundamental understanding 

of defect passivation in low-cost material and by optimizing the device design. This work 

resulted in over 15 publications in professional journals, international refereed conference 

proceedings, and workshop conference proceedings. 

 

 

 284


	DEVELOPEMENT OF HIGH-EFFICIENCY SOLAR CELLS ON THIN SILICON 
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	SUMMARY
	INTRODUCTION AND RESEARCH OBJECTIVES
	1.1. Photovoltaic market overview
	1.2. Motivation
	1.3 Specific Research objectives

	OPERATING PRINCIPLES AND DEVICE PHYSICS OF SOLAR CELLS
	2.1 Introduction
	2.2 Operating principles of solar cells
	2.3 Device physics of p-n junction solar cells
	2.4 Conclusions

	CRYSTALLINE SILICON SOLAR CELL: MATERIALS, LIFETIME ENHANCEM
	3.1 Introduction
	3.2 Crystalline silicon growth techniques
	3.3 Lifetime enhancement of low-cost multicrystalline silico
	3.4 Crystalline silicon solar cell: device design and optimi
	3.5 Conclusions

	FABRICATION AND OPTIMIZATION OF BASELINE SILICON SOLAR CELLS
	4.1 Introduction
	4.2 Fabrication of baseline silicon solar cells
	4.3 Optimization of baseline silicon solar cells
	4.4 Conclusions

	UNDERSTANDING OF HYDROGEN DIFFUSION IN SILICON FROM PECVD AM
	5.1 Introduction
	5.2 Hydrogen diffusion in silicon from PECVD silicon nitride
	5.3 Further applications of the methodology developed
	5.4 High temperature (800 and 850 °C) hydrogen diffusion in 
	5.5 Low temperature (≤ 650 °C) hydrogen diffusion in silicon
	5.6 Conclusions

	FABRICATION OF HIGH-EFFICIENCY SOLAR CELLS ON CAST MULTICRYS
	6.1 Introduction
	6.2 Review of solar cell efficiencies on cast multicrystalli
	6.3 Fabrication of high-efficiency screen-printed solar cell
	6.4 Device modeling to establish guidelines for achieving hi
	6.5 Conclusion

	INVESTIGATION OF SOLAR CELLS FABRICATED FROM TOP, MIDDLE, AN
	7.1 Introduction
	7.2 Bulk lifetime and efficiency enhancement due to getterin
	7.3 Investigation of the effects of resistivity and thicknes
	7.4 Investigation of solar cells fabricated on top, middle, 
	7.5 Conclusion

	THIN CRYSTALLINE SILICON SOLAR CELLS WITH FULL AREA ALUMINUM
	8.1 Introduction
	8.2 Review of solar cell efficiencies on thin crystalline Si
	8.3 Device modeling to assess the impact of thickness reduct
	8.4 Experimental
	8.5 Performance of characterization of thin solar cells
	8.6 Guidelines for preventing the efficiency loss due to red
	8.7 Cost modeling
	8.8 Conclusion

	FABRICATION, CHARACTERIZATION, AND MODELING OF LOW-COST, DIE
	9.1 Introduction
	9.2 Background and motivation for the use of dielectric to p
	9.3 Development and characterization of screen-printed solar
	9.4 Fabrication and characterization of low-cost, high-effic
	9.5 Device modeling of the full area Al-BSF and LBSF solar c
	9.6 Conclusion

	GUIDELINES FOR FUTURE WORK
	10.1 Introduction
	10.2 Hydrogen diffusion in Si from PECVD SiNx film
	10.3 Fabrication of dielectric passivated LBSF cells

	REFERENCES
	VITA

