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ABSTRACT 

 

 

The amorphous silicon and crystalline silicon (a-Si/c-Si) heterojunction solar cell is the 

technological solution for the photovoltaic (PV) market because it performs well and has 

low production cost. This technology employs a high efficient c-Si cell technology and low 

cost thin-film a-Si:H technology in single structure. 

However, the influence of band offsets at the a-Si and c-Si interface is one of the crucial 

issues in the operation and design of these cells. The band offsets give rise to potential 

barriers that could impose limitations for the photocarrier collection which in turn affects 

the PV properties of the solar cell. 

In this thesis, a solution to the above-mentioned issue has been proposed by designing a 

structure with graded band gap layers of a-SixGe1-x:H inserted in between a-Si:H(n) and    

c-Si(p) to replace the a-Si:H(i) layer in a simple heterojunction with intrinsic thin layer 

(HIT). The graded layers help in reducing the band offsets values in a graded way which 

can make photocarrier transportation from one side to the other easier by making a staircase 

from lower energy level to higher, which in turn increases the current drawn from the cell 

and also the total efficiency. 

Furthermore, the proposed structure has been optimized using the AFORS-HET simulation 

software by varying the thicknesses and doping concentrations of the various layers to yield 

an efficiency of 32.07%. 

Keywords: Photovoltaics, a-Si thin films, solar cells, band offsets. 
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ÖZ 

Amorf silisyum ve Kristal silisyum (a-Si/c-Si) heteroeklem güneş pilleri, yüksek 

performansları ve düşük maliyetlerinden dolayı fotovoltaik (PV) pazar için teknolojik bir 

çözümdürler. Bu teknoloji, yüksek verimliliğe sahip kristal silisyum (c-Si) teknolojisi ile 

düşük maliyetli hidrojen katkılı amorf silisyum (a-Si:H) teknolojisini tek yapıda kullanır. 

Bununla birlikte, a-Si ve c-Si arayüzündeki bant farklının etkisi bu güneş pillerinin çalışma 

ve tasarımında önemli bir sorun olarak karşımıza çıkmaktadır. Bu bant farkının sonucunda 

oluşan potansiyel bariyer, foto (ışıkla oluşan) elektrik yüklerinin toplanmasında sınırlama 

getirmektedir ve bunun sonucunda güneş pilinin fotovoltaik özellikleri etkilenmektedir. 

Bu tez çalışmasında yukarıda belirtilen probleme çözüm üretmek için, katkısız ince 

katmanlı basit heteroeklem (HIT) yapılarda bulunan a:Si:H(i) katmanın yerine geçmek 

üzere enerji bant aralığı basamaklandırılmış olan a-SixGe1-x:H katmanların a:Si:H(n) ile 

c:Si(p) arasında kullanan bir yapı önerilmektedir. Basamakladırılmış katmanlar sayesinde, 

bant farkları dereceli olarak azaltılacak ve bu yolla foto elektrik yüklerinin düşük enerji 

seviyesinden merdiven şeklinde yüksek enerjiye çıkmasıyla bir taraftan diğer tarafa 

taşınması kolaylaşmış olacaktır. Bunun sonucunda, pilden elde edilen akım ve toplam 

verimlilik yükselecektir. 

Buna ilaveten, önerilen yapının çeşitli katmanlarına ait kalınlıkları ve katkı oranlarının 

Afors-hetsimülasyon yazılımı ile optimizasyonu yapılarak %32.07 verimlilikte bir güneş 

pili tasarlanmıştır. 

AnahtarKelimeler: Fotovoltaik, a-Si ince filmler, güneş pilleri, bant farkı. 



v 

 

DEDICATION 
 

 

I dedicate my thesis work to my parents and my entire family at large for their tireless 

support, love, prayers, and words of encouragement since childhood to date. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

 

ACKNOWLEDGEMENT 
 

 

 

I would like to acknowledge and extend my sincere gratitude to my beloved and 

most cherished governor, a philanthropist of the highest order, a credible leader, worthy of 

emulation, hardworking and dedicative governor His Excellency Dr. Rabiu Musa 

KWANKWASO, who provides me with a full scholarship to study Master’s degree in 

abroad. 

Sincere gratitude to my honorable supervisor, Yrd. Doç. Dr. Gökhan ÖZGÜR, for 

his kind guidance and constant effort to make me work for perfection. His patience and 

immense knowledge has been of a constant source of motivation. 

I am grateful to everyone who have helped me directly and indirectly with 

information, motivation and support, particularly my friends, colleagues and brothers “19 

masters students of Melikşah University” I am grateful indeed. 

Lastly, I want to thank my family for their continuous support, inspiration and 

sacrifice, I thank my wife for her patient and understanding during the period of my study, 

thank you so much and God bless you all. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vii 

 

TABLE OF CONTENTS 

 

 

 

ABSTRACT ........................................................................................................................... iii 

ÖZ .......................................................................................................................................... iv 

DEDICATION ........................................................................................................................ v 

ACKNOWLEDGMENT ....................................................................................................... vi 

TABLE OF CONTENTS ...................................................................................................... vii 

LIST OF TABLES ................................................................................................................. ix 

LIST OF FIGURES ................................................................................................................ x 

TABLE OF SYMBOLS ....................................................................................................... xiii 

CHAPTER 1 INTRODUCTION ............................................................................................ 1 

1.1 Energy and Solar Energy ............................................................................................ 1 

1.2 Solar Cells ................................................................................................................... 2 

1.2.1 PV Market ....................................................................................................... 2 

1.2.2 PV Materials ................................................................................................... 3 

1.3 Crystalline Silicon Solar Cells .................................................................................... 4 

1.4 Thin-Film Silicon Technology .................................................................................... 5 

1.4.1 Amorphous Silicon Solar Cells....................................................................... 5 

1.4.2 Microcrystalline Silicon Solar Cells ............................................................... 6 

1.5 a-Si:H/c-Si Heterojunction Solar Cells ....................................................................... 7 

1.6 Outline of the Thesis ................................................................................................... 8 

CHAPTER 2 PHYSICS OF SOLAR CELLS ........................................................................ 9 

2.1 Solar Spectrum ............................................................................................................ 9 

2.2 Solar Cell Device Structure ...................................................................................... 11 

2.3 P-N Junction Diode ................................................................................................... 12 

2.4 Solar Cell Device Operation ..................................................................................... 14 

2.5 I-V Curve and Solar Cell Characteristics ................................................................. 16 



viii 

 

  2.5.1 Solar Cell I-V Curve ..................................................................................... 16 

2.5.2 Solar Cell Characteristics .............................................................................. 17 

2.6 Solar Cell Set of Equations ....................................................................................... 19 

2.6.1 Poisson’s Equation ........................................................................................ 19 

2.6.2 Current-Density Equations ........................................................................... 20 

2.6.3 Continuity Equations .................................................................................... 21 

2.6.4 Set of the Equations ...................................................................................... 22 

CHAPTER 3   SIMULATION OF SOLAR CELLS                ............................................. 23 

3.1  Overview of the Solar Cell Simulation ..................................................................... 23 

3.2 Introduction to AFORS-HET Software .................................................................... 23 

3.3 Equations for AFORS-HET ...................................................................................... 25 

3.3.1 Optical Simulation    ..................................................................................... 25 

3.3.2 Electrical Simulation ..................................................................................... 26 

3.3.3 Basic Recombination Models ....................................................................... 28 

3.4 Simulation of Simple a-Si:H/c-Si Heterojunction Solar Cells .................................. 29 

3.4.1    Simple HIT Structure Used for the Simulation  ........................................... 29 

3.4.2 Simulation Parameters .................................................................................. 30 

3.4.3 Simulation Results ........................................................................................ 30 

CHAPTER 4 APPROACHES TO HIGH PERFORMANCE HIT SOLAR CELLS ........... 33 

4.1 Proposed Structure .................................................................................................... 34 

4.2       Parameters of a-SiGe:H ............................................................................................ 35 

4.3       Simulation of the Proposed Structure ....................................................................... 37 

4.3.1    Band Diagrams ............................................................................................. 37 

4.3.2    I-V Curve and Solar Cell Output Parameters ............................................... 38 

4.4      Comparison between Simple HIT and Proposed Structures ...................................... 38 

 

 



ix 

 

CHAPTER 5   OPTIMIZATION OF THE STRUCTURE AND DISCUSSIONS .............. 40 

5.1       Effects of N-Layer .................................................................................................... 40 

5.1.1    Optimization of N-Layer Thickness ............................................................. 40 

5.1.2   Optimization of N-Layer Doping Concentration ........................................... 43 

5.2      Effects of Intrinsic Layer .......................................................................................... 44 

5.2.1    Optimization of I-Layer Thickness ............................................................... 45 

5.3 Effects of P- Layer .................................................................................................... 46 

5.3.1 Optimization of P-Layer Thickness .............................................................. 47 

5.3.2 Optimization of P-Layer Doping Concentration .......................................... 49 

5.4 Effects of Transparent Conducting Oxides (TCOs)  ................................................ 51 

CHAPTER 6 CONCLUSION AND FUTURE WORK ....................................................... 53 

REFERENCES  .................................................................................................................... 54 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



x 

 

LIST OF TABLES 

 

TABLE 

 

3.1 Parameter values for simulation of simple HIT structure ......................................... 30 

4.1 Parameters of a-SiGe:H ............................................................................................ 35 

4.2 Electron affinities and band gaps of different materials ........................................... 35 

4.3 Electron affinities for different band gaps of a-SiGe:H ............................................ 36 

4.4 Comparison Between simple HIT and Proposed structures ..................................... 39 

5.1 Variation of n-layer thickness ................................................................................... 40 

5.2 Variation of n-doping ................................................................................................ 43 

5.3 Variation of i-layer thickness .................................................................................... 45 

5.4 Variation of p-layer thickness ................................................................................... 47 

5.5 Variation of p-doping taking the effect of mobilities into consideration ................. 49 

5.6 Optimized parameters ............................................................................................... 51 

5.7 Effects of Transparent Conducting Oxides ............................................................... 51 

 



 
 

xi 
 

 

LIST OF FIGURES 

 

 

Fig. 1.1 Worldwide solar cell productions (1999 to 2010) .......................................... 2 

Fig. 1.2 Average PV module prices AII Technologies (1980 to 2008) ....................... 3 

Fig. 1.3 Market share for different types of solar cell in year 2010 ............................. 4 

Fig. 2.1 Solar spectrums for AM0, AM1.5G and AM1.5D used under fair use 2013 . 9 

Fig. 2.2 Illustration of various AM position and the zenith points  ........................... 10 

Fig. 2.3 Efficiency vs. band gap for AM0 and AM1.5G spectrums ........................... 11 

Fig. 2.4 Schematics of a typical p-n junction Solar cell  ............................................ 11 

Fig. 2.5 Depletion region created at p-n junction ....................................................... 13 

Fig. 2.6 Band diagrams representing solar cell operation at dark and under light ..... 15 

Fig. 2.7 Current I-V characteristics of solar cell under dark and illumination .......... 17 

Fig. 2.8 I-V curve, power curve and some parameters of solar cell .......................... 18 

Fig. 3.1 Graphical Interface of AFORS-HET ............................................................ 24 

Fig. 3.2 Simple Structure of a-Si:H/c-Si Heterojunction ........................................... 29 

Fig. 3.3 Band diagram of the simple HIT structure under dark ................................. 30 

Fig. 3.4        Band diagram of the simple HIT structure under illumination .................... 31 

Fig. 3.5 I-V characteristics for the simple HIT structure ........................................... 31 

Fig. 3.6           Conduction band offset zoomed from figure 3.3 ........................................... 32 

Fig. 4.1 Band offsets between a-Si:H and c-Si .......................................................... 33 

Fig. 4.2 Proposed Structure ........................................................................................ 34 

Fig. 4.3 Graph of electron affinity against band gap .................................................. 36 

Fig. 4.4 Band diagram for the proposed structure ...................................................... 37 

Fig. 4.5 I-V curve for the proposed structure ............................................................. 38 

Fig. 5.1 Variation of VOC with n-layer thickness ....................................................... 41 

Fig. 5.2 Variation of JSC with n-layer thickness ......................................................... 41 



 
 

xii 
 

Fig. 5.3 Variation of fill factor with n-layer thickness ............................................... 42 

Fig. 5.4 Variation of efficiency with n-layer thickness .............................................. 42 

Fig. 5.5 Variation of Voc with n-layer doping ........................................................... 43 

Fig. 5.6 Variation of Jsc with n-layer doping ............................................................. 43 

Fig. 5.7 Variation of fill factor with n-layer doping .................................................. 44 

Fig. 5.8 Variation of efficiency with n-layer doping ................................................. 44 

Fig. 5.9 Variation of Voc with i-layer thickness ........................................................ 45 

Fig. 5.10 Variation of Jsc with i-layer thickness .......................................................... 45 

Fig. 5.11 Variation of fill factor with i-layer thickness ................................................ 46 

Fig. 5.12 Variation of efficiency with i-layer thickness ............................................... 46 

Fig. 5.13 variation of Voc with p-layer thickness ........................................................ 47 

Fig. 5.14 Variation of Jsc with p-layer thickness ......................................................... 48 

Fig. 5.15 Variation of fill factor with p-layer thickness ............................................... 48 

Fig. 5.16 Variation of efficiency with p-layer thickness .............................................. 48 

Fig. 5.17 Variation of Voc with p-layer doping ........................................................... 49 

Fig. 5.18 Variation of Jsc with p-layer doping ............................................................. 50 

Fig. 5.19 Variation of fill factor with p-layer doping .................................................. 50 

Fig. 5.20 Variation of efficiency with p-layer doping ................................................. 50 

 

 

 

 

 

 

 

 

 

 



 
 

xiii 
 

TABLE OF SYMBOLS 

µc-Si:H Hydrogenated microcrystalline silicon 

a-Si:H Hydrogenated amorphous silicon 

c-Si  crystalline silicon 

nc-Si  Nanocrystalline silicon 

mc-Si Multicrystalline silicon 

HJ  Heterojunction 

SHJ  Silicon heterojunction 

HIT  Heterojunction with intrinsic thin layer 

LPCVD Low pressure chemical vapor deposition 

VHF-GD Very-high frequency glow-discharge 

PECVD Plasma enhanced chemical vapor deposition 

VHF  Very high frequency 

ZnO  Zinc oxide 

TCO  Transparent conductive oxide 

ITO  Indium tin oxide 

JSC  Short circuit current density 

VOC  Open circuit voltage 

FF  Fill factor 

ɳ  Efficiency 

I-V  Current voltage 

EQE  External quantum efficiency 

AM  Air mass 

C-V  Capacitance voltage 

C-T  Capacitance temperature 



 
 

1 
 

CHAPTER ONE 

INTRODUCTION 

 

1.1 ENERGY AND SOLAR ENERGY 

The world demand of energy is growing very fast, it was found that the total energy 

consumption in the world is expected to increase by 0.7 – 1.4% yearly under the period of 

2008 to 2035, depending on the chosen energy scenario [1,2]. This increasing demand of 

energy is due to (i) a fast growing world population (there will be 9 billion people in 2050 

against 6 billion in 2000 [3]) and (ii) rapid economic growth in some of the countries like 

China and India [1,4]. Nowadays, fossil fuels dominated the world source of energy, (i.e. 

oil (40%), coal (33%) and natural gas (27%) [5]).in 2008, fossil fuels have a market share 

of 81% of the total world energy consumption [1]. But due to its limited resources and 

environmental impact, this consumption cannot be sustained in the long term [1,2,6], and 

new sources of energy generation have to be explored. Among the new sources, renewable 

energy in general and solar energy in particular are highly promising candidates [6, 7]. 

Solar energy conversion can be sub divided into two different technologies: solar thermal 

and Solar Cell or photovoltaic (PV). In solar thermal, energy from sunlight is converted 

into heat for domestic use or for conversion to electricity in large size concentrated solar 

power plants, while in solar cell; energy from sunlight is directly converted into DC 

electricity. For the rest of this thesis, only solar cell will be taken into consideration. 
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1.2 SOLAR CELL 

 Solar cell is a solid state device that converts photons of light directly into DC electricity, 

using the photovoltaic effect .The photovoltaic effect refers to the generation of a potential 

difference at the junction of two different materials in response to visible or other radiation. 

Photovoltaic effect was first discovered by Becquerel in 1839 [8]. The first working solar 

cell was constructed in 1883 by Charles Fritts [9] with efficiency of 1%. After lasting 

striving for near a whole century, solar cell efficiency finally saw 20% under AM 1.5G and 

37% under concentration [10-12]. 

 

1.2.1 PV Market 

Over the past years, the market share of PV in global energy has increased substantially. In 

2010, an estimated record solar cell production of 23.9 GW was realized; a 123% increase 

over 2009 [13,14]! In 2009, a cell production of 10.5 – 12.2 GW was realized, which was a 

50% increase over 2008 [13,15], leading at that time to a total globally installed power 

exceeding 20 GW [16]. Figure 1.1 shows the world solar cell productions growth from 

1999-2010.  

 

 

Figure 1.1 Worldwide solar cell productions (1999-2010) [13] 
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 Recently, EPIA (together with A.T. Kearney) has developed three different growth 

scenarios for PV until 2020 [17,18]; one baseline scenario and two alternative scenarios, 

leading to a higher market share for PV. The two alternative scenarios are the ‘accelerated 

scenario’ and the ‘paradigm shift scenario’, leading to a 6% and 12% contribution, 

respectively, to the electricity consumption in Europe by the year 2020[18]. 

The 2010 world energy consumption is approximately equal to 500 EJ (1 EJ = 1018 J)[1]. 

The solar constant, which is defined as the average amount of energy from the sunlight 

incident on a plane perpendicular to the direction of the photons, outside the earth’s 

atmosphere, is equal to 1366 W/m2 [19]. This leads to a total irradiation on the earth’s 

surface in the order of 1024 J, which is roughly 2000 times the actual world energy 

consumption. This clearly demonstrates that solar energy has, at least in theory, the 

potential to supply the global energy demand. Figure 1.2 shows the average price of PV 

module.  

  

Figure 1.2 average PV module prices, AII Technologies (1980-2008) [5] 

 

 

1.2.2 PV Materials 

Semiconductor materials that are most commonly used for solar cell are, amongst others: 

Si, Ge, GaAs, CdTe, CdSe, Copper Indium (Gallium) Selenide (CI(G)S),III-V compound 

semiconductor materials and several organic materials. But some of these materials include 

toxic (like Cd) while some are rare (like In and Te). This makes them unsuitable for long 
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term large scale production. The most suitable material is silicon, which is non-toxic and 

second most abundant element on earth. Figure 1.3 shows the market share for different 

solar cells in 2010.The market share of crystalline silicon(c-Si) based solar cells was 87% 

[14].Crystalline silicon solar cell has this impressive market share because it combines 

state-of-the-art production techniques with high module efficiencies, off-the-shelf 

manufacturing equipment and processing with low capital costs. 

  

 

Figure 1.3Market share for different types of solar cells in year 2010 [14] 

 

1.3 CRYSTALLINE SILICON SOLAR CELLS 

Crystalline silicon solar cell was first fabricated in 1954 by Bell laboratories [20] with a 

conversion efficiency of 6%. Since then, the efficiencies have been increasing. Currently 

the world record efficiency for c-Si solar cells is 25.0% [21]. C-Si solar cells show higher 

efficiency compared to any other materials, and they have little degradation. On the other 

hand, conventional c-Si solar cells suffer from high (~800-900°C) processing temperatures 

and material usage. Both aspects are obviously detrimental for the production costs. For 
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crystalline silicon solar cells, the production cost of wafers (including both mono-

crystalline and multi-crystalline) is the major obstacle for the technology. Today, 25% to 

45% of the cost of the crystalline silicon based module comes from the cost of Si wafer 

itself. 

Generally, cost reduction in cell processing is achieved by the use of (i) cheaper substrates, 

like multicrystalline Si (mc-Si), metallurgical silicon and ribbon Si, and (ii) thinner wafers. 

The main disadvantages of mc-Si are the lower efficiencies (the record cell efficiency on 

mc-Si equals 20.3% [22]) and degradation of material quality during high T processing. 

While the disadvantage of using a thinner wafers (100μm) is related to warping issues and 

even breaking associated with high temperature processing, in addition to material losses 

related to sawing. Due to the reasons described above, low temperature processing may 

(partly) solve the main issues related to the use of cheaper c-Si based materials. 

 

1.4 THIN-FILM SILICON TECHNOLOGY 

An alternative cheap technology to c-Si solar cells are thin film silicon based solar cells 

(consisting of hydrogenated amorphous silicon (a-Si:H) and/or hydrogenated 

microcrystalline silicon (μc-Si:H)). 

 

1.4.1 Amorphous Silicon (a-Si:H) Solar Cell 

The first a-Si:H based thin film solar cell was fabricated in 1976 at RCA Laboratories, with 

an efficiency of 2.4% [23]. Ever since that time the efficiencies have been improving and 

currently, the stabilized efficiency for a single junction a-Si:H based solar cell equals to 

10.1% [24]. This cell has an intrinsic a-Si:H absorber layer with a thickness of 180 nm and 

was made by plasma enhanced chemical vapor deposition(PECVD) at a plasma excitation 

frequency of 40.68 MHz instead of the standard radio frequency (rf) of 13.56 MHz and at a 

deposition rate of 0.18 nm/s. The cell was deposited on doped ZnO:B which was made by 

Low Pressure Chemical Vapor Deposition (LPCVD). 

a-Si:H has different material properties compared to c-Si. Firstly, its band gap is around 1.8 

eV, which is higher than that of c-Si (1.1 eV).  The lack of long-range order leads to a 

relaxation of momentum conservation in electronic transitions [25] and thereby to a higher 

absorption coefficient. This permits the use of much less material which is a strong 
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potential in cost reduction. Another aspect of reducing the cost is the low fabrication 

temperatures of a-Si:H based solar cells typically around 200°C (much lower than that of c-

Si). This enables the use of cheap and flexible substrates, such as plastics [26] and Al foil 

[27]. 

However the main disadvantages of a-Si:H based solar cells are (i) the lower efficiencies 

compared to c-Si (which is due to the higher defect density of the material) and (ii) light 

induced degradation due to the Staebler-Wronski effect [28], leading to a relative decrease 

in efficiency up to approximately 20% for single junction a-Si:H solar cells[29]. 

Another advantage of a-Si:H is the possibility to fabricate multijunction solar cells, using 

multiple absorber layers with a different band gap. The most commonly fabricated 

multijunction thin film Si solar cells consist of an a-Si:H as top cell and a μc-Si:H as 

bottom cell [30,31]. Triple junction solar cells, in which the absorber layers consist of a-

Si:H (top cell), a-SiGe:H or μc-Si (middle cell) and a-SiGe:H or μc-Si:H (bottom cell), are 

also studied [32-35]. 

 

1.4.2 Microcrystalline Silicon Solar Cells 

µc-silicon (also called nanocrystalline silicon (nc-Si)) can be considered as a two-phase 

material, which consists of small crystallites (about 20nm in diameter) embedded in an a-

Si:H matrix [36]. Its band gap is around 1.1 eV, similar to that of c-Si. The material was 

first described in 1968 by Veprek and Marecek [37]. The first solar cell with an intrinsic 

absorber layer consisting of μc-Si:H was fabricated at the Institute of Micro engineering 

(IMT) in Neuchâtel, Switzerland by Meierin 1994 [38] with a conversion efficiency of 

4.6%. Currently, the highest reported efficiency for a single junction solar cell with a μc-

Si:H absorber layer equals 10.1% [39]. For a-Si:H/ μc-Si:H double junction (tandem) solar 

cells, the stabilized record efficiency is equal to 11.9% [40]. For a-Si:H/μc-Si:H/μc-Si:H 

triple junction solar cells, a stabilized record efficiency of 12.5% has been obtained [34]. 

All record efficiencies listed in this section are independently confirmed and can be found 

in [41] 
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1.5 a-Si:H/c-Si HETEROJUNCTION SOLAR CELLS 

A very successful approach in which a-Si:H and c-Si are combined are a-Si:H/c-Si 

heterojunction (SHJ) solar cells. In this technology, the base material, in which the sunlight 

is absorbed, consists of c-Si and the emitter is made by depositing thin films consisting of 

a-Si:H. The use of thin films which serve as emitter has several advantages. First of all, 

these thin films can easily be fabricated at temperatures below 200°C, while in 

conventional c-Si solar cells the junction formation is usually be done using a thermal 

diffusion step, in which very high temperatures (800-900°C)are needed [42]. These lower 

fabricating temperatures (i) enable the use of thinner wafers (<100μm), avoiding warping 

issues associated with high temperature processing and (ii) strongly reduce the thermal 

budget of the production process. 

a-Si:H/c-Si heterojunction devices was first  made by Fuhs et al. in 1974 [43] while SHJ 

solar cell was made first in 1983 by Okuda et al. [44] with a conversion efficiency of 9%. 

The concept of depositing a thin intrinsic layer on the c-Si wafer before depositing the 

oppositely doped emitter was first introduced by Sanyo in 1991[45], this leads to lower 

recombination losses at the amorphous-crystalline interfaces which will give a better cell 

performance.  This breakthrough encouraged many research groups to start investigating 

the concept of SHJ solar cells. Ever since the early 1990s, Sanyo has been leading the 

efficiency tables for SHJ cells. In 2009, they achieved a conversion efficiency of 23% with 

an open circuit voltage (VOC) of 729 mV on a cell area of 100.5 cm2 [46]. 

 SHJ solar cells have a lower temperature coefficient than conventional c-Si solar cells, that 

is to say its nominal power output at typical operating temperatures (60-80°C) compared to 

standard test conditions (STC; 1000 W/m2, 25°C and AM1.5 illumination [47]) is more 

favorable [48]. Another important advantage compared to conventional c-Si cells is the 

possibility to deposit a thin intrinsic layer before depositing the doped a-Si:H emitter and 

BSF layers. This concept was first introduced by Sanyo [45] and their excellent results have 

made many other groups to focus on this approach as well. Due to a reduced density of 

defect states at the a-Si:H/c-Si interface, this concept allows the VOC values to exceed 

720mV [46,49]. 
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1.6 OUTLINE OF THE THESIS 

This thesis consists of six chapters. Chapter 2 which is next to this chapter, introduces 

the fundamental back ground on solar cells such as device structure, p-n junction, 

operation of solar cell and characterization of solar cell. chapter 3 discusses the 

simulation of solar cell, introduces  the AFORS-HET simulation software and 

simulation of simple HIT structure using AFORS-HET was performed. Chapter 4 is the 

main chapter of the thesis, it gives our approach in getting a high efficient solar cell, 

where a novel structure was designed and simulated. Chapter 5 focuses on the 

optimization of the designed structure, the thicknesses and doping concentrations of 

various layers was varied and optimized. Finally, Chapter 6 gives conclusion and future 

work. 
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CHAPTER TWO 

PHYSICS OF SOLAR CELL 

 

2.1 SOLAR SPECTRUM  

Helium is created from hydrogen by nuclear fusion, this process powers the sun. It causes 

the temperature of the sun’s core to be 1.57×107 K and that of sun’s surface to be ~5578 K. 

The radiations from the sun coming at such high temperatures can be approximated as 

blackbody radiations. The solar spectrum and the corresponding solar intensity reaching the 

earth’s surface are different than the spectrum reaching the outer space. The air mass 

coefficients (AM) have been defined for comparing the solar module performance under 

standard test conditions. Air mass helps define the length of the path through the 

atmosphere the radiation would have to travel in relation to the shortest length if the sun 

was in the apex. For solar radiations incident at a zenith angle (z) relative to the normal to 

the earth’s surface, the air mass coefficient can be defined as: 

    AM =
1

cos 𝑧
                                                                     (2.1) 

 

 

Figure 2.1 Solar Spectrums for AM0, AM1.5G and AM1.5D Used under fair use, 2013
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The standard air masses for space, terrestrial and concentrated sunlight are defined as AM0, 

AM1.5G (global) and AM1.5D (direct), respectively and the corresponding spectrums are 

shown in Fig. 2.1 [50].  The corresponding incident intensities for AM0, AM1.5G and 

AM1.5D are ~1356 W/m2, ~1003 W/m2 and ~887 W/m2 respectively. The zenith angles for 

the different air mass solar spectrums are represented in Fig. 2.2 [51]. 

 

 

Figure 2.2 Illustration of various air mass (AM) positions and the zenith point Used 

under fair use, 2013. 

 

The theoretically calculated efficiencies for AM1.5G and AM0 spectrums as a function of 

semiconductor band gap are shown in the Fig. 2.3 [52]. The optimal band gap for AM1.5G 

is 1.4eV and that of AM0 is1.6eV. These theoretical efficiencies did not include the losses 

due to surface recombination, absorption coefficients, limited cell thickness and the 

influence of material properties which relate to various recombination losses in a solar cell. 
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Figure 2.3 Efficiency vs. band gap for AM0 and AM1.5G spectrums. Used under fair 

use, 2013 

 

2.2 SOLAR CELL DEVICE STRUCTURE  

Solar cells are usually formed by creating p-n junctions region in a semiconductor. A 

typical p-n junction based solar cell is shown in Fig. 2.4. It has five basic components: 

emitter, base, the backside metal contact, the front side metal grids, and the antireflection 

layer. 

 

Figure 2.4 Schematics of a typical p-n junction solar cell 
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Always, the base and emitter are made by two different (p- or n-) types of materials, so as 

to form a p-n junction. The layer that is illuminated first is called the emitter layer and is 

usually more heavily doped and thinner than the base layer. Most of the light absorption in 

a solar cell happens in the thicker and lightly doped base layer. Lower doping ensures 

higher diffusion coefficients and higher minority carrier lifetime, which also improves the 

carrier diffusion length. Moreover, lower doping in the base increases the depletion region 

in the base, which can aid in carrier collection due to the presence of electric field. 

However, when doping is too low it will increase the dark current, which may significantly 

degrade the device performance. 

 

2.3 P-N JUNCTION DIODE 

P-n junction is not only the basis for solar cells, but also the fundamental device structure 

of many other electronics devices, like LEDs, transistors, and integrated circuits. When a p-

type and an n-type material are brought together in intimate contact, a p-n junction is said 

to be created, as shown in Fig. 2.5. Since there is higher concentration of holes in p-region 

and higher concentration of electrons in n-region, holes diffuse from p-side to n-side. 

Similarly, electrons diffuse to p-side to n-side. As the carriers (electrons and holes) move to 

the other side of the junction, they leave exposed charges behind on dopant atom sites, 

which are fixed in the crystal lattice. Negative ion cores are exposed on the p-side while 

positive ion cores are exposed on n-side. An electric field (ϵ)is then formed between the 

positive and negative ion cores and also a "built in" potential (Vbi)due to the electric 

field(ϵ)is formed at the junction as well. This region is called the “depletion region", since 

the field quickly sweeps free carriers out, and the region is depleted of free carriers. 
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 Figure 2.5 Depletion region created at p-n junction. 

 

Despite the establishment of electric field, which creates an obstacle to the diffusion of 

carriers, some of the majority carriers can still diffused to the other side. Once a majority 

carrier crosses the junction, it becomes a minority carrier. It will continue to diffuse away 

from the junction and travel a distance on average equal to the diffusion length before it 

recombines. The current created by this diffusion of carriers across the junction is called 

diffusion current. While for minority carriers which reach the edge of the depletion 

region, they are swept across it by the electric field ϵ. This current is called the drift 

current, and is usually limited by the number of minority carriers generated thermally. In 

equilibrium state, the drift current and the diffusion current cancel each other out and the 

overall current from the device is zero. 

When applying a positive voltage to the p-type or a negative voltage to the n-type materials 

(forward bias), an electric field with opposite direction to that in the depletion region will 

be created across the device, which will reduce the net electric field in the depletion region. 

This disturbs the equilibrium at the junction, and reduces the barrier to the diffusion of 

carriers, which will result in increase in diffusion current. The drift current which is limited 

by the number of minority carriers however remains the same. Hence if the p-n junction is 

connected to an external circuit, a net current will flow under forward bias. 

In reverse bias, the electric field at the junction increases due to the voltage applied across 

the device. The higher electric field in the depletion region decreases the probability that 

carriers can diffuse from one side of the junction to the other, hence the diffusion current 

decreases slightly. Similar as that in forward bias, the drift current is relatively the same. 

 

P N 

Depletion region 

Electric field 
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2.4 SOLAR CELL DEVICE OPERATION  

In a single-junction solar cell, incident light photons that have energies greater than the 

band-gap energy of the cell’s material gets absorbed while the light photons with energies 

lower than the band-gap energy is transmitted and pass through the cell without absorbing. 

When a photon is absorbed, it makes an electron from the valence band to jump to the 

conduction band, thereby creating an electron-hole pair (EHP). These generated EHP 

diffuse through the quasi-neutral region until they reach the p-n junction where the drift 

mechanism begins to dominate the carrier transport due to the built-in electric field and 

sweeps away the carriers across the depletion region to become majority carriers. Electrons 

generated in the p-side travel towards the n-side and holes generated in the n-side travel 

towards the p-side. This redistribution of carriers sets up a potential difference, Voc which 

is created due to the splitting of the thermal equilibrium Fermi-level (EF) into minority 

electron quasi-Fermi level (EFn), and minority hole quasi-Fermi level (EFp). This difference 

gives rise to the open-circuit voltage, 
 Fn Fp

OC

E E
V

q


 . This separation in the quasi-Fermi 

level can be seen in the band-diagram shown in the Fig. 2.6.

 
The electrons generated move towards the cathode at the top and the holes moves towards 

the anode at the bottom. Under illumination, the electron-hole pair generation might not 

significantly increase the majority carrier concentration; however, the minority carrier 

concentration is significantly increased and hence, due to the concentration gradient 

developed in the quasi-neutral region the diffusion current dominates. The flow of 

generated minority carriers essentially defines the direction of the light induced current 

density or the photo generated current density (Jph) flowing from n-terminal to p-terminal. 

Collection of all the negative charges on the n-side and the positive charges on the p-side 

creates a light-induced forward bias to the solar cell. As a result of this forward bias in the 

presence of an external load, diode current begins to flow in the opposite direction to the 

photo generated current and is typically referred as the diode dark current, Jdark. It is 

important to minimize the dark current as it reduces the photo generated current. Diode 

current measurements reveal important information about the recombination mechanism 

prevalent in the solar cell, which may limit its performance.  
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Figure 2.6 Band-diagrams representing solar cell operation (a) at equilibrium, and 

(b) Under light. 

 

One of the most important solar cell material parameters is the minority carrier diffusion 

length (Le or Lh), which depends on the minority carrier lifetime (τe or τh) and minority 

carrier diffusion coefficient (De or Dh). Their relationship is given by:  

 

   L D                         (2.2) 

   
𝐷

µ
 = 

𝑘𝑇

𝑞
                                                               (2.3) 
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These parameters are very important when designing the cell thicknesses and doping. The 

idea is to maximize the diffusion length in order to allow the minority carriers to reach their 

respective majority carrier sides for collection to the external circuit. The cell thicknesses 

are designed in accordance with the diffusion lengths of the minority carrier. These 

parameters depend on the doping concentration. 

 

2.5 SOLAR CELL I-VCURVE AND CHARACTERISTICS 

2.5.1 Solar Cell I-V Curve 

Unlike normal p-n junctions, solar cell operates under light illumination. Therefore the I-V 

curve of solar cell is the superposition of I-V curve of a normal p-n junction diode in the 

dark plus a light-generated current. Qualitatively, the light has the effect of shifting the p-n 

junction’s dark I-V curve down into the fourth quadrant where power can be extracted from 

the diode. 

The relationship of current I through an ideal diode (p-n junction) as a function of voltage V 

can be expressed by the “ideal diode law” as follow: 

 

1
qv

kT
OI I e
 

  
                                                                 (2.4)

 

 

Where OI is the “dark saturation current”, q is electron charge, k is Boltzmann’s constant, 

and T is the absolute temperature (K). The dark saturation current OI is very important 

parameter for diode and it reflects the recombination in a device. 

 

 

For solar cells the ideal diode law becomes: 

1
qv

kT
O LI I e I
 

   
                                                           (2.5)

 

Where, IL is the light-generated current. The effect of light on the I-V characteristics of a p-

n junction, can be shown in Fig. 2.7 

 



17 
 

 
 

 

Figure 2.7 Current-voltage (IV) characteristic of a solar under illumination and under 

no illumination or dark. 

 

2.5.2 Solar Cell Characteristics 

There are four important parameters of solar cells that can be derived from I-V curve. They 

are: the short-circuit current (ISC), the open-circuit voltage (VOC), the fill factor (FF), and 

the efficiency (η). As shown on the I-V curve in Fig. 2.8.  

 

I. The short-circuit current (ISC) is the current flowing through the solar cell when 

the voltage across the cell is zero, i.e. when the solar cell is short circuited. It is due 

to the generation and collection of light-generated carriers. So ideally, by setting V 

in equation (2.5) to be zero, the ISC is equal to the light-generated current (ISC = IL), 

and is the largest current that can be drawn from the solar cell. 

II. The open-circuit voltage (VOC) is the maximum voltage available from a solar cell, 

which occurs when current is zero (when the cell is open circuited). That is, by 

setting the net current I in equation (2.5) to be equal to zero, we have the ideal value 

of VOC as: 

 

1L
OC

O

IKT
V ln

q I

 
  

                                                             (2.6) 
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The above equation shows that VOC depends on the light generated current IL and saturation 

current OI of the solar cell. But since IL has a small variation, then the saturation current OI

has the key effect on VOC, which may vary by orders of magnitude for different solar cells. 

 

Figure 2.8 Current-voltage (I-V) curve, power curve and some parameters of a solar 

cell. 

 

Although ISC and VOC are the maximum current and voltage for a solar cell, but there is no 

power at that point (i.e. the output power of the cell at these two extreme points is zero). 

Hence they are not suitable for operation. The power output of a solar cell for any operating 

point can be expressed as the rectangle area in the I-V curve, indicated in Figure 2.8. There 

exists one particular operating point (Vmp, Imp), which maximizes the power output. 

 

III. Fill factor (FF) is a parameter that relates the maximum power of a solar cell. It is 

a measure of the "squareness" of the I-V curve, and is defined as the ratio of the 

maximum power of the solar cell to the product of VOC and ISC, is given as follows: 

 

FF= 
𝑉max×𝐼𝑚𝑎𝑥

𝑉𝑂𝐶×𝐼𝑆𝐶
                                                                  (2.7) 

 

IV. Efficiency (η)is defined as the ratio of output energy of the solar cell to the input 

energy of the sunlight: 
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   max OC SC

in in

P V I FF

P P
  

                                                                   (2.8)

 

It is the most important and most used parameter to evaluate the performance of a solar 

cell. The cell efficiency depends on the spectrum and intensity of the incident sunlight and 

the operation temperature. 

 

2.6 SOLAR CELL SET OF EQUATIONS 

The operation of solar cells can be described by a set of equations, just like any other 

semiconductor device. Solving these equations help to understand the characteristics of 

ideal solar cells. In this thesis, the equations will be written in one-dimensional form. The 

three-dimensional form of this equation is similar except that the spatial derivatives are 

replaced by the divergence of vector quantities (electric field, current density etc.) and the 

gradient of scalar quantities (concentrations, potentials etc.). 

 

2.6.1 Poisson’s Equation 

The first to consider is Poisson’s equation [53], this equation relates the space charge 

density ρ to the divergence of the electric field ϵ. In one dimension, it takes the following 

form: 

                                
d

dx






ò
                                                                 (2.9) 

 
Where, ε is the material’s permittivity. There are several sources that contribute to charge 

density (ρ) in a semiconductor. Therefore we can express it as: 

                     
 D Aq p n N N     

                                                     (2.10)
 

Where p and n are the densities of holes and electrons, and 
AN 

 
and 

DN  are the densities of 

ionized acceptors and donors. Since most shallow donors/acceptors, like B or P in Si, are 

ionized at room temperature [12], then: 

                                   
D DN N   

                                      
A AN N 

                                                              (2.11)
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Where, DN and AN are the total density of donors and acceptors. 

By combining equations (2.9) and (2.10) above, the Poisson’s equation becomes: 

                       
 D A

d q
p n N N

dx 
   

ò

                                                (2.12)
 

 

2.6.2 Current-Density Equations 

Carriers (electrons and holes) could contribute to current by drift and/or diffusion 

processes.  

Drift Current Density: Under the influence of an electric field ϵ, the drift current density 

due to conduction band electrons will be:  

  
                 e d eJ qnv qn  ò

                                                     (2.13)
 

Where vd is the drift velocity and μe is the electron carrier mobility which can be defined by 

the following: 

  

                                    

dv
 

ò                                                                  (2.14)

 

A similar equation was given for holes in the valence band as: 

  
        h hJ qp ò

                                                                (2.15)
 

Diffusion Current Density: For diffusion, the flux of particles is proportional to the 

negative of the concentration gradient. Therefore we can get the relationship between 

current density, which is proportional to the flux of charged particles, and the concentration 

gradient of electrons.  In one-dimensional form the relationship is given by the following 

equation: 

e e

dn
J qD

dx


                                                               (2.16)
 

 

Where, De is a constant known as the diffusion constant. In the same manner, for hole:                                   

                                         h h

dp
J qD

dx


                                                     (2.17)
 

The drift and diffusion processes are fundamentally related; hence Einstein relations give 

the mobilities and diffusion constants relationship as: 
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e e

kT
D

q
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h h

kT
D

q


                                              (2.18)

 

The total current density can be obtained by adding both the drift current density and 

diffusion current density. The expression for the total current densities of electrons and 

holes, Je and Jh becomes: 

  

                           e e e

dn
J qn qD

dx
 ò

                                                                                       

                                                                                                                          (2.19)
 

                        
h h h

dp
J qp qD

dx
 ò  

 

2.6.3 Continuity Equations 

 For a cross-sectional area A and an elemental volume of length δx, the total rate of increase 

of electrons in this volume is the rate at which the electrons  enter minus the rate at which 

they exit, plus the rate at which they are generated minus recombined in this volume. But 

the rates of entering and exiting are proportional to the current densities, that is: 

 (Rate of entering) – (rate of exiting) =      e e

A
J x J x x

q
     

                (2.20)

 

      =  edJA
x

q dx


 

 

  (Rate of generation) – (rate of recombination) =  A x G U 
                         (2.21)

 

Where G is the total generation rate by external processes like illumination, and U is the 

total recombination rate.  

Under steady-state conditions, the total rate of increase of the electrons must be zero, 

therefore by equating (2.17) and (2.18) we can get: 

                       

1 edJ
U G

q dx
 

                                                  (2.22)

 

Similarly, for holes:   
1

( )hdJ
U G

q dx
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Subsidiary relations are required for generation rate G and recombination rate U, and 

expressions for these terms depend on the specific processes involved.  

 

2.6.4 Set of the Equations  

From the above equations (2.11), (2.16), (2.19) we have the following basic equations set 

for solar cell: 

 

  D A

d q
p n N N

dx 
   

ò
 

  e e e

dn
J qn qD

dx
 ò  

h h h

dp
J qp qD

dx
 ò

                                                                               (2.23)
 

1 edJ
U G

q dx
   

1
( )hdJ
U G

q dx
    

These equations form a coupled set of nonlinear differential equations, for which it is not 

possible to find general analytical solutions, but they can be solved numerically to provide 

characteristic information about an ideal solar cell. 
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CHAPTER THREE 

SIMULATION OF SOLAR CELLS 

 

3.1 OVERVIEW OF THE SOLAR CELL SIMULATION 

Simple analytical models are not sufficient in understanding solar cells because it provides 

limited information. Computer aided modeling has become a necessary element in 

designing and analyzing solar cell performance. It allows studying the effects of each 

parameter on the performance of the device, and investigating the electronic behavior of a 

semiconductor device. Although there are many numerical software packages for different 

kinds of solar cells, with different structures or materials, but their fundamental of physics 

and set of equations are the same. In this thesis AFORS-HET software will be introduced. 

 

3.2 INTRODUCTION TO AFORS-HET SOFTWARE 

AFORS-HET (automat for simulation of heterostructures) is a device simulator program 

for modeling multi-layer homo- or heterojunction solar cells and typical characterization 

methods in one dimension. It is developed by Helmholtz-Zentrum, Berlin (a research body, 

specialized on heterojunction researches) 

AFORS-HET allows simulating the output of different measurement techniques (e.g. 

current-voltage (I-V), quantum efficiency (EQE, IQE), capacitance-voltage (C-V), 

capacitance-temperature (C-T) etc.) for an arbitrary sequence of semiconductor layers and 

interfaces, with an arbitrary number of defects distributed within different band gaps. It is 

especially suitable for simulating hetero-junction solar cells. 

AFORS-HET solves Poisson and the transport equations for electrons and holes (Equations 

2.23 above) in one dimension. It can define a customized numerical module considering

impurity and carrier-carrier scattering for crystalline silicon layer. It can also be used to 

simulate amorphous materials because of its option to specify the defect density of states
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(DOS) for all the layers in the structure. The front contact can be treated either as a metal-

semiconductor contact (Schottky contact) or as a metal- insulator-semiconductor contact 

(MIS contact). In AFORS-HET, also three recombination processes are considered, 

including band-to-band recombination, Auger recombination, and Shockley-Read-Hall 

recombination. 

The set of couple 1D partial differential equations (Eq.2.23) is transformed into nonlinear 

algebraic equations by the finite differences method. The free electrons and holes densities 

and the cell potential at each grid-point are independent variables. The resulting nonlinear 

equations are solved using the Newton-Raphson iteration scheme, thereby requiring a good 

starting solution. AFORS-HET use the analytical approximations as a starting solution for 

equilibrium conditions problems, otherwise the last calculated solution serves as a starting 

solution for the new boundary conditions to be solved. 

  

 

 

 

Figure 3.1 Example showing the graphical interface of AFORS-HET. 

 

Define 

structure 

Layer 1 Layer’s Parameter 

Add 

Layer 
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AFORS-HET also has a friendly graphical user interface (GUI), as shown in Figure 3.1, 

and it allows an easy visualization of all simulated quantities. The heterostructure and its 

components (layers, interfaces) can be saved and reloaded. All data can be imported and 

exported, and thus graphically compared. 

 

3.3 EQUATIONS OF AFORS-HET 

The basic equations for optical and electrical calculations in AFORS-HET will be 

discussed here but the detailed modeling equations can be found in reference [54]. 

 

3.3.1 Optical Simulation 

There are two different generations for electrons and holes generation rate due to photon 

absorption,(i) Super bandgap generation for energy of the photon ≥ bandgap and (ii) sub 

bandgap generation for energy of the photon ≤ bandgap. The sub bandgap generation is 

calculated in the electrical modeling part, as it depends on local particle densities. The 

optical super bandgap generation is the same for electrons and holes. 

There are two optical models available in AFORS-HET, Lambert-Beer optical absorption 

model and coherent/incoherent internal multiple reflections optical model. The Lambert-

Beer model is more suited to treat c-Si wafer based solar cells. The second model takes 

coherence effects into account, but is done only for plain surfaces. 

Lambert-Beer model this permits multiple forward and backward traveling of light to be 

taken into account, but it does not consider coherence interference. We can use both 

changing and constant values of reflectance and absorbance during calculations. The angle 

travels by the incident light through the layer stack depends on the wavelength of the 

incident light and can be calculated using Snelliu’s law, by the following equation [55]: 

                             
 
1

arcsin sin
n

   


 
   

                                           (3.1)

 

Where   is the angle of the incident in which the light pass through the layer,  = 54.7˚ for 

textured silicon wafer with <111> pyramids whereas   = 0˚ for normal incidence,  is the 

wavelength of the incident light and  n   is the refraction index for the first layer 

semiconductor at the illuminated side as a function of the wavelength. 
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It is assumed that all photons of specified wavelength cross the layer stack under distinct 

angle . Photon absorption is then calculated from the spectral absorption coefficient of the 

semiconductor layer corresponding to the position of the stack, which can be expressed as: 

  

           
 

 4
x

k 
 




                                                        (3.2)
 

Where,  k   = extinction coefficient. 

 

The super bandgap electron-hole generation rate for a standard solar spectrum (AM 1.5) 

incident on the semiconductor layer for single run through is given by: 

 

                                   
 

 max cos

min
, ,

x x

xG x t d t R A e

 
 


     



                        (3.3)           
 

where min and max are minimum and maximum wavelength of the incident light 

respectively, is the incoming spectral photon flux and  R  and  A   are reflectance and 

absorbance respectively. 

If there is no effect of coherence, the optical generation rate can be calculated as: 

                                 
     , , ,n pG x t G x t G x t 

                                      (3.4)
 

 

3.3.2 Electrical Simulation 

To perform the calculations for electrical simulation all the arbitrary semiconductor layers’ 

equations Poisson’s equation and continuity equation for electrons and holes need to be 

solved. Different physical models are used to describe current in each 

semiconductor/semiconductor interface and front and backside boundaries. This leads to a 

system of non linear three dimensional differential equations with respect to time and space 

derivatives. The system of differential equations is solved for the independent variables, i.e. 

electron density, hole density and electric potential. 
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The Poisson’s equation can be expressed as: 

                                

2 



  

                                                                (3.5)
 

 

Where,  is the electric permittivity of the material,  is the electric potential across the 

interface and   is the local charge density, which is the sum of all fixed and mobile 

charges. 

Boundary conditions are applied to solve Poisson’s equation for electric potential. The 

boundary condition commonly applied for semiconductor interface is: 

                            0 0E E   

which implies that, the electric field just before the edge of the interface barrier and electric 

field just after the edge of the interface barrier are equal, since electric field is a continuous 

quantity. 

 

In case of DC simulation, the time derivatives are absent, resulting in a simplified system of 

differential equations. The set of differential equation is then solved for time independent, 

but position dependent functions. In DC mode, the equations are given as: 

                          ,n x t n x  

                            ,p x t p x
                                                                   (3.6)

 

                         ,x t x   

The one dimensional time independent continuity equation for transport of electrons is 

given by: 

                 
 

   
1

, ,
n

n n

j x
G x t R x t

q x


  

                                                 (3.7)

 

while, 
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                                                           (3.8)
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and 
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For holes; 
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                                                                 (3.10)
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                                                                  (3.11)
 

and  
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p x
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N x

 
    

                                                              (3.12)

 

Where  pj x and  nj x are hole and electron current densities respectively, FnE and
FpE  

are the electrons and holes quasi-Fermi levels respectively, n and
p  are electron and hole 

mobility respectively,  nR x and  pR x are electrons and holes recombination rates 

respectively, VE and CE are energies of valence and conduction  bands respectively and VN

and CN are the effective density of states in valence and conduction bands respectively. 

 

3.3.3 Basic Recombination Models 

Four basic recombination models are included in AFORS-HET: conduction band to valence 

band recombination via radiative band to band recombination (RBB), augur recombination 

(RA), recombination via defect states located within the bandgaps, known as Shockley-

Read-Hall recombination (RSRH) and recombination due to the dangling bonds (RDB). 

Therefore the total recombination in DC simulation is given by; 

          ,

BB A SRH DB

n pR x R x R x R x R x   
                                         (3.13)
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3.4 SIMULATION OF SIMPLE a-Si:H/c-Si HETEROJUNCTION SOLAR CELL 

Simulations of a-Si:H(n)/a-Si:H(i)/c-Si(p) solar cell calculated by AFORS-HET will be 

presented. The structure based on a p-type wafer will be used because it is more available 

and cheaper than n-type wafer since microelectronic industries widely use p-type c-Si wafer 

for device fabrication. However, inferior performance was observed for devices fabricated 

on c-Si(p) as compared with those on c-Si(n). This was once attributed to the poor back 

surface field (BSF) effect at the c-Si(p)/a-Si:H(p+) interface due to the large valence band 

offset there [56,57]. Recently, NREL obtained a decent heterojunction with intrinsic thin 

layer(HIT) performance on c-Si(p) utilizing the a-Si:H(p+) BSF [58], which suggests that a 

further investigation is necessary to fully understand the factors that affect the performance 

of the c-Si(p)-based HIT solar cell,  

 

3.4.1 Simple HIT Structure Used For the Simulation 

Figure 3.2 shows the structure and dimension of the layers of the simulated solar cell. 

The structure is TCO/a-Si:H(n)/a-Si:H(i)/c-Si(p)/Al, the emitter is a-Si:H(n), the absorber is  

c-Si(p),and the buffer is a-Si:H(i). 

 

 

TCO  

a-Si:H(n)  

a-Si:H(i) 

 

c-Si(p) 

Al 

 

Figure 3.2 structure of the a-Si:H/c-Si solar cell 
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3.4.2 Simulation Parameters 

Table 3.1 shows the parameter values adopted for the solar cell simulation [59], the solar 

AM1.5 radiation with the density power of 100mW/cm2 was used as the illuminating 

source. 

 

Table 3.1 parameter values used for the simulation 

Parameters a-Si:H(n) a-Si:H(i) c-Si (p) 

Thickness (nm) 10 5 300,000 

Dielectric constant 11.9 11.9 11.9 

Electron affinity (eV) 3.9 3.9 4.05 

Band gap (eV) 1.74 1.72 1.12 

Effective conduction/valence band density (cm-3) 1E20/1E20 1E20/1E20 2.8E19/1.04E19 

Electron/Hole mobility (cm2V-1s-1) 20/5 20/5 1040/412 

Doping concentration of acceptors/donors (cm-3) 0/1E20 0/0 1E16/0 

Thermal velocity of electrons/Holes (cms-1) 1E7/1E7 1E7/1E7 1E7/1E7 

 

3.4.3 Simulation Results: 

The band diagram result for the simulation of the simple HIT structure above is; 

 
 

Figure 3.3 Band diagram for the simple HIT structure under dark 
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Figure 3.4 Band diagram for the simple HIT structure under illumination 

 

 

Figure 3.5 IV characteristics for the simple HIT structure 

 

The solar cell output parameters are found to be: VOC=639.8mV,   JSC= 37.61mA/cm2,          

FF= 76.87%,   ɳ= 18.5%. As we can see from the above simulation result, the efficiency is 

18.5% only. We study the band diagram of Fig.3.3 carefully and found out that there is a 

potential barrier between the a-Si:H and c-Si layers (band offsets) which was due to the 

band gap and electron affinity differences between the two materials. Fig. 3.6 indicates the 

zoomed out the band offset between c-Si and a-Si:H(i) from the band diagram of Fig. 3.3. 
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Figure 3.6 Conduction band offset zoomed out from Fig. 3.3 

 

 This barrier prevents the electrons that have lower energy than the highest conduction band 

energy to move from p-type side to n-type side and this reduce the current flow which in 

turn reduce the efficiency of the solar cell. The electrons can cross the barrier in two ways: 

1. Quantum tunneling which occurs when electrons tunnel through the barrier. The 

corresponding current drawn due to this is called tunneling current. 

2. Thermionic emission which occurs when the electrons gain energy and jump over 

the barrier to the other side. 

In this thesis we will concentrate on thermionic emission.  But the conduction band offset 

∆𝐸𝐶 (which prevents the electrons from moving to the other side) was measured from the 

above band diagram and found to be 150meV which was too high for the electrons to gain, 

because normally at room temperature the electron has a thermal energy of 25meV only. 

Therefore we need to device a means of either reducing the band offset or increasing the 

electrons energy for us to get more electrons to pass the barrier.  
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CHAPTER FOUR 

APPROACHES TO HIGH PERFORMANCE HIT SOLAR CELLS 

One of the most important issues in the operation and design of heterojunction solar cells is 

the influence of band offsets at the amorphous and crystalline silicon interface which is as a 

result of the band gaps and electron affinities difference between the two materials as 

shown and explain in the Band diagram of the simulation of simple HIT structure in the 

previous chapter. These off sets give rise to potential barriers that could impose limitations 

for the photo carrier collection, which cause decrease in the short circuit current of the cell 

and in turn decrease in the efficiency. 

 

Figure 4.1 Band offset between a-Si:H and c-Si 

To obtain higher efficiency HIT solar cell we focus on: 

- Grading the band off sets between the amorphous and crystalline silicon interface: 

This can be achieved by designing a new structure with graded band gap and 

electron affinity layers inserted in between a-Si:H and c-Si layers which will reduce 

the ∆𝐸𝐶to lower values but in a graded form. That is to say we will make a staircase 

for the electrons. 

- Use numerical simulation to optimize the cell parameters of the designed structure. 

 

+ + + 

 --  - - - - 

 

1.74eV 
a-Si:H(n) 

 

 

 

1.12eV 

 

c-Si(p) 
Ed 
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4.1 PROPOSED STRUCTURE  

The band offsets of heterojunction solar cell is due to the bandgap difference between        

a-Si:H and c-Si materials, it can therefore be reduced by inserting another material with a 

bandgap value in between that of a-Si:H (1.72 eV) and c-Si (1.12 eV). We proposed a novel 

structure which consist of graded band gap (1.2 to 1.6eV) of a-SiGe:H alloy as the intrinsic 

layer in between the a-Si:H(n) and c-Si(p) layers. This is possible because the optical band 

gap of the a-SiGe:H film can be tailored from 1.78 eV to 1 eV by varying the germanium 

molar fraction [60].The graded layers will make the photo carrier transportation easier by 

making something like a stair case for the electrons moving from the p-side to the n-side. 

As the transportation of electrons increase the current drawn from the cell will also 

increase.  Figure 4.2 shows the structure TCO/a-Si:H(n)/ a-SiGe:H(i)( with graded 

bandgaps )/c-Si(p)/Al. 

 

 

 

 

 

 

 

 

Figure 4.2 Proposed structure 

The graded band gap a-SiGe:H intrinsic layer consists of five different layers of a-SiGe:H 

with a band gaps of 1.2 eV,1.3 eV,1.4 eV,1.5 eV and 1.6 eV each with a thickness of 0.1 

nm making the total thickness of the intrinsic layer to be 0.5nm.the layer with a band gap of 

1.2 eV will be first deposited on the c-Si(p) layer followed by the one with band gap of    

1.3 eV then the layer with 1.4 eV and 1.5 eV lastly the layer with a band gap of 1.6 eV will 

be next to a-Si:H layer.   

 

 

TCO 

a-Si:H(n) 

a-SiGe:H(i) 

C-Si(p) 

Al 



35 
 

 

 

4.2 PARAMETERS OF a-SiGe:H 

The parameters of a-SiGe:H used in this thesis was given in table 4.1 [60], a-si:H 

parameters will be used for the remaining parameters necessary for the simulation with 

AFORS-HET. 

Table 4.1 parameters of a-SiGe:H 

 

 

 

The electron affinities of a-SiGe:H materials for different band gaps were calculated using 

the parameters in [60]. The values were found by plotting a graph of electron affinity 

against band gap of a-Si:H, a-SiGe:H and that of c-Si of Table 4.2, this is because all the 

band gaps and electron affinities of the a-SiGe:H are in between that of the a-Si:H and c-Si. 

So from the straight line graph we can get the electron affinity for a given band gap.  

 

 

 

Table 4.2 electron affinity and band gaps of the materials 

 

Material Band gap Electron affinity 

a-Si:H 1.74 3.9 

a-SiGe:H 1.4 4.01 

c-Si 1.12 4.05 

 

Parameters Values 

Band gap 1.4eV 

Electron affinity 4.01eV 

Effective conduction/valence band density 1E20/1E20 (cm-3) 

Electron/hole mobility 60/10 (cm2V-1s-1) 
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Corresponding electron affinity for a given band gap can be found from a plot of band gap 

against electron affinity using the data in table 4.2. The plot is shown in Fig. 4.3. 

 

Figure 4.3 graph of electron affinities against band gaps 

 

Table 4.3 Electron affinity for different band gaps of a-SiGe:H 
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4.3 SIMULATION OF THE PROPOSED STRUCTURE 

The proposed structure was simulated with the above parameters using AFORS-HET 

software, the result of the simulation was shown below: 

4.3.1 Band Diagrams 

  

Figure 4.4 Band diagrams for the graded structure                                                      

As seen from the zoomed band diagram, the band offset was graded. Initially the value of 

the band offset was measured to be 150meV but now it was graded to 30meV each, this 

will make the electrons easier to move, though electrons at room temperature has 25meV of 

energy they need a little more energy to jump over the band offset. Fortunately the solar 

cell is working under sun not at room temperature this will give the electrons extra 5meV to 

overcome the barrier. 
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4.3.2 I-V Curve and Solar Cell Output Parameters 

 

Figure 4.5 I-V curve for the graded structure 

 

The solar cell output parameters are: VOC=674.2 mV,   JSC= 37.95 mA/cm2,   FF= 83.94%,   

ɳ= 21.47%.As we can see after inserting the graded band gap a-SiGe:H alloy as the 

intrinsic layer, the simulation results shows an increase in short circuit current and the 

overall efficiency also increase by about 3% ( from 18.5% to 21.47%). 

 

4.4 Comparison between Simple HIT and Proposed Structure: 

The solar cell simulation results for the two structures are summarized in Table 3. When 

the results for the simple sturucture (Fig 3.2) and proposed structure (Fig 4.2) are 

compared, the open circuit voltage is much higher in the proposed sructure. The short-

circuit current is slightly improved and the fill factor is also increased. As a results, the 

efficiency is increased by almost 3% when the a-Si:H is replaced by the graded a:SiGe:H 

layers in the structure. 
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Table 4.4 Comparison between the Simple HIT structure and the designed structure. 

structure a-Si:H(n) 

thickness 

(nm) 

a-Si:H(n) 

doping  

(cm-3) 

c-Si(p) 

doping 

(cm-3) 

i–layer 

thickness 

(nm) 

Voc 

(mV) 

Jsc 

(mA/cm2) 

FF 

(%) 

ɳ        

(%) 

Simple 

HIT 

10 1E20 1E16 5 639.8 37.61 76.87 18.5 

Proposed 

structure 

10 1E20 1E16 5 674.2 37.95 83.94 21.47 

 

We also use AFORS-HET simulation software to optimize the different parameters of the 

structure to get a better and improved efficiency. 
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CHAPTER FIVE 

OPTIMISATION OF THE STRUCTURE AND DISCUSSIONS 

The doping concentration and the thickness of different layers in the Heterojunction with 

intrinsic thin layer solar cells influence their performances. So doping concentrations and 

thicknesses of n-layer, p-layer and i-layer are varied to see their influence in the 

performance of the solar cell and the best values has been selected to form an optimized 

structure with highest efficiency. 

 

5.1 EFFECTS OF N-LAYER 

The doping concentration and thickness of the n- layer has been varied to see the effect and 

find the optimized value 

5.1.1 Optimization of n-layer thickness 

 The thickness of n-layer was varied from 0.5nm to 5nm and sees how it affects the 

output parameters of the solar cell. The simulation results are in Table 5.1 

Table 5.1 Variation of n-layer thickness. 

 

n-thickness (nm) Voc (mV) Jsc (mA/cm2) FF (%) ɳ (%) 

0.5 641 39.5 76.7 19.41 

1 641 39.4 76.7 19.37 

1.5 641 39.3 76.7 19.33 

2 641 39.2 76.7 19.29 

2.5 641 39.1 76.7 19.25 

3 641 39 76.7 19.21 

3.5 641 38.9 76.7 19.16 

4 641 38.8 76.7 19.12 

4.5 641 38.7 76.7 19.08 

5 641 38.6 76.7 19.04 
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The graph of the various output parameters are plotted against the thickness to see the 

variation of each with the increase in n-layer thickness 

  

Figure 5.1 Variation of VOC with n-layer thickness 

 

  Figure 5.2 Variation of JSC with n-layer thickness 
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Figure 5.3 Variation of FF with n-layer thickness 

 
Figure 5.4 Variation of Efficiency with n-layer thickness 

As can be seen from Figs 5.1-5.4, n-layer thickness does not have influence on the Voc and 

FF. Voc will be constant since the doping level is the same. On the other hand the Jsc is 

decreasing by increasing the n-layer thickness, this is because the n- layer is of a-si:H and it 

has defects which cause the increase in recombination at the layer, so when the layer is 

thicker the possibility of the recombination will increase, therefore the current is decrease 

by increasing the recombination which in turn decrease the efficiency. Therefore we try to 

make n-layer as thin as possible, so we choose 1nm as the optimized n-layer thickness. 
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5.1.2 Optimization of n-layer doping concentration 

The doping concentration of the n- layer was varied in the range of 1E18,5E18, 1E19, 5E19 

and 1E20. The simulation results and the graphs are shown below. 

Table 5.2 Variation of n-layer doping concentration. 
  

 

 

 Table 5.2 Variation of n-doping 

 

 

 

Figure 5.5 Variation of VOC with n-layer doping 

 

Figure 5.6 Variation of JSC with n-layer doping 

n-doping 

(cm-3) 
Voc (mV) Jsc (mA/cm-2) FF (%) ɳ (%) 

1.00E+18 757 46.04 85.04 29.64 

5.00E+18 757 46.05 85.06 29.65 

1.00E+19 757 46.05 85.07 29.66 

5.00E+19 757 46.06 85.07 29.66 

1.00E+20 757 46.05 85.07 29.66 
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Figure 5.7 Variation of FF with n-layer doping 

 

 
Figure 5.8 Variation of Efficiency with n-layer doping 

As we can see from Figs 5.5-5.8 the VOC is not affected with the n-layer doping but short 

circuit current increase to a certain value then saturate, we need a highly doped n-layer for 

wider depletion region. Therefore 1E20 was selected because the efficiency is high and the 

conductivity is highest. Increase in the conductivity will help reduce the series resistance on 

the n-side. 

 

5.2 EFFECTS OF INTRINSIC LAYER 

The intrinsic layer is an undoped thin buffer layer inserted in between a-Si:H and c-Si 

layers in heterojunction solar cell. The benefit of this layer is to reduce the interface defects 

when the heterointerface is formed. Normally the density of state in the undoped a-Si:H is 
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weaker than in doped a-Si:H, so by inserting the undoped layer the defect in between the 

undoped a-Si:H and c-Si  the interface defects will be less. 

5.2.1 Optimization of i-Layer Thickness  

The thickness of the intrinsic layer was varied from 0.5nm to 3nm and the simulation 

results and the graphs for various output parameters are shown below 

Table 5.3 variation of i-layer thickness 

 

 

 

 

 

 

Figure 5.9 A graph showing Variation of VOC with i-layer thickness 

 

Figure 5.10 A graph showing variation of JSC with i-layer thickness 

i-thickness (nm) Voc (mV) Jsc (mA/cm2) FF (%) ɳ (%) 

0.5 757 46.05 85.07 29.66 

1 757 45.78 85.04 29.48 

1.5 757 45.53 85.02 29.31 

2 757 45.29 85.17 29.14 

2.5 755.5 45.05 85.14 28.98 

3 755.5 44.82 85.11 28.82 
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 Figure 5.11 A graph showing variation of FF with i-layer thickness 

 

 Figure 5.12 A graph showing variation of Efficiency with i-layer thickness 

 

From Figs 5.9-5.12, we can see that the Jsc and Efficiency are decreasing with increasing 

the i-layer thickness while the Voc remains somehow constant. The reduction of efficiency 

is due to the low mobilities of electrons in the layer as well as high defects in the 

amorphous layer. That means the thinner the better, so the optimized thickness is 0.5 nm. 

 

5.3 EFFECTS OF P-LAYER 

The doping concentration and thickness of the p-layer has been varied to see the effect and 

find the optimized value. 
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5.3.1 Optimization of p-layer doping concentration 

The p- doping was varied from 1E17 to1E18 and the simulation results were shown below. 

During our simulation we took the effect of mobilities in to consideration that is mobility is 

decreasing by increasing doping concentration in crystalline silicon. 

Table 5.4 variation of p-doping taking mobilities effect in to consideration 

  

 

Figure 5.13A graph showing variation of VOC with p-layer doping 

p-doping 

(cm-3) 

µe 

(cm2/Vs) 

µh 

(cm2/Vs) 

Voc 

(mV) 

Jsc 

(mA/cm2) FF (%) ɳ (%) 

1.00E+17 721 317 780.5 45.21 86.08 30.37 

2.00E+17 560 266 768 46.94 85.23 30.73 

3.00E+17 474 235 760.2 47.66 85.5 30.98 

4.00E+17 419 214 757 47.91 85.26 30.93 

5.00E+17 379 198 755.5 47.95 85.18 30.86 

6.00E+17 349 185 755.5 47.92 85.12 30.81 

7.00E+17 326 175 755.5 47.87 85.15 30.8 

8.00E+17 306 166 757 47.82 85.07 30.79 

9.00E+17 291 159 757 47.77 85.16 30.8 

1.00E+18 277 153 757 47.72 85.25 30.8 
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Figure 5.14Agraph showing variation of JSC with p-layer doping 

 
 

Figure 5.15A graph showing variation of FF with p-layer doping 

 

Figure 5.16 A graph showing variation of Efficiency with P-layer doping 
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 We can see from Figs 5.13-5.16, how the parameters were varied with p-layer doping and 

the optimal value that gives the highest efficiency is 3E17. 

5.3.2 Optimization of p-layer thickness 

The thickness of p-layer was varied from 100µm to 500µm with 50µm increase and the 

simulation results with the graphs are shown below: 

Table 5.5 variation of P-layer thickness 

p-thickness 

(µm) 

Voc 

(mV) 

Jsc 

(mA/cm2) FF (%) ɳ (%) 

100 738.3 46.65 80.1 27.59 

150 746.1 47.76 79.35 28.27 

200 750.8 48.39 84.72 30.25 

250 753.9 48.78 84.98 31.25 

300 755.5 49.03 85.13 31.54 

350 757 49.2 85.14 31.71 

400 757 49.32 85.24 31.82 

450 758 49.39 85.13 31.89 

500 758.6 49.44 85.16 31.94 

 

 

Figure 5.17A graph showing variation of VOC with P-layer thickness 
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Figure 5.18A graph showing variation of JSC with P-layer thickness 

 

 
Figure 5.19A graph showing variation of FF with p-layer thickness 

 
Figure 5.20 a graph showing variation of Efficiency with P-layer thickness 
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From Fig.5.20, Efficiency increases as the thickness of p-layer increases; this is due to 

increase in absorption. So, the thicker the p-layer the better the absorption, but we can note 

from the graph  that after 300µm the increase is very small, so due to the cost of the wafer 

we need a p-layer to be as thin as possible. For the purpose of this work we choose the 

optimized p-thickness to be 300µm. the optimized parameters are shown in Table 5.6 

Table 5.6 Optimized parameters for the structure 

 

layer doping thickness 

n 1E20 cm-3 1 nm 

i - 0.5 nm 

p 3E17 cm-3 300 µm 

 

5.4 EFFECTS OF TRANSPARENT CONDUCTING OXIDES (TCOs) 

Different TCOs are used on the optimized structure to see the influence of each one in the 

performance of the solar cell. In this thesis, we use indium tin oxide (ITO) and zinc oxide 

(ZnO) but for each one we used textured and plane. The results of the simulations are 

shown in Table 5.7. 

   Table 5.7 Effects of TCOs 

TCO VOC (mV) JSC (mA/cm2) FF (%) ɳ (%) 

Plane ITO 752.3 40.15 84.88 25.64 

Plane ZnO 755.5 44.54 85.09 28.63 

Textured ITO 755.5 44.62 85.09 28.68 

Textured ZnO 758.6 49.5 85.24 32.07 
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From the Table 5.7, ZnO textured gives a high efficiency of 32.07%, therefore the 

optimized structure will be: Textured ZnO/a-Si:H(n)/graded band gap a-SiGe:H(i)/c-

Si(p)/Al with the above doping and thicknesses and our achieved efficiency is 32.07% 
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CHAPTER SIX 

CONCLUSION AND FUTURE WORK 

In this thesis, we worked on the problem of band offsets which occurs at the interface of   

a-Si:H and c-Si layers due to their electron affinity difference by designing a novel 

structure that contains an intrinsic graded band gap a-SiGe:H layer in between the two 

layers (a-Si:H and c-Si) which results in an increase in efficiency. 

The proposed structure ZnO/a-Si:H(n)/graded-band-gap a-SiGe:H(i)/c-Si(p)/Al was 

simulated and the effect of doping concentration and thickness of the different layers on the 

performance of the solar cell was evaluated using AFORS-HET software. 

For the optimized parameters, a record efficiency of 32.07% was obtained with the relevant 

parameters values of VOC=758.6 mV,   JSC=49.5 mA/cm2,   FF=85.24%. These results were 

obtained from the following optimized values:  Thickness of 1 nm, 0.5 nm and 300 µm for 

a-Si:H(n) (emitter-layer), graded band gap a-SiGe:H(i) (buffer layer) and c-Si(p) (absorber-

layer), respectively. For doping concentrations, the optimized values are 1E20 and 1E18 for 

the emitter and absorber layers, respectively. Textured ZnO results in the highest efficiency 

for the TCO choice. 

For the future work: 

- The designed structure needs to be studied experimentally. 

- Parameters of a-SiGe:H needs to be characterized. 

- The solar cell devices have to be fabricated and tested. 
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