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Abstract  

[Study of Light-Trapping Approaches for Silicon-Based Thin Film Solar Cells]  

This thesis presents the results of research on light-trapping approaches applied 

to silicon-based thin film solar cells including a-Si:H/µc-Si:H tandem solar cells. 

Experimental and theoretical study of the effects of light-trapping approaches, i.e. the 

introduction of optical layers; intermediate layer (IL) inserted between component cells, 

n-top layer with function of intermediate layer (nIL), n-bottom layer with function of 

ZnO back reflective layer (nBRL), front anti-reflection layers inserted between glass/ 

TCO (FAL) and between TCO/p-layer interface (FALp) as additional refractive-index 

matching layers, as well as the development of double-textured conductive zinc oxide 

coated on white glass substrates, on the performance of silicon-based thin film solar 

cells such as a-Si:H/µc-Si:H multi-junction solar cells was performed. The numerical 

analysis of nIL, nBRL, FAL and FALp was also systemically conducted using both of 

simulators called “OPTICAL” and “ASA” (Advanced Semiconductor Analysis). Firstly, 

optical calculation using OPTICAL simulator was carried out to find the optimal optical 

properties of optical layers used in this study, corresponding to different function 

purposes. Also, theoretical analysis using ASA simulator was provided in order to 

comprehend and confirm the effect of each optical layer on solar cell performance. 

From optical calculation results, it was found that for IL and nIL, their refractive index 

and thickness should be 1.7~2.0 and 40~50nm, respectively. At the same time, in case 

of nBRL, the films with refractive index of ~1.92 is needed and the optimal thickness is 

60~80nm. Furthermore, the preferred refractive index and thickness of FAL was 

investigated to be ~1.74 and 60~80nm, respectively. Secondly, Different silicon oxide 

(SiOx) films have been characterized and optimized for applying to several solar cells as 
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optical layers with those of individual function purposes. N-type hydrogenated silicon 

oxide (SiOx:H) film was prepared and optimized by using RF-PECVD technique from a 

mixture of SiH4,H2,CO2 as a reactant gas and PH3 as a doping gas. Optical, electrical, 

and structural properties of the deposited n-SiOx:H films were investigated by optical 

band gap (E04), refractive index (n) , in-plan conductivity (σ) and Raman spectrum and 

XPS measurement. By optimizing deposition condition parameters, especially CO2, PH3, 

H2 gas ratio and gap distance between electrodes, the SiOx:H films with considerable 

optical and electrical properties, i.e. sufficient high conductivity and preferred low 

refractive index, were obtained and applied into silicon-based thin film solar cells. The 

optimized µc-SiOx:H films were then inserted between a-Si:H top and µc-Si:H bottom 

cell interface as an IL and it was found that this IL was effective to be applied into the 

tandem solar cells. Also, a-Si:H/ µc-Si:H tandem solar cells with novel structure of 

p-a-SiC:H/ i-a-Si:H/ n-SiOx:H/ p-µc-SiO:H/ i-µc-Si:H/ n-SiOx:H/ Ag/ Al were for the 

first time proposed as a candidate to lower the optical losses and thus increase the solar 

cell performance, especially current density (Jsc). By using the optimum n-SiOx:H layer 

instead of n-µc-Si:H/ZnO back reflector for a µc-Si:H solar cell as a nBRL, the spectral 

response, particularly, at the long wavelength could be improved and then Jsc was 

relatively increased up to 4.4%. Similarly, for the novel a-Si:H/µc-Si:H solar cell 

structure using the proper dual-functional n-SiOx:H layers as a nIL and a nBRL, the 

relative improvement in Jsc by 9% was obtained and therefore the initial efficiency as 

high as 11.9% (Voc=1.38 V, Jsc=12.24 mA/cm2, FF=0.704) was achieved. These results 

approved that the first layer of newly developed n-SiOx:H layers (nIL) can work as an 

n-top layer and also be functioned as an IL at the same time. Whereas, the second 

n-SiOx:H layer (nBRL) can work as both an n-bottom layer and a ZnO back reflective 
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layer. As a result, the reduction in optical losses could be obtained. Furthermore, these 

novel solar cell structures are beneficial for mass production since they were simplified. 

Thirdly, a-SiOx films were characterized and optimized by measuring optical properties  

such as transmittance, reflectance, and haze value for use as a FAL in µc-Si:H solar 

cells. The µc-Si:H solar cells with the optimized a-SiOx FAL were fabricated to 

compared the ones without FAL. By inserting optimized a-SiOx FAL with n of ~1.75 

into the glass/ZnO interface of the µc-Si:H solar cell, Jsc could relatively be increased by 

about 5%, especially in the 550-950 nm region. Also, this optimized FAL did not 

deteriorate the properties of the ZnO layer because no significant changes in Voc and FF 

were observed. As a result, the cell with an efficiency as high as 8.28% (Voc =0.495 V, 

Jsc =25.09 mA/cm2, FF =0.667) could be realized. Finally, W-textured ZnO:B films, 

with a very high haze value and greater angular distribution function (ADF), coated on 

white glass were successfully developed by MOCVD technique. Effects of 

glass-etching time on the morphology and optical properties of the substrates was 

investigated to explore the optimal properties for use as a front TCO contact in solar 

cells. It was found that the surface morphology of ZnO:B films deposited on white glass 

samples is mountain-chain-like double texture, while the one deposited on soda-lime 

glass samples shows cauliflower-like double texture. The mountain-chain-like double 

texture showed higher haze value over the whole wavelength region than the 

conventional cauliflower-like double texture and a feature size larger than 10 μm were 

obtained with longer RIE etching times. By applying these white glass substrates to 

novel a-Si:H/μc-Si:H tandem solar cells, the short-circuit current density Jsc could be 

increased from 12.2 mA/cm2 to 13.4 mA/cm2, corresponding to improved spectral 

response in the long wavelength region (>500 nm). Consequently, the initial efficiency 
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of the solar cells could be increased up to 13.3 %. Therefore, the ZnO:B films obtained 

here, by deposition on etched white glass, should be considered as a basis for promising 

substrates, for use as front transparent contact layers in silicon-based thin film solar 

cells. 
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Chapter 1  

Overview and Objectives of This Study 

 

1.1 Background 

This thesis presents the results of research on light-trapping approaches applied 

to silicon-based thin film solar cells including a-Si:H/µc-Si:H tandem solar cells. We 

have experimentally and theoretically studied the effects of light-trapping approaches, 

i.e., employments of n-top layer with function of intermediate layer (nIL), n-bottom 

layer with function of ZnO back reflective layer (nBRL), front anti-reflection layers 

inserted between glass/TCO (FAL) and between TCO/p-layer (FALp) as well as 

double-textured white glass substrate, on silicon-based thin film solar cell performance.  

In this chapter, a general background and a purpose of the research are mainly 

presented. Firstly, motivation of the research, such as needs of renewable energy and the 

photovoltaic (PV) technology as a promising candidate for future energy sources, is 

briefly discussed. Then, the thin-film silicon solar cells as a low-cost material for 

photovoltaic applications are also described. Finally, the objective of this study and the 

outline of this thesis are then illustrated.  

     

1.1.1 Needs of renewable energy resources 

Since the industrial revolution at the end of 19th century, most of industries 

have been grown by depending on the fossil energy sources. The amount of world 

energy consumption, especially the energy from the fossil fuels, has rapidly increased 

for a couple hundred years. As shown in the figure 1.1[1], it shows the world 
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consumption of fossil fuels by each energy source, since 1965. The consumption of 

fossil fuel energy sources have been increasing more and more yearly up to 4000 

million tonnes of oil equivalence. It seems that there is a change in the trends of energy 

consumption of coal for the developed countries while the developing countries are 

becoming more and more dependent on energy sources from coal. As a result, there are 

no changes in the trends of world energy consumption, on the other hand, consumption 

of energy comes from the fossil fuel sources increased more and more. The world 

consumption in 2006 increased by more than twice Britain’s total annual energy use and 

is the largest global yearly increase ever recorded. The International Energy Agency 

(IEA) forecasts that by 2030 demand for energy will be some 60% more than it is now 

[2]. Unfortunately, the amounts of those kinds of energy sources that can be available 

are very limited. It was predicted that the oils and coals will be depleted after 43 and 

231 years, respectively [3]. Moreover, we also should notice that the consumption of 

fossil fuels leads to an emission of carbon dioxide (CO2), one of the greenhouse effect 

gases. As shown in Figure 1.2 [4], in 2010, the global concentration atmospheric 

concentration of CO2 has increased to 35 billion metric tons of carbon dioxide. This 

value is almost double of that in the 1970s [5]. Most of the CO2 emissions were 

produced by the generation of electricity and heat, which come from the transportation 

and industry sectors. It is well known that CO2, which one of the greenhouse effect 

gases, have caused a serious environmental problem so called “global warming issue”. 

The global warming issue has attracted much attention for these several decades. It is 

also well recognized that the annual temperature in the world has rapidly increased. In 

fact, the mean annual temperature difference from normal in the world, i.e., the average 

value between the temperature near the earth and the sea surfaces, increases at the rate 
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of 0.67ºC per one hundred years[6]. 

 

Figure 1.1 World energy consumption divided by energy sources from 1965 to 2010[1] 

 

 

Figure1.2 Global Carbon Dioxide emission in atmosphere from 1965 to 2010[4] 

 

To overcome the energy problems and to reduce the greenhouse effect gas 

emission explained above, the development of renewable energy with a lower 
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environmental impact is urgently needed. Renewable energy is the energy source 

generated from non-fossil fuel resources excluding from the nuclear power which is 

sustainable. These renewable energies have many sources, such as solar light, solar 

thermal, hydro power, wind power, biomass, and geothermal heat. By their nature, these 

renewable energy sources are generally carbon-free or carbon neutral. Among these 

renewable energy sources, the solar power generation using solar light is the most 

promising candidate as an energy technology for the future energy sources. The solar 

power is mainly utilized in two ways. One is a conversion into electricity by solar cells; 

the other is an accumulation of heat in solar collectors. Here, the former called 

photovoltaics (PV) based on the photovoltaic effect is mainly discussed. Photovoltaics 

use the solar radiation, which is undoubtedly free and inexhaustible supply, as an energy 

source. The amount of energy supplied by the sun to the earth is more than five orders 

of magnitude larger than the world electric power consumption to keep the modern 

civilization going. Moreover, the solar power generation produces no residue and 

exhaust gases, and thus is non-polluting. Furthermore, since the photovoltaic power 

generation employs solar cells that convert the light energy directly into electrical 

energy, there are no moving parts such as turbines and generators needed in the thermal, 

atomic, and wind power generation processes. Therefore, the photovoltaic system needs 

little maintenance and is highly reliable for a long period. Besides, the electricity from 

the photovoltaics can be generated on wherever it is needed without requiring power 

transmission lines. Photovoltaics also can be constructed to any size in response to 

energy needs, from mili-watt size (for items such calculators and wristwatches) to 

mega-watt size (for solar plants). From the above features, it is clear that the 

photovoltaic system is the most beneficial sustainable energy. Therefore, significant 
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R&D efforts of photovoltaics have been made over the past two decades in a wide 

variety of technical fields, from solar cell materials, device structures, and mass 

production technologies to the photovoltaic systems themselves. 

 

1.1.2 Current status and future prospects of photovotalics 

Photovoltaic have attracted much interest as an alternative for fossil fuels since 

the oil crises of 1970s. Many research groups from several countries have been studied 

and developed many kinds of solar cells in order to reduce the costs of solar cells and to 

improve the performance of solar cells themselves. As a result, about an order of 

magnitude cost reduction has been achieved in the past 10 years [7]. 

Photovoltaic conversion is the direct conversion of sunlight into electricity with 

no intervening heat engine. As indicated above, photovoltaic devices are rugged and 

simple in design and require very little maintenance. Perhaps the biggest advantage of 

solar photovoltaic devices is that they can be constructed as stand-alone systems to give 

outputs from mili-watt to megawatts. That is why they have been used as the power 

sources for calculators, watches, satellites and space vehicles, and even megawatt-scale 

power plants. With such a vast array of applications, the demand for photovoltaic is 

increasing every year. For example here, as shown in Figure 1.3, the cumulative 

installed PV capacity all over the world is continuously increasing and has reached 

almost 70 GW peak at the end of 2011, where the unit of watt peak stands for the 

number of watts output of when the solar modules are illuminated under standard 

condition of 1 kW/m2 at 25 °C. It was also indicated that the PV installation will further 

increase over 300 GW peak in 2016 under the scenarios of continuous moderate policy 

[8]. At present, the European Union is leading in PV installations with more than 70% 
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of the total world PV electricity generation capacity. The large expansion of 

grid-connected PV market in Germany, Spain, and Italy are supported by the Feed-in 

Tariff (FIT) programs. For countries in Asia region, China dominates the share of the 

annual installed PV production capacity and Taiwan is the second largest. Also, the 

introduction or expansion of FIT programs is expected to be an additional big stimulant 

for solar PV system installations in Asian countries.  

 

 

Figure1.3 Cumulative installed photovoltaics capacities by country in the world from 

2000 to 2011 [8-10]. 

 

 The current state of solar cell development is illustrated in Figure 1.4.While 

single crystalline and polycrystalline silicon solar cells dominate today's solar cell 

industry, the rapid rise in efficiency of the multi-junction thin-film cells makes a 

photovoltaic energy source a particularly attractive technology path. Under concentrated 

sunlight, three multi-junction solar cells have demonstrated to achieve efficiencies 44% 
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which twice higher than that of single crystalline silicon solar cells, which achieved at 

efficiency of 25.0%. This means that, in photovoltaic areas, a multi-junction 

concentrator system can generate electricity almost twice as much as a silicon panel 

with the same cell area. The concentrator solar cells focus the light onto a small area of 

cells, reducing the area of the solar cells by a factor of, typically, 500-1000 times. The 

reduced cell area overcomes the increased cell cost. The cell cost is diminished in 

importance and is replaced by the cost of optics. If the cost of the optics is comparable 

to the cost of the glass and support structure needed for silicon flat-plate modules, then 

the cost per unit area can remain fixed while the electricity production is essentially 

doubled. Thus, in high direct insolation locations, multi-junction concentrator 

technology has the potential to reduce the cost of solar electricity by about a factor of 

two. The efficiency is a moving target; today's triple-junction cell efficiency is over 

40%. Thus it may be reasonably extrapolated that multi-junction cells may reach 50% 

efficiency in the future. As a result, the research and development of multi-junction 

solar cell is urgently required as a first step in order to achieve higher efficiency 

multi-junction solar cells concentrators. 
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Figure 1.4 World record efficiencies of various PV technologies (Source: NREL) 

 

1.1.3 Role of thin film silicon solar cells 

 As shown in Figure 1.5, for example, the annual photovoltaic production 

capacity in Japan is mainly dominated by c-Si and poly-Si solar cells. However, due to 

production process of c-Si and poly-Si solar cells, higher energy consumption and a 

large of amount of raw materials are needed compared to thin film solar cells. 

Crystalline Si is usually produced in the form of an ingot which is subsequently 

mechanically sawn into slices. The thickness of the Si-wafers used is usually in the 

range of 150-300 µm, about 100-300 times thicker than thin film silicon solar cells 

(0.5-3.0 µm). For that reasons, the module price of Si-wafer solar cell is more expensive 

than that of thin film solar cells. It is believed that the price of c-Si and poly-Si solar 

cells cannot be reduced even with large production scale due to various limitations, such 

as a global silicon shortage due to the rapid increase in silicon PV cell production in 
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these years. Therefore, thin film solar cells have been intensively investigated as the 

alternative materials to crystalline silicon. These types of solar cells need low energy 

consumption for production as well as low raw material consumptions. They also need 

simple device processing and manufacturing technology which results in low 

production cost and better price performance ratio. Thin film solar cells are usually 

deposited at low temperatures (typically 150-300 ºC). Hence, these types of solar cells 

also can be deposited on low cost substrates, such as glass and even some plastics. In 

addition, since the solar cells are very thin, flexible solar cells can be made by 

depositing the solar cell on a flexible substrate, such as a metal film or plastic foil. 

Furthermore, thin film solar cells have been produced using various materials such as 

a-Si:H, CuInGaSe (CIGS), CdTe, and other novel materials. Among these thin film 

solar cells, a-Si:H based thin film solar cell is considered to be one of the most attractive 

materials. This type of solar cell does not either use any scarce elements such as 

selenium and indium in CIGS solar cell, or toxic elements such as cadmium in CdTe 

solar cell. In fact, present manufacturing of thin film solar cells has been almost 

occupied by that with a-Si:H based and related materials. However, the conversion 

efficiency of thin film silicon solar cells is still too poor compared to other types of 

solar cells. The module efficiency of thin film silicon solar cells is still in the range of 

11-13% [12], whereas the module efficiency for c-Si module is about 20% or more [13]. 

It is well recognized that a remarkable efficiency improvement is needed for a wider 

practical use.  
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Figure 1.5 Annual photovoltaic productions based on solar cell materials [11] 

 

Therefore, in order to improve solar cell efficiency, a multi-junction structure is 

considered as a promising candidate for the efficiency improvement in thin film silicon 

solar cells. This multi-junction structure consists of two or more p-i-n diodes. These 

solar cells are called tandem or triple solar cells for two or three p-i-n diodes, 

respectively. For a tandem cell, the p-i-n diode located at the light incident side is 

usually called as the top cell, and the other diode is called as the bottom cell. Materials 

with different band gaps are generally used for each sub-cell. The band gap of the top 

cell is selected to be wider than that of the bottom cell in order to utilize the sunlight 

more effectively. Although, there are many reports that studied on many type of the 

tandem solar cells and an efficiency of 14.7% has been obtained [14], the research have 

still been continuously done in order to achieve higher efficiency target. Here, the study 

of a-Si:H/µc-Si:H tandem solar cells using light-trapping approaches was performed to 

achieve the final goal. 

 



 
11 

 

1.2 Objectives of this thesis 

 In order to improve silicon-based solar cell performance, an employment of 

multi-junction solar cells is indeed required. As be well known, one of main 

requirements for multi-junction solar cells is a proper current matching between the 

series-connected cells since the component cell with the lowest current limits the current 

of complete devices. In a-Si:H/µc-Si:H double-junction solar cells, a thick a-Si:H top 

cell is generally needed to fulfill the current matching requirement. However, it is well 

known that thick a-Si:H solar cells tend to degrade more as reported by 

Staebler-Wronski Effect[15]. In order to improve current-matching between sub-cells 

and thus increase current density of a complete device without increasing thickness of 

a-Si:H top cell, which is sensitive to light-induced degradation, light-trapping 

approaches, e.g., front contact using textured transparent conductive oxide 

(TCO)[16-18], back reflector with highly reflective textured TCO/metal [19-20] and a 

transparent and/or reflective intermediate layer (IL) [21-22], have recently been 

investigated for applications into multi-junction solar cells. Moreover, there are still 

parasitic absorption loss from out of active layers and reflection loss produced by 

refractive index mismatch between each layer in silicon solar cells. The study to reduce 

the losses is extremely required in order to enhance solar cell performance.  

 As mentioned above, the main objective of this research is to study on 

light-trapping approaches applied to silicon-based thin film solar cells including 

a-Si:H/µc-Si:H double-junction solar cells. As shown in the figure 1.6, we have 

experimentally and theoretically studied the effects of light-trapping approaches, i.e., 

employments of n-top layer with function of intermediate layer (nIL), n-bottom layer 

with function of ZnO back reflective layer (nBRL), front anti-reflection layers inserted 
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between glass/TCO (FAL) and between TCO/p-layer (FALp) as well as double-textured 

white glass substrate, on solar cell performance. The Numerical analysis of nIL, nBRL, 

FAL and FALp was systemically performed using both of simulators called “OPTICAL” 

and “ASA” to understand their effect on solar cell performance and to find the preferred 

properties of them for applications to solar cells. Here, Silicon-oxide-based materials 

were investigated to use as optical layers, i.e., nIL, nBRL, FAL, and FALp, in solar cells 

because their refractive index can be adjusted by the oxygen composition. Different 

silicon oxide (SiOx) films have been optimized and applied into thin film silicon solar 

cells as optical layers, corresponding to those of individual application purposes. Also, 

the silicon-based thin film solar cells, including a-Si:H/µc-Si:H tandem cell with novel 

structure, using optimized nIL, nBRL,FAL and FALp as optical layers were fabricated 

and investigated in term of the effect of applied optical layers on their current density. 

 

 

Figure 1.6 the technical innovative issues studied in this research to improve solar cell 

performance  
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2.3 Outline of this thesis 

The structure of this thesis is summarized as shown in Figure 1.7. From the 

schematic diagram, the thesis consists of eight chapters. A brief description of each 

chapter is described as the following.  

Chapter 1: The introduction and motivation of this study are described. Then the 

objective of this thesis is proposed. 

Chapter 2: The fundamental properties of silicon-based materials and their related 

alloying-materials. Also, the introduction of silicon-based solar cells is explained.  

Chapter 3: The results of the optical analysis of optical layers, i.e., nIL, nBRL, FAL, 

performed using simulator called OPTICAL in order to explore the preferred their 

properties corresponding to application purposes are explained. Additionally, the 

investigation of effect of these optical layers on the performance of silicon-based thin 

film solar cells, especially, current density, by simulator called ASA is presented in this 

chapter. 

Chapter 4: The characterization and optimization of SiOx films by using radio- 

frequency plasma-enhanced chemical vapor deposition (RF-PECVD) technique for 

application into silicon-based thin film solar cells are presented. The structural, optical, 

and electrical properties of the fabricated films were characterized by conductivity (σ), 

refractive index (n), optical band gap (E04), as well as Raman spectra measurement and 

their results is demonstrated in this part.  

Chapter 5: The fabrication of the novel a-Si:H/µc-Si:H double-junction solar cells 

applying SiOx films as a nIL and nBRL is discussed. SiOx films was firstly optimized 

and applied into novel µc-Si:H solar cells as a nBRL. Then, the optimized nBRL and 

nIL were employed in the a-Si:H/µc-Si:H double-junction solar cells with novel 
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structure. The effect of the optimized nBRL and nIL on novel a-Si:H/µc-Si:H 

double-junction solar cells was reviewed compared with the solar cells with 

conventional structure. Furthermore, in order to improve the interface between 

n-µc-SiOx:H top layer and p-µc-SiOx:H bottom layer, the CO2 plasma treatment was 

introduced prior to deposition of p-µc-SiOx:H of the bottom cells. The effect of CO2 

plasma on novel a-Si:H/µc-Si:H double-junction solar cell performance was also briefly 

explained compared to the one without CO2 plasma treatment. 

Chapter 6: The optimization of SiOx films used as front anti-reflection layers inserted 

between glass/TCO (FAL) and TCO/p-layer (FALp) and their application to 

silicon-based single-junction solar cells is discussed. Firstly, SiOx films was optimized 

by adjusting the oxygen content to apply in µc-Si:H single-junction solar cells as a FAL 

and its effect on solar cell performance, mainly current density, is reviewed. Next, 

similar to FAL, optimization of SiOx films used as FALp was performed and the result 

of effect of FALp on solar cells, a-Si:H and µc-Si:H single-junction solar cells is 

presented.  

Chapter7: The fabrication of novel a-Si:H/µc-Si:H double-junction solar cells on the 

newly developed double-textured ZnO:B (W-textured) white glass substrates is 

examined. The investigation of optical properties and evaluation of surface morphology 

of ZnO:B films were carried out. The ZnO:B films were optimized and applied into 

novel a-Si:H/µc-Si:H double-junction solar cells. The effect of W-textured ZnO:B on 

the a-Si:H/µc-Si:H solar cell performance was discussed compared with the one 

fabricated on textured glass substrates.  

Chapter 8: The results obtained from this thesis are summarized. Even more, 

suggestions for further improvement are also offered. 
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Figure 1-7 the outline of this thesis 
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Chapter 2  

Fundamental Properties of Silicon-Based Materials and Thin 

Film Solar Cells 

 

2.1 Introduction 

 As explained in chapter 1, at present, most of solar cells fabricated for 

commercial production are c-Si based solar cells. However, these types of solar cells are 

expensive due to the higher energy consumption and more raw materials needed for the 

production. Thin film silicon solar cells, such as a-Si:H and its alloys, are promising 

candidates for further cost-reduction of solar cells. In this chapter, the fundamental 

properties of silicon-based materials and solar cells are presented. First of all, 

fundamental aspects of silicon based materials, including hydrogenated amorphous 

silicon (a-Si:H), hydrogenated microcrystalline silicon (µc-Si:H) and 

hydrogenated-silicon-oxide-based materials are explained. Next, fundamental aspects of 

a-Si:H based solar cells are explained. Finally, light-trapping techniques employed in 

this study are also discussed. 

  

2.2 Properties of amorphous silicon based materials 

 

2.2.1 Hydrogenated amorphous silicon (a-Si:H) 

Atomic structure of hydrogenated amorphous silicon 

 In order to comprehend design and operation of a-Si:H based solar cells, which 

differ from those of crystalline silicon solar cells, the structural and material properties 



 
19 

 

of a-Si:H was discussed compared to single crystalline silicon. Pure silicon thin films 

can mainly be divided into amorphous, which consists of disordered atomic structure, 

and microcrystalline, which contains small crystallites with diameters ~1 µm of less: 

one of crystalline-based silicon materials. They can be deposited by vacuum deposition 

techniques such as sputtering and evaporation. For amorphous silicon (a-Si) the 

structural arrangement of the atoms is different from its counterpart of crystalline silicon 

(c-Si) [1-2]. Figure 2-1 illustrates the difference in atomic structure between 

hydrogenated amorphous silicon (a-Si:H) and single crystal silicon. Figure 2-1(a) shows 

the structure of single crystal silicon schematically. Each silicon atom is covalently 

bonded to four neighboring atoms. All bonds have the same length, and the angles 

between the bonds are equal. The number of bonds of an atom with its immediate 

neighbors in the atomic structure is called the coordination number or coordination. 

Thus, in single crystal silicon, the coordination number for all silicon atoms is four. A 

unit cell can be defined from which the crystal lattice can be reproduced by duplicating 

the unit cell and stacking the duplicates next to each other. Such a regular atomic 

arrangement is described as a structure with a long range order. 

 Figure 2-2(b) shows the simple structure of a-Si:H materials. It describes that 

a-Si:H does not exhibit a structural order over a long range. Nevertheless, there is a 

similarity in atomic configuration on a local atomic scale, where most of the silicon 

atoms have covalent bonds with four neighbors. Although a-Si:H lacks the long range 

order, it has the same short range order as single crystalline silicon. The small 

deviations in bonding angles and bonding lengths between the neighboring atoms in 

a-Si:H lead to a complete loss of the locally ordered structure on a few atomic distances. 

However, the variations in bonding lengths and angles are small and therefore the local 
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arrangement of atoms in the periodic structure (lattice) resembles the local arrangement 

of atoms in the crystalline phase. The lack of long range order will result in a situation 

where the bonding requirements are not met for all atoms: it is called “dangling bonds”. 

Due to the dangling bonds assembled in the network, the resulting atomic structure of 

a-Si:H is considered as a continuous random network. 

 

Figure 2-1 the general schematic illustration of the atomic structure of (a) single crystal 

silicon, (b) hydrogenated amorphous silicon [1] 

 

 Due to the short range order, the common semiconductor concept of the energy 

state bands, represented by the conduction and valence bands, can still be used in a-Si:H. 

The larger deviations in bonding angles and bonding lengths between the neighboring 

atoms in a-Si:H result in so-called weak or strained bonds. When enough energy is 

available, for example in the form of heat, weak bonds can easily be broken. This 

process leads to the formation of defects in the atomic network. It should be noted that 

in the continuous random network, the definition of a defect is modified with respect to 
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the crystal structure. In a crystal, any atom that is out of place in a lattice forms a defect. 

In the continuous random network, an atom cannot be out of place. Because the only 

specific structural feature of an atom in the continuous random network is the 

coordination to its neighbors, a defect in a-Si:H is a coordination defect. This 

phenomena happens when an atom has too many bonds or too few. In a-Si:H, defects 

are mainly silicon atoms that are covalently bonded to only three silicon atoms 

(threefold coordinated) and have one unpaired electron, a so-called dangling bond. 

Since this configuration is the dominant defect in a-Si:H, the defects in a-Si:H are often 

related to dangling bonds. Some dangling bond defects are depicted in Figure 2-1(b). 

Another defect configuration is a silicon atom bonded to five silicon atoms (fivefold 

coordinated). This configuration is referred to as a floating bond. A silicon atom 

representing this floating bond defect is indicated in Figure 2-1(b) by a dotted circle. In 

pure a-Si (amorphous silicon that contains no other atoms than silicon), there is a large 

concentration of about 1021 defects per cm3 in the amorphous atomic structure. Material 

with such a large defect density cannot be used for building a complete semiconductor 

device or a functional device. When amorphous silicon is deposited in such a way that 

hydrogen can be incorporated in the atomic network (as by glow discharge deposition 

from silane), then hydrogen atoms bond with most of the silicon dangling bonds. Strong 

silicon–hydrogen bonds are formed, which are illustrated in Figure 5-1(b). Hydrogen 

passivation of dangling bond defects reduces the defect density from about 1021 cm−3 in 

pure a-Si to 1015–1016 cm−3 in a-Si:H, i.e. less than one dangling bond per one million 

silicon atoms. It is this material, an alloy of silicon and hydrogen, in which 

substitutional doping has been demonstrated and which is suitable for electronic 

applications. 
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Electrical and optical properties of hydrogenated amorphous silicon 

 The general discussion of the atomic structure of a-Si:H in the previous section 

provides a very useful step in understanding the electronic structure of this material. It 

was shown that the local bonding structure of the material is in a large part responsible 

for establishing the essential features of amorphous to that of crystalline silicon. Thus 

the observed similarities in the electronic structure of the two materials exist in a 

realization that many interesting properties of amorphous silicon are controlled by the 

bonding chemistry as they are in crystalline silicon. In this section, the correspondence 

between the atomic structure and the electronic and the optical properties of a-Si:H will 

be discussed. The disorder represented by fluctuations in atomic configuration causes 

fluctuations in the potential acting on an electron. As a result, the energies of the 

electronic states are perturbed and the band broadens as shown in Figure 2-2(b). In this 

situation, the sharp features prevalent in crystalline density of states become smeared 

and form band tails which extend into the forbidden gap. Therefore, the sharply defined 

band edges of the valence and conduction bands are non-existent in amorphous silicon. 

Calculations based on the tight-binding approach have shown that the energies of 

bonding states and anti-bonding states are differently affected by material disorder. For 

example, the energies of the anti-bonding states are less sensitive to the bonding 

disorder than are the energies of the bonding states. Consequently, the shapes of the 

band tails in amorphous silicon are not symmetrical, with more states in the valence 

band tail than in conduction band tail. The asymmetry in the distribution of localized 

states affects the position of the Fermi level. In an intrinsic (undoped) uniform sample 

of amorphous silicon, the Fermi level is generally in the center of forbidden band gap. It 
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would be extremely useful if there were some means of determining the forbidden band 

gap, and it would be valuable as an indication of the characteristics of the 

semiconductor. When electrons or holes conduct through the solids, their mobility in the 

conduction band or valence band is large. The conduction between localized states is 

determined by hopping conduction, resulting in a sharp decrease in mobility. If mobility 

is expressed as an energy function, a region in which the mobility shows a sharp 

decrease, as given in Figure 2-2(c), this band gap is called a “mobility gap”, in fact, 

though the measurement of the mobility gap is impossible. Accordingly, the optical 

band gap (Eopt) obtained from measurement of the absorption coefficient is often 

employed as one of the standards of the forbidden band gap. 

 

Figure 2-2 Energy band structure in c-Si and a-Si [3] 
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 As mentioned above, the structure of a-Si:H can be described as a continuous 

random network, but in a real a-Si:H network the short range order may differ from one 

site to another. The slight distortions in the atomic configuration result in random 

distribution of charged centers leading to a non-periodic potential. A disordered 

potential can lead to strong electronic scattering and a short coherence length of the 

electron wave function. In amorphous silicon the coherence length is approximately of 

the order of the lattice spacing and the resulting uncertainty in the wave vector is of the 

same magnitude as the wave vector itself. Under these regimes the momentum is no 

longer a good quantum number and is not conserved in optical transitions. Thus all 

optical transitions in amorphous silicon can be considered as direct. The probability of 

optical transitions in direct band gap material is greater than that of an indirect band gap, 

for this reason the absorption coefficient of a-Si:H is higher compared to crystalline 

silicon. The absorption coefficient can be calculated from the optical band gap (Eg). 

The optical band gap can approximately be determined as a function of photon energy 

(hν) using Tauc's rule [4]. 

(αhν)1/2 = A(hν− Eopt)                         2.1 

Where α is the absorption coefficient and A is a constant. The (αhν)1/2behavior is 

predicted for an amorphous semiconductor if the band edges are parabolic and the 

matrix elements for optical transitions are independent of energy. However the 

quadratic energy dependence of the optical band gap is not universally observed. The 

distribution near the band gap edges can be linear and cubic energy dependence 

(αhν)1/3 has been predicted for the optical band gap by Klazes et al [5]. The optical 

gap does not define the band gap of amorphous silicon, therefore, mobility gap is 

generally used to define the band gap of amorphous silicon material. The optical gap is 
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slightly smaller than the mobility gap. Since the energy of the mobility edge depends 

strongly on the extent of material disorder, the band gap of amorphous silicon can be 

varied according to the degree of disorder. 

 The optical absorption properties of amorphous silicon are important for 

understanding the operation of a solar cell and for optimizing its conversion efficiency. 

The optical band gap can be used to estimate the energy of photons that can be absorbed 

by a-Si:H. By decreasing the optical gap, one can increase the part of the solar spectrum 

that is absorbed by a-Si:H. Experimental observations have shown that the absorption 

edge decreases exponentially with energy. This exponential decrease which “tails” into 

the band gap is known as the Urbach edge region and is correlated with the width of the 

band tail. Thus the importance of understanding the absorption processes in a-Si:H 

stems from their use as a probe for the local structure of a-Si:H network. From 

absorption measurement, one can deduce information on both the tail and defect states. 

 

2.2.2 Hydrogenated Microcrystalline silicon (µc-Si:H) 

It has been known that a necessary condition for growth of microcrystalline 

silicon is a high density of atomic hydrogen at the growing surface. The density of 

atomic hydrogen can be enhanced by adding hydrogen to the plasma or by increasing 

plasma power as observed from plasma optical emission spectra, as well as by 

increasing plasma excitation frequency. Thus, studies of μc-Si:H layers are often 

performed on series of layers deposited with varying values of silane concentration (SC 

= [SiH4] /[SiH4 + H2]). Adhesion of micrometer thick layers on glass substrates is 

another issue, due to the large internal mechanical stress present in μc-Si:H layers . 

 Microcrystalline silicon is a complex material. Its microstructure consists of the 
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microcrystalline phase itself, made of silicon nanocrystals combined, with some 

amorphous silicon, into conglomerates. Figure 2-3 shows a plane view of a μc-Si:H 

conglomerate consisting of silicon nanocrystals possessing a diameter between 10 and 

20 nm, embedded into amorphous silicon matrix. The conglomerates are separated by a 

varying amount of amorphous silicon, grain boundaries and/or cracks. The silicon 

crystallites in the material are of nanometer scale which also sometimes designated as 

‘nanocrystalline silicon’. On the other hand, the term ‘microcrystalline’ comes from the 

micrometer scale conglomerate dimensions in this material.  

 

 
Figure 2-3 transmission electron microscopy micrograph of a plane view taken within a 

microcrystalline conglomerate [1] 

 

In general, the microstructure of μc-Si:H depends on the fabrication conditions 

and ultimately on the underlying substrate on which nucleation and growth take place. 

A sketch of the evolution of microstructure μc-Si:H as a function of SC is given in 

figure 2-4. At low silane concentration, μc-Si:H consists of elongated nanocrystals 

separated by cracks that extend through the whole layer. Such layers with a high density 
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of grain boundaries and a columnar structure are prone to post oxidation, a phenomenon 

that is responsible for a variation in the dark conductivity, activation energy and thus, 

leads to a change in many of the electronic transport properties. As the value of SC is 

increased, the material becomes denser and at the same time less crystalline; it is also 

less affected by post oxidation. Close to the amorphous/microcrystalline transition, 

μc-Si:H consists of conical conglomerates of microcrystalline silicon separated by 

amorphous silicon, as shown in figures 2-4 [6]. A vertical section through the 

microstructure of such layers can be described as follows: first, just above the substrate, 

is a continuous, fully amorphous layer below the nuclei (so called incubation layer), this 

is followed by a mixed phase layer (consisting of amorphous and microcrystalline 

phases), starting at the nucleation points and extending laterally up to the coalescence 

threshold. Then, the conical conglomerates grow as microcrystalline columns. 

 

 
Figure 2-4 schematic diagram of the structural properties of μc-Si:H. From left to right 

the composition changes from amorphous to highly crystalline (after Collins et al.) 

 

2.2.3 Silicon oxide based materials 

Hydrogenated amorphous/microcrystalline silicon oxide 

In hydrogenated amorphous silicon oxide (a-SiO:H ) films, incorporation of 



 
28 

 

oxygen enhances optical gap due to a large number of Si-O-Si bond formation, which 

lies deep into valence band states. An induction effect of this Si-O on other bonds 

within the network also takes place. At higher oxygen content micro-void forms and 

bonded hydrogen accumulates in di and/or polyhydride form. At this stage a phase 

separation of Si-rich and O-rich region taking place. A peak shift of absorption spectra 

within 1850 - 2250 cm-1, towards higher wave number is continuous. A gradual 

increase and broadening of 850 cm-1 absorption band on both sides of peak position 

indicate higher structural disorder in network formation. It may be considered that the 

stretching vibration of OH bonded to Si gives rise to 780 cm-1 absorption band. This 

Si-OH formation is beneficial which prevents deterioration in photosensitivity due to 

reduction in bonded hydrogen content. Hydrogen content is found reducing as oxygen 

content increases from zero to ~15 at %. A systematic study is carried out to correlate 

the optoelectronic property with local atomic arrangement. 

On the other hand, hydrogenated microcrystalline silicon oxide (µc-SiO:H) was 

successfully prepared from a gas mixture of SiH4, H2, and CO2 as a oxygen source gas 

by P.Sichangrist [7]. For p-type and n-type µc-SiO:H could also be deposited using 

B2H6 and PH3 as a doping source gas, respectively. Such films have higher optical band 

gap owing to higher oxygen content, at the same time they also have several order of 

magnitude higher conductivity as a result of microcrystallinity. As proposed by 

Watanabe et al. in the two phase model as shown in figure 2-5, the oxygen rich phase is 

effective in increasing the optical gap and Si rich phase contribute to high conductivity 

[8]. Therefore, µc-SiO:H become an attractive alternative material for use as a window 

layer in a-Si based solar cell [9-10]. The optical band gap of a-SiO:H can be widened 

with increasing oxygen composition, however, after inclusion of certain percentage of 
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oxygen its electrical properties degrade. On the other hand, µc-SiO:H can 

simultaneously give higher electrical conductivity and optical band gap than that of its 

amorphous counterpart. It is therefore thought the base candidate among the wide gap 

materials for use as a window layer in a-Si:H base solar cells 

 

 

Figure 2-5 Schematic diagram of two phase model of SiOx:H (after Watanabe et al.)   

 

2.3 Properties of amorphous silicon based solar cells 

 

2.3.1 Structure of solar cells   

 Amorphous silicon material is widely applied for the production of solar cells. 

With this material, it is possible to produce large-area and low cost thin film solar cells 

on a variety of substrates. The physics of amorphous silicon based solar cells is quite 

different from that of the conventional crystalline devices. The existence of localized 

states greatly impedes the smooth operation of the solar cell. The electron and hole 

mobilities in the conduction and valence bands are low (10-20 cm2/Vs for electrons and 

1-10 cm2/Vs for holes). In doped a-Si:H the diffusion lengths are shorter than in the 

undoped or intrinsic a-Si:H. Thus the charge carriers absorbed in the depletion region 
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are the only ones that can be effectively separated in a-Si:H solar cell. However, an 

ordinary p-n structure from a-Si:H cannot show photovoltaic phenomenon since the 

lifetime of photo-excited free charge carriers is too short to make a significant 

separation of them. For this reason the most efficient a-Si:H solar cells are p-i-n devices. 

The schematic band diagram of a p-i-n device is shown in Figure 2-6 for zero bias 

conditions. The p and n layers provide the built-in potential (Vbi) of the junction. Shown 

are the valence band edge (EV), the conduction band edge EC as functions of the position 

of solar cell structure. It should be noted that the thickness of the intrinsic layer can be 

reduced to improve charge collection. Photo-generated carriers are collected by drift 

mechanism and not by diffusion as is the case for crystalline solar cells. 

 

Figure 2-6 Schematic band diagram of a-Si:H p-i-n structure [11]  

 

There are two configurations of amorphous silicon solar cells, superstrate type 

(p-i-n) and substrate type (n-i-p) devices. The difference of the two structures is 

determined by the order of the different layers deposited. For p-i-n structures, the 

p-layer is deposited first on a transparent conductive oxide (TCO)-coated glass substrate 

and then followed by i- and n-layers. On the other hand, for n-i-p structures, the n-layer 
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is deposited on a metal substrate, i.e. stainless steel or aluminum, followed by i-, p- and 

TCO layers. The TCO forms the top electrode and the back contact is made of 

aluminum or silver. As the TCO material, SnO2:F and ZnO:Al are commonly used. The 

TCO layer is often textured to scatter the entering light and thus increase the average 

optical path length through the solar cell. The average optical path length through the 

solar cell is further increased by using a highly reflective back contact. 

 

2.3.2 Solar cell characteristics 

 The performance of solar cells under illumination can be described using their 

current-voltage (I-V) characteristics. In fact, it is sufficient to characterize the 

current-voltage characteristics only with a few parameters. If considering a typical 

current-voltage curve of a p-n junction diode in the dark and under illumination, three 

parameters are defined to give a complete description of the electrical behavior; these 

are (i) open-circuit voltage (Voc), (ii) short-circuit current (Jsc), and (iii) fill factor (FF) 

[12]. 

Voc and Jsc are the values of voltage and current which are obtained under 

illumination when I = 0 and V = 0, respectively, while FF is defined by 

scoc

mm

IV
IVFF =      (2.1) 

where Vm and Im are output voltage and output current at the maximum operating point, 

respectively. The efficiency η is then defined by 

in

scoc

in

mm

P
FFIV

P
IV ××

=
×

=η         (2.2) 

where Pin is the input energy to the solar cells. 

In a dark state (without illumination), the expression of the dark current (Id) is 
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the same as the current flowing in p-n junction diode 
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where I0 is the reverse saturation current, q is the electron charge, V is the applied 

voltage, n is the diode factor representing deviation from idea diode characteristics, k is 

Boltzmann’s constant and T is the absolute temperature. 

Under light illumination, a photocurrent (Iph) is generated as diode reverse 

current, hence the current-voltage relationship becomes 
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I is the net current which also can be described as I = Id - Iph. 

From equations (2.3) and (2.4), the Voc can be expressed as 
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where the reverse saturation current I0 can be expressed as 
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where A is the area, NA and ND are the acceptor and donor concentration, respectively, 

De and Dh are the diffusion coefficient for electron and hole, respectively, Le and Lh are 

the minority carrier diffusion length for electron and hole, respectively. The intrinsic 

carrier concentration ni in equation (2.6) can be expressed as 
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where Nc and Nv are the effective density of state in the conduction and valence band, 

respectively. 
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From equation (2.5), we can clearly see that high Voc can be obtained when I0 is 

as small as possible. Moreover, from equations (2.6) and (2.7) we also can see that that 

small I0 can be achieved by using wide band gap materials. This relationship reveals 

that the use of wide band gap materials will result in high Voc solar cells. 

 

2.4 Key issues to forward high efficiency silicon-based thin film solar 

cells 

 

2.4.1 Multi-junction structures 

 As briefly discussed in chapter 1, the multi-junction solar cell is considered as 

the promising candidate to obtain a higher-efficiency silicon-based thin film solar cell. a 

tandem solar cell consists of two or three p-i-n junctions (diodes) that optically situated 

one on top of the other, called a double- or a triple-junction solar cell, respectively. The 

stack of individual p-i-n junction (the sub-cells) forms a tandem solar cell in 

series-connected structure. 

 For example here double-junction solar cells, it contains two sub-cells: the top 

cell, which is the cell that the light pass through first, and the bottom cell, which the 

light pass through from the top cell. The incident light is partially absorbed when it pass 

through the top cell and the remaining part of the light can possibly be absorbed when 

pass through the bottom cell. For use as an active intrinsic layer in the bottom cell, a 

narrower-gap material is chosen than while for the top cell the wider-gap material is 

suitable to be used. Thus the bottom cell effectively absorbs the photons of the longer 

wavelength range for which the wider-gap top cell is relatively transparent. In order to 

confirm that the sub-cells with a narrow band gap only absorb light with low photon 
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energies, the sub-cells should be arranged such that, from the top with wider band gap  

to the each sub-cell, which has a narrower band gap than the previous sub-cell, in 

sequence. The light enters through the sub-cell with the widest band gap where only the 

photons with photon energy higher than this band gap are absorbed. The remaining 

photons are transmitted to the underlying sub-cells with narrower band gaps. 

 The multi-junction solar cells was developed in order to further absorb solar 

spectrum using more than two different band gap of absorber layer, which can absorb 

the different region of solar spectrum, stacked on the top of the other sub-cells in 

series-connected structure. The one of advantages of multi-junction solar cells is that the 

thickness of the sub-cells, especially a-Si:H based cells which is sensitive to 

Staebler-Wronski effect [13], and thus the light-degradation can be reduced and at the 

same time the thickness of the complete device can be kept thick enough to absorb most 

of the light. Further advantages are that the open-circuit voltage is increased and the 

current is reduced, leading to fewer losses due to series resistance. However, as the two 

component cells are connected in series, the current of the devices is usually limited by 

one sub-cell. Thus, in order to achieve the highest conversion efficiency the 

optimization of the thickness of each individual sub-cell, that yield the same 

photo-current for all sub-cells, is needed to consider. This matching of the thickness of 

the sub-cell to balance the photo-current between sub-cells is generally referred to as 

“current-matching”. 

 In addition to a reduced degradation, the multi-junction concept allows for 

reducing energy losses from solar cells using a single band gap for the absorber layer. 

The energy losses from single solar cells are that (i) most photons with energy less than 

the band gap are lost for power generation because few of these photons are absorbed 
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and (ii) photons with energy much higher than the band gap create electron and hole 

pairs with excessive energy than the mobility gap and this excessive energy is lost as the 

photon-generated charge carriers thermalize toward the mobility edges [14]. 

 As a result, a single-junction solar cell with a narrow-gap absorber layer 

generally generates a high short-circuit current and a low open circuit voltage, while the 

other single-junction solar cell with a wide-gap absorber layer generally generates a low 

short circuit current density and a high open circuit voltage. By combining these two 

single solar cells as a multi-junction structure higher short-current density and improved 

open circuit voltage of a complete device can be expected.  

 

2.4.2 Light trapping approaches  

 As previously mentioned in chapter 1, for multi-junction solar cells, light 

trapping approaches are necessary to enhance the light absorption in the active layer of 

the solar cells [15-17]. These techniques are preferable to increasing the thickness of the 

absorber layers as they avoid a reduction of the internal electric field and, consequently, 

the loss of the light-generated carrier collection efficiency. For a-Si:H based material, 

the low diffusion length and low drift length of photo-generated carriers limit the device 

thickness. As the limited thickness, the absorption coefficients of the material at the 

long wavelength range are not large enough to absorb most of the light. Thus, the light 

trapping structure is more important for a-Si:H based thin film solar cells to increase the 

light path inside the solar cells.   

In case of silicon-based thin film solar cells with p-i-n configuration, as shown 

in figure 2-6, textured front transparent conductive oxide (TCO) and textured back 

reflector are widely used for improving the light trapping structure. Especially, textured 
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front TCO can have much influence on a performance of the resulting solar cells. The 

main role of textured front TCO is to scatter the incident light at TCO/p interface in 

order to facilitate incident light with the improved mean optical length in the absorber 

[18]. Most of the substrate used for silicon based thin film solar cells in this study is 

glass substrate with conductive zinc oxide layer doped with Boron (ZnO:B) as front 

TCO. In case of ZnO films, several types of the textures can be easily formed by 

optimizing a deposition technique or condition. In addition, the surface can be modified 

easily with a post-treatment [19] of ZnO films or a pre-treatment of glass sheet before 

deposition of ZnO:B films [20]. 

Moreover, silicon based thin film solar cells generally employ a back reflector 

between n-layer and back electrode to improve a light-absorption. A combination of 

ZnO and Ag has been developed to enhance the reflectance at the back-interface region 

[21]: the remaining light, passed through the previous absorbing layer and reached back 

reflector, is sent back again through the absorbing layer [22]. In this study, instead of 

the conventional back reflector with ZnO:B and Ag, a combination of hydrogenated 

silicon oxide based material (SiOx:H) and metal back reflector (Ag/Al) was employed as 

a back reflector to compare with the conventional ZnO:B/Ag back reflector. 

 In addition to the textured-TCO and back reflector, the light trapping in a 

multi-junction solar cell can be enhanced by introducing an intermediate layer at the 

interfaces of two sub-cells [23-24]. As previously discussed, a proper current matching 

of the series connected sub-cells is really required in a multi-junction cell because the 

sub-cell with the lowest current limits the current of complete device. In a-Si:H/µc-Si:H 

tandem solar cells, for example, a thick a-Si:H top cells is required to fulfill the current 

matching requirement. By employing an intermediate layer between the a-Si:H top cell 
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and the µc-Si:H bottom cell, an increase of the a-Si:H top cell photocurrent due to the 

reflection by the intermediate layer can be expected. 

 Finally, in this study, in order to enhance multi-junction solar cells 

performance, the reflection losses due to refractive index mismatch of each layer in 

solar cell and the absorption losses from non-active doping layers have to be taken into 

account. As mentioned in chapter 1, by using FAL, inserted between glass/TCO, and 

FALp, inserted between TCO/p-layer, as additional refractive index matching layers, a 

reduction of the reflection losses due to refractive index mismatch can be expected. 

Also, the absorption losses resulted from non-active doping layers can be decreased by 

applying nIL and nBRL. 

 As explained above, it is pronounced that the development of silicon based 

multi-junction solar cells with an excellent light trapping structure is indeed required to 

obtain solar cells with a low cost and a highly stabilized conversion efficiency. 

 

Figure 2-6 Schematic structure of a tandem solar cell with light-scattering effect 
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Chapter 3  

Theoretical Analysis of Silicon-Based Thin Film Solar Cells 

Using Light-trapping Approaches 

 

3.1 Introduction  

 As mentioned in the previous chapters, multi-junction solar cells based on 

silicon and its alloying materials are promising candidates to solar cells with greater 

conversion efficiency and further cost-reduction. The multi-junction thin film solar cell, 

e.g. an a-Si:H /µc-Si:H solar cell, is widely studied in order to obtain higher efficiency 

than a traditional single junction solar cell [1-4]. One of main requirements for 

multi-junction solar cell is a proper current matching of the series-connected cells, since 

the component cell with the lowest current limits the current of complete devices. In 

order to solve the problems and thus obtain greater solar cell performance, recently, 

light-trapping approaches: textured transparent conductive oxide (TCO)-based front 

contact [5-8], highly reflective textured-TCO/metal back reflector [9-12] and a 

transparent and reflective intermediate layer (IL) [13-16], have extremely been studied 

by several research groups. Especially, in multi-junction solar cells, light-approaches, 

which will be applied into each type of solar cells, should carefully be considered 

corresponding to current-limited solar cell types: a double-junction solar cell having a 

top cell with limited-current or having a bottom cell with limited-current. Here, for 

example, by applying textured-front TCO it can improve the overall light path to further 

reflect and scatter into active layers in a solar cell and hence enhance current density 

and conversion efficiency. At the same time, when a reflective intermediate layer or/and 
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a reflective TCO/metal back reflector are employed into tandem solar cells, careful 

design must be considered in order to balance the current density of each sub-cell. In 

case of introducing a reflective TCO/metal back reflector, the current density of a 

bottom cell can be increased and smaller total current density would be observed for a 

case of a solar cell with top-cell-limit. Also, in case of employing IL to improve 

light-trapping, the current density of the top cell can be obtained without increasing the 

thickness of a top cell, which is sensitive to light-induced degradation so called 

Staebler-Wronski effect [17]. However, introducing intermediate layer generally also 

causes a drop in current of bottom cells due to high reflection at long wavelength region. 

Therefore, IL with high reflection at the short wavelength region and low reflection at 

the long wavelength region is required to avoid this problem. That is to say, numerical 

study of using of IL and/or TCO/metal back reflector should be performed in order to 

find the preferred theirs properties for different application purposes.  

 In this study, optical analysis of optical layers, i.e., intermediate layer (IL), n- 

layer with function of back reflective layer (nBRL) and front anti- reflection layer 

inserted glass/TCO substrate (FAL), using device simulator so called OPTICAL will be 

performed. Firstly, we have systematically investigated the effects of refractive index 

and thickness combinations of single and triple ILs on the light-reflectance in test 

structure simulated from tandem solar cells. The reflectance spectrum representing the 

light-trapping at interface of the top cell and the ILs will be used to evaluate the 

performance of the ILs to find the optimum intermediate layer with reflectance 

spectrum close to the ideal one described above. Then, the effect of refractive index and 

thickness of nBRL on the reflectance of test structured will be investigated to obtain the 

considerable properties for application to silicon-based thin film solar cell. Next, the 
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transmittance of test structure with glass/FAL/ZnO/p-Si:H will be calculated using 

several FAL with different refractive index and thickness in order to explore optimal 

FAL for use in thin film silicon solar cells. Also, the effect of refractive index of each 

optical layer such as IL, nBRL and FAL on the current density of thin film silicon solar 

cells will be studied to understand how much the optical layers affect the solar cell 

performance using ASA simulator. 

 

3.2 Numerical analysis of various “optical layers” applied into 

silicon-based thin film solar cells using OPTICAL simulator 

 

3.2.1 Overview of OPTICAL simulator 

 We have calculated the optical spectral, i.e., reflectance and transmittance, of 

several optical layers by using the simulator called OPTICAL, a computer program that 

can treat multilayer with any number of coherent and incoherent layers in any position 

and for any incidence angle using a generalized scattering matrix method. OPTICAL is 

the software that can compute theoretical Reflectance (R), Transmittance (T) and 

internal light energy flux of a multilayer; A multilayer is a structure composed of several 

isotropic layers in intimate contact[18]. By using this simulation program, one can 

calculate theoretical reflectance (R), transmittance (T), and internal light energy flux of 

a multilayer. The optical spectral of each optical layer employed in tandem cells (IL, 

nBRL, FAL) were calculated using wavelength-dependent complex refractive indices 

obtained from experimental results as show in figure 3.1 in order to explore the 

preferred layers with excellent properties, corresponding to particular application 

purposes. The optical properties of all layers were described by wavelength-dependent 
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complex refractive indices N(λ) = n(λ) – ik(λ), where n(λ) is wavelength-dependent real 

refractive index and k(λ) is wavelength-dependent extinction coefficient. The complex 

refractive indices of all layers used in this numerical analysis were obtained by 

measuring the wavelength-dependent refractive index of experimentally deposited 

silicon oxide (SiOx) films. The numerical analysis models will be presented in each their 

calculation parts. Here, it should be noted that the refractive indices mentioned in this 

article, e.g. tables and figures, were those measured at the wavelength of 600 nm. 
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(b) 

Figure 3-1 (a) Real refractive index (n) and (b) extinction coefficient (k) of SiOx film 

used in the calculations 

 

3.2.2 Optical simulation of intermediate layer (IL) 

 Firstly, the reflectance spectra of SiOx single intermediate layers with various 

refractive indices and thicknesses were computed with the modeling structure as shown 

in the figure 3-2. Also, Figure 3-3 showed the reflectance spectra of SiOx single 

intermediate layer as a function of refractive index at the wavelength of 600 nm. The 

refractive index at 600 nm was changed from 1.74 to 2.97 when the thickness of IL was 

fixed at 50nm.   

 

Figure 3-2 Schematic diagram of model structure for IL calculation 

 

 From figure 3-3, we can see that the reflectance spectra at the whole 

wavelength region increase as the refractive index of IL decreased. Furthermore, it 

should be noted that the maximum reflectance for each reflective index shifted to the 
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short wavelength. For instance, in case of refractive of 2.97, the maximum reflectance 

was approximately 5% at the wavelength of 650 nm. In contrast, in case of refractive 

index of 1.74, the maximum reflectance was around 65 % at the wavelength of 300 nm. 

However, the reflectance at the long wavelength region also increased as the refractive 

index decreased, for example, at 800 nm increased from 5% to 20 %. Unfortunately, as 

previously mentioned, such an enlargement of the reflectance spectra at the long 

wavelength region is not preferable for a multi-junction solar cell. This will lead to a 

reduction in the current of bottom cells. Thus a further optimal design is required to 

perform. 

 

 

 

Figure 3-3 Reflectance spectra of SiOx single intermediate layers (IL) as a function of 

IL refractive index at the wavelength of 600 nm 

 

 Figure 3-4 shows the reflectance spectra of SiOx single IL as a function of IL 

thickness. The thickness of SiOx IL was varied from 30 to 80 nm when the refractive 

index of IL was fixed at 1.92. As can be seen from Figure 3-4, it was observed that the 
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maximum reflectance for each IL thickness firstly increased with increasing the IL 

thickness up to 50 nm and then, the maximum reflectance decreased from IL thickness 

of higher than 60 nm. Here, at the refractive index of 1.92, the optimum IL thickness 

was clearly found to be 40-50 nm. 

 The above results indicated that the refractive index and the thickness of SiOx 

single intermediate layers significantly affected their optical performance in 

a-Si:H/µc-Si:H solar cells. It was also confirmed that low refractive index led to higher 

reflectance spectrum at the whole wavelength region. However, the preferred 

reflectance spectrum, a high reflectance at the short wavelength region and no 

reflectance at the long wavelength region, could not be obtained by applying a single 

intermediate layer, therefore further investigation, e.g. multi-stacked intermediate layers, 

is still needed.    
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Figure 3-4 Reflectance spectra of SiOx single intermediate layers (IL) as a function of 

IL thickness 
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To further investigate the optical properties of SiOx multi-stacked intermediate 

layers, an optical design of SiOx triple intermediate layer was performed. The 

simulation structure with a-Si:H/1st layer/2nd layer/3rd layer/µc-Si:H was employed to 

analyze the reflectance spectra of SiOx triple intermediate layers with different 

refractive index and thickness combinations. 

 First of all, effects of refractive index combinations were investigated. This 

time, the thicknesses of 1st layer and 3rd layer were both assumed to be 70 nm, while 

that of 2nd layer was fixed at 17 nm. Figure 3-5 gives the reflectance spectra of SiOx 

triple intermediate layer with various refractive index combinations. Four groups of 

refractive index combination were computed, i.e. these configuration were, (i) 

1.9/2.6/3.9 (low refractive index/ medium refractive index/ high refractive index), (ii) 

3.9/2.6/1.9 (high/medium/low), (iii) 3.9/1.9/3.9 (high/low/high) and (iv) 1.9/3.9/1.9 

(low/high/low). From Figure 3-5 it was found that the combination of 1.9/3.9/1.9 

(low/high/low) indicated the best reflectance spectrum compared to other refractive 

index combinations. The maximum reflectance close to 80% at the 480 nm could be 

obtained for low/high/low combination. Besides, this refractive index combination 

could also suppress the reflectance at the long wavelength region. 

 Since the refractive indices of a-Si:H top and µc-Si:H bottom cells were also 

close to 3.9, by introducing intermediate layers with this refractive index combination 

(1.9/3.9/1.9), the refractive index at the interface of a-Si:H top and µc-Si:H bottom cells 

became high/low/high/low/high, which was close to a photonic crystal (PC) 

structure[19]. As noted by J. Krc et al., the low reflectance at the long wavelength is not 

due to light absorption in the layers, but results from the PC-like behavior [20]. In fact, 

such wavelength-selective reflectance has already been achieved for the realistic 
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structures applied in other fields of applications such as fiber optics for 

telecommunications [21]. 
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Figure 3-5 Reflectance spectra of SiOx triple intermediate layers (IL) with various 

refractive index combination of IL (n1/n2/ n3) 

 

 Next, effects of thickness combination were studied. In this numerical study, 

the refractive indices of the 1st layer ( 1n ) and the 3rd layer ( 3n ) were both assumed to be 

1.9, whereas that of the 2nd layer ( 2n ) was fixed to be 3.9, which is close to the 

refractive index of conventional n-a-Si:H or n-µc-Si:H films. From the results in the 

previous sub-section, it is interesting to note that we should assume the same thickness 

of each layer whose has the same refractive index in order to easily analyze effects of 

triple intermediate layers. 

Figure 3-6 exhibits the reflectance spectra of SiOx triple intermediate layers as 

a function of thickness of 1st layer and 3rd layer. Here, the thickness of 1st layer and 3rd 

layer was changed from 40 to 100, whereas the thickness of 2nd layer was kept constant 

at 20 nm. As can be seen from Figure 3-6, the maximum reflectance initially increased 

as the thicknesses of the 1st layer and the 3rd layer increased to 80 nm. Then, in case of 
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1st layer and 3rd layer thicknesses higher than 100 nm, the maximum reflectance 

decreased. We can also see that the maximum reflectance shifted to the long wavelength 

region as the thicknesses of the 1st layer and 3rd layer increased. In case of the 1st layer 

and 3rd layer thicknesses of 40 nm, for example, the maximum reflectance was about 

65% at the wavelength of 350 nm. On the other hand, in case of the 1st layer and 3rd 

layer thicknesses of 80 nm, the maximum reflectance was about 75% at the wavelength 

of about 500 nm. Moreover, by optimizing the thickness of the 1st layer and the 3rd 

layer, the reflectance at the long wavelength region could be suppressed, which 

decreased to 0% at wavelength region of 900-1000 nm. 
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Figure 3-6 Reflectance spectra of SiOx triple intermediate layers as a function of 2nd 

layer thickness 

  

3.2.3 Optical simulation of n-layer with function of back reflective layer (nBRL) 

 We have introduced the silicon oxide (SiOx) films used as a n-layer with 

function of back reflective layer (nBRL) to silicon-based thin film solar cells, as 

mentioned in Chapter 1. Here, we have calculated the reflectance spectrum of back 
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reflective layers nBRL which combined various SiOx films, having different refractive 

index and with function of back metal electrodes, in order to compare the conventional 

one with a structure of n-µc-Si:H/ ZnO/ metal-back-electrode using the simulator called 

OPTICAL. The model structure used in this calculation was i-µc-Si:H/ n-µc-Si:H/ ZnO/ 

Ag/ Al as shown in figure 3-7 and the n-µc-Si:H/ ZnO was replaced with n-µc-SiOx:H 

with different refractive index to explore the optimal optical properties of n-µc-SiOx:H 

films for use as a nBRL . Effects of the wavelength-dependent refractive index and the 

thickness of each nBRL on the reflectance spectrum at i-µc-Si/nBRL interface were 

analyzed. The refractive indices of all nBRLs used in this analysis were obtained by 

measuring the wavelength-dependent refractive index of deposited films as shown in the 

previous section. 

 

 

Figure 3-7 Schematic diagram of model structure for nBRL calculation 

 

 The reflectance spectra of nBRL with variation of refractive indices and 

thickness-dependence were firstly calculated. Figure 3-8 shows the reflectance spectra 

of SiOx layer used as a nBRL with its refractive index, varied from 1.9 to 3.6, comparing 
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to the one with n-µc-Si/ZnO layer. Here, the thickness of nBRL was assumed to be ~50 

nm when its refractive index was varied. From this figure, we can observe that the 

overall reflectance improved when the refractive index of SiOx film increased. Also, 

these results reveal that the SiOx film with refractive index of ~1.9 could be replaced 

n-µc-Si/ZnO layer at the back reflector. The SiOx with refractive index of ~1.9 should 

be characterized. 
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Figure 3-8 comparison of n-SiOx nBRL with various refractive indices to a n-µc-Si/ZnO 

layer 

 

 Also, the reflectance spectra of nBRL with variation of thickness of n-SiOx 

layer were presented in figure 3-9. The thickness of the layer was changed between 

40-120 nm when the refractive index was kept constant at 1.9. The reflectance of test 

structure increased as the thickness increased up to 80 nm. However, when the thickness 

increased more than 80 nm, the reflectance, in the short wavelength region of less than 

850 nm, of test model decreased and only in the long wavelength region slightly 
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increased. From these results, one can conclude that the thickness of nBRL did not 

affect the optical property when it was increased up to ~80nm. This effect results 

probably from that the incident light into the device was mostly reflected at the 

i-µc-Si:H/nBRL interface for thickness of ~80 nm. Therefore, a thicker layer is not 

effective against improving light trapping for the nBRL with refractive index of ~1.9. 

As mentioned above, the thickness of nBRL should then be between 60-80 nm to keep 

excellent optical properties of a device. 
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Figure 3-9 Reflectance spectra of nBRLs as a function of thickness 

 

3.2.4 Optical simulation of front anti-reflection layer (FAL) inserted between glass 

and ZnO:B TCO 

 Optical calculation of FAL with various refractive indices and thicknesses was 

performed using the simulator called OPTICAL in order to estimate the optimal 

thickness and refractive index (n) of FAL. The model structure used in this simulation 

was glass/FAL/ZnO/p-Si, as shown in Figure 3-10. The effects of the 
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wavelength-dependent refractive index and thickness of each FAL on the transmittance 

spectrum of the model sample were investigated. Here, the thickness of the ZnO layer 

was kept at 1.5 µm. The refractive indices of all FALs used in this analysis were 

obtained from the deposited SiOx films. 

 

Figure 3-10 Schematic diagram of model structure for FAL calculation 

 

 The transmittance spectra of FAL with various refractive indices were 

computed. Figure 3-11 shows the transmittance spectra of the substrates with FAL, 

whose refractive index was varied from 1.7 to 2.3 and whose thickness was fixed at 60 

nm, compared with those without FAL. From this figure, it was found that the FAL with 

n of ~1.7 can be expected to suppress optical reflection loss at the glass/ZnO interface. 

This value is quite close to the value calculated from the equation n = (n glass x nTCO)1/2:n 

of ~1.73. 
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Figure 3-11 comparison of SiOx FAL with various refractive indices to an n-µc-Si/ZnO 

layer 

  

Figure 3-12 shows the transmittance spectra of the substrates with FAL of 

different thicknesses from 40 to 100 nm and a fixed refractive index of ~1.7. As shown 

in figure 3-12, the transmittance of the substrates slightly increased with increasing FAL 

thickness. However, the transmittance, particularly at the wavelength of less than 700 

nm, decreased when the thickness was increased to more than 80 nm. As a result, the 

preferred thickness of FAL should probably be approximately 80 nm. It should be noted 

that the transmittance spectra presented in these optical calculations were the absolute 

values calculated on the basis of flat glass substrates, which are different from the 

textured substrates used in the experiments. The improved optical properties of the 

samples with optimized FAL can be expected from experiments conducted on the basis 

of textured glass substrate owing to the enhanced light-scattering effect of substrates. 
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Figure 3-12 Reflectance spectra of FALs as a function of thickness 

 

3.3 Theoretical analysis of silicon-based solar cells using ASA simulator 

 

3.3.1 Overview of ASA device simulator 

 After we have investigated the effect of optical layers on the optical properties 

of sample structure calculating reflectance and transmittance by OPTICAL simulator, in 

this section, the effect of these optical layers on the current density improvement of 

silicon-based thin film solar cell will then be taken into account using ASA simulator. 

Advanced Semiconductor Analysis (ASA) is a one dimensional opto-electronic 

simulator for amorphous-based semiconductor devices [22-23]. As based on calculation 

of light-trapping effects such as employment of surface-textured substrates for light 

management research, ASA simulator has been developed the original Genpro model, 

which the light-scattering model and coherent/incoherent light propagation have to be 

taken into account, in order to accurately simulate thin-film silicon solar cells. 

Additionally, most of input parameters can be continuously graded as a function of 
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position in the device or energy level in the band gap [24-27]. This is the important 

advantage of this simulator to facilitate actually fabrication design of solar cells in order 

to enhance solar cell performance. To design model of thin film silicon solar cell, carrier 

recombination process through the single-level states is calculated using 

Shockley-Read-Hall (SRH) model and through the multi-level states by Sah and 

Shockley (S-S) model [28]. Also, it contributes to modeling of amphoteric dangling 

bond states of thin-film silicon materials. Furthermore, the spectral response of each 

sub-cell of multi-junction solar cells can be calculated by this simulator. ASA is still 

available for measurement of quantum efficiency of each component cells, which are 

needed proper optical and voltage biases in order to obtain accurate measurement results. 

In this work, ASA was therefore chosen to use for calculation of effect of each optical 

layers involving to light-trapping effects on solar cell performance, especially current 

density. 

 

3.3.2 Simulation model 

The basic set of semiconductor equations represents a mathematical description 

of semiconductor device operation under non-equilibrium conditions. The basic 

semiconductor equations include the Poisson equation (3.1), the continuity equations for 

electrons (3.2) and holes (3.3) and the equations for electron (3.4) and hole (3.5) current 

densities. Power conversion in solar cells is considered to be steady state operation. The 

structure and dimensions of thin-film silicon solar cells allow the simulation model to 

be restricted to one dimension (1-D). In the absence of magnetic field and for a uniform 

temperature in the device these equations in 1-D have the following forms. 

ρψε −=







dx
dx

dx
d )(  (3.1) 
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where ε is the permittivity of the semiconductor, ψ is the electrostatic potential with 

reference to the vacuum level Evac, ρ is the space charge density, Jn and Jp are the 

electron and hole current density, Gopt is the optical generation rate and R is the 

recombination rate of electrons and holes, n and p are the free electron and hole 

concentration, µn and µp are the electron and hole mobility, and EFn and EFp are the 

electron and hole quasi-Fermi energy level, respectively. 

The space charge density ρ, which appears in the Poisson equation (3.1), is in 

amorphous semiconductor material given by 

( )ADtt NNnpnpq −+−+−=ρ  (3.6) 

where nt and pt are the trapped electron and hole concentration at localized states, ND 

and NA are ionized donors and acceptors, respectively. It has to be mentioned, that not 

all incorporated dopant atoms in thin-film silicon are electronically active at room 

temperature as it is assumed in the case of crystalline silicon. Therefore ND and NA are 

not the concentrations of dopant atoms incorporated in thin-film silicon but only the 

ionized ones. As it is difficult to measure a number of active dopants directly, usually 

the measurement of the activation energy of the dark conductivity is used to 

approximate the position of the Fermi level in the doped materials. 
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Using the Maxwell-Boltzmann approximation for the carrier concentrations as 

a function of the quasi-Fermi levels and the effective density of states in the valence 

(Nv) and conduction (Nc) band we can write: 

( )

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where χ is the electron affinity, and Emob is the mobility gap. 

The primary function of a computer simulation program is to solve this set of 

coupled partial differential equations. For solving of the semiconductor equations one 

can choose between different sets of independent variables, for example, ψ, n and p. 

When solving these equations the proper values of the position dependent parameters of 

µ, ρ, R, G, and the boundary conditions must be known or evaluated. 

There are two boundaries in 1-D device modeling, the front and the back 

contact of the device. For a-Si:H and µc-Si:H solar cells, Schottky contacts are possibly 

implied at both of the front TCO/p-layer and back n-layer/TCO contact of the device (x 

= 0 and L). In the case of a Schottky contact it is assumed that at thermal equilibrium 

the position of the Fermi level at the contact depends on an effective barrier height (ϕb) 

of the metal semiconductor interface. This barrier is given by the difference between the 

work function of the metal (ϕm) and the electron affinity of the semiconductor (χs). 

FCsmb EE −=−= χϕϕ  (3.10) 

Once the position of the Fermi level at the interface is fixed by ϕb, the concentration of 

electrons and holes at the interface is calculated by 
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The current transport over the Schottky barrier is dominated by the majority carries and 

is governed by the mechanism of thermionic-emission. According to the 

thermionic-emission theory the current density is given by 
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where A* is the Richardson constant and Vb is the external applied voltage. 

In thin-film silicon materials, the tail states and dangling bond states act as 

charge trapping and recombination centers and greatly influence the electrical properties 

of the material. We will first discuss the description of the density of tail and dangling 

bond states in a-Si:H followed by a discussion on recombination and charge trapping on 

these states. 

In order to simulate accurately the electrical and optical properties of thin-film 

silicon solar cells, a DOS distribution as a function of energy is introduced. As 

explained in Section 2.2, the standard model of the DOS distribution consists of a 

extended parabolic conduction (CB) and valence bands (VB), an exponentially decaying 

conduction band and valence band tails, and two Gaussian-distributed dangling bond 

(DB) states. The density of DB states are described as 
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−= EEU  (3.15) 

where Ntot is the total density of states of dangling bond defects and σdb is the standard 

deviation of the Gaussian distribution and U is the correlation energy which separated 

transition energy levels from each other. 

The CB and VB tail states are described as 

( ) 
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where NA0 and ND0 are the densities of tail states at the CB and VB edges, and EA and 

ED are the characteristic energy of CB and VB tails, respectively. 

The recombination process of electrons and holes occurs through the DB and 

tail states. Then, the net recombination rate Rnet is calculated as a sum of the net 

recombination of DB states (RDB), and CB (RCB) and VB (RVB) tail states. 

IDVBCBDBnet RRRRRR +=++=  (3.18) 

In this equation, the net recombination rate is also described in other words with a sum 

of direct (band-to-band) (RD) and indirect (S-R-H) (RI) recombination. The total direct 

recombination rate can be expressed as 

( ) ( )2
i00D nnppnnpR −=−= ββ  (3.19) 

Here, β is a proportionality constant which depends on the energy-band structure of the 

material under analysis, n0 and p0 are the carrier concentrations in thermodynamic 

equilibrium state. The S-R-H net recombination can be expressed by 
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where τn0 and τp0 are the reciprocals of the thermal velocity-hole/electron capture cross 

section and Nt product. The quantities nt and pt depend exponentially on the position of 

the defects in the energy band gap. 

For the optical model, the optical generation rate Gopt is determined from the 

absorption profile of the photons in the solar cell. Simple and straightforward analytical 

formulas for calculating absorption that are based on the Lambert-Beer absorption 

formula have been replaced by more sophisticated optical models. 

In the Lambert-Beer model, a photon flux density Φ(x,λ) after passing a 

distance x in a film with absorption coefficient α (λ) is defined as 

( ) ( ) ( )xex λαλλ −Φ=Φ 0,  (3.21) 

where Φ0(λ) is the incident photon flux density as a function of wavelength λ.  

The optical generation rate Gopt is calculated from the spectral generation rate 

gsp by integrating over a desired wavelength spectrum 

( ) ( ) λλ
λ

λ
d,2

1
spopt xgxG ∫=  (3.22) 

( ) ( ) ( ) ( )xexg λαλαληλ −Φ= 0gsp ,  (3.23) 

where ηg is the generation quantum efficiency. In Addition, given the reflections from 

the front surface and back contact, eq. (3.23) becomes 

( ) ( ) ( )( ) ( ) ( ) ( ) ( ) ( )( )xdxdd eeReeRxg λαλαλααα λαλληλ ittglgl 2
bf0gsp 1, −−+− +−Φ=  (3.24) 

where Rf and Rb is the reflectance from the front (x = 0) and back side (x = L), 

respectively. di is the thickness of the each layer and L is total thickness in the device. 

The subscript gl and t means glass and TCO layer, which are non-active layers in a 
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device, respectively. 

 In this section, we theoretically analyzed the performance of silicon-based thin 

film solar cells, including a-Si:H, µc-Si:H and a-Si:H/µc-Si:H solar cells, applying 

“optical layers” (nIL, nBRL and FAL) by using ASA device simulator. The simulated 

model structure was for a-Si:H solar cells: front electrode (ZnO:B)/ p-a-SiC:H/ i-a-Si:H/ 

n-a-Si:H/ back electrode (Ag), and for µc-Si:H solar cells: front electrode/ p-µc-Si:H/ 

i-µc-Si:H/ n-SiOx:H/ back electrode (Ag); the details of each simulated model structure 

using each “optical layers” were shown in each section. The electrical and parameters 

were taken from experimental results and some literature which partly used in the 

doctoral thesis of Dr. Shunsuke Kasashima [29]; most of parameters for each layer are 

listed in table 3-1 and 3-2. For simulated model in this analysis, continuous density of 

states (DOS) equation was introduced within the mobility gap as mentioned above. The 

optical parameters used in this analysis, i.e. complex refractive index which combines 

refractive index with extinction coefficient, were obtained from measurement results as 

shown in figure 3-1. This extinction coefficient (k) is related to the absorption 

coefficient (α) used for other device simulators such as AMPS by the equation: α = 4𝜋𝑘
𝜆

 . 

The Tauc gap obtained from spectroscopic ellipsometry (SE) measurement was used as 

the optical band gap, which was assumed as the mobility band gap used in these 

calculations. For some calculations, the light trapping effect, i.e. haze parameter and the 

angular distribution of scattered light which represent the scattering data of the rough 

interfaces was taken into account. Haze parameters was obtained from experimental 

result while angular distribution of scattered light was assume to be a standard value 

given by this ASA simulator. Moreover, it was also assumed that there was no reflection 

for incident light at the front interface and the back reflection coefficient was set to be 
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0.9. For numerical analysis of a-Si:H/µc-Si:H solar cells, modelling of the 

tunnel-recombination junction (TRJ) layer inserted between top and bottom cells 

proposed by Dr. Ihsanul Afdi Yunaz [30] was considered. The TRJ layer with very thin 

and highly defective works as an electrical connection between component cells for a 

two terminal device using the internal carrier exchange effect. This effect can be 

completed by recombination between electrons from a top cell and holes from a bottom 

cell through the localized states at the TRJ interface. The parameters of TRJ layer used 

in this analysis was as follow: thickness 4 nm, mobility gap 1.1 eV and defect density 

1×1026 cm-1. 

 

Table 3-1 Simulation parameters used for a-Si:H solar cell model. 

Parameters and unit p-a-SiC:H i-a-Si:H n-a-Si:H 
Thickness (nm) 4 300 35 
Mobility gap Emob (eV) 2.0 1.8 1.8 
Relative dielectric constant 11.9 11.9 11.9 
Electron affinity χ (eV) 3.8 3.9 3.9 
Electron mobility µe (m2V-1s-1) 15×10-4 100×10-4 50×10-4 
Hole mobility µh (m2V-1s-1) 0.6×10-4 10×10-4 5×10-4 
Donor concentration ND (m-3) － － 1×1025 
Acceptor concentration ND (m-3) 5×1024 － － 
Effective DOS in conduction band NC (m-3) 1×1026 1×1026 1×1026 
Effective DOS in valence band NV (m-3) 1×1026 1×1026 1×1026 
Conduction band tail states    
DOS at CB mobility edge (m-3eV-1) 5×1026 5×1026 5×1026 
Characteristic energy (eV) 0.01 0.01 0.01 
Electron capture rate in neutral states (m3/s) 1×10-16 1×10-16 1×10-16 
Hole capture rate in charged state (m3/s) 1×10-14 1×10-14 1×10-14 

Valence band tail states    
DOS at VB mobility edge (m-3eV-1) 5×1026 5×1026 5×1026 
Characteristic energy (eV) 0.02 0.02 0.02 
Hole capture rate in neutral states (m3/s) 1×10-16 1×10-16 1×10-16 
Electron capture rate in charged state (m3/s) 1×10-14 1×10-14 1×10-14 
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Dangling bond states parameter    
Density of states (m-3) 1×1024 1×1021 1×1024 
Peak level above Ev (eV) 1.33 1.2 1.13 
Standard deviation σdb (eV) 0.15 0.15 0.15 
Correlation energy (eV) 0.3 0.3 0.3 

Acceptor-like dangling bond states    
Electron capture rate in neutral states (m3/s) 1×10-14 1×10-14 1×10-14 
Hole capture rate in charged state (m3/s) 1×10-13 1×10-13 1×10-13 

Donor-like dangling bond states    
Hole capture rate in neutral states (m3/s) 1×10-14 1×10-14 1×10-14 
Electron capture rate in charged state (m3/s) 1×10-13 1×10-13 1×10-13 

Operating temperature T (K) 300   
Barrier height at front and back contact ϕb (eV) 1.65 / 0.02   

 

Table 3-2 Simulation parameters used for µc-Si:H solar cell model 

Parameters and unit p-µc-Si:H i-µc-Si:H n-µc-Si:H 
Thickness (nm) 20 3500300 30 
Mobility gap Emob (eV) 1.1 1.1 1.1 
Relative dielectric constant 11.9 11.9 11.9 
Electron affinity χ (eV) 3.9 3.9 3.9 
Electron mobility µe (m2V-1s-1) 50×10-4 50×10-4 50×10-4 
Hole mobility µh (m2V-1s-1) 5×10-4 5×10-4 5×10-4 
Donor concentration ND (m-3) － － 1×1025 
Acceptor concentration ND (m-3) 1×1025 － － 
Effective DOS in conduction band NC (m-3) 2×1025 2×1025 2×1025 
Effective DOS in valence band NV (m-3) 2×1025 2×1025 2×1025 
Conduction band tail states    
DOS at CB mobility edge (m-3eV-1) 5×1025 5×1025 5×1025 
Characteristic energy (eV) 0.01 0.01 0.01 
Electron capture rate in neutral states (m3/s) 1×10-16 1×10-16 1×10-16 
Hole capture rate in charged state (m3/s) 1×10-15 1×10-15 1×10-15 

Valence band tail states    
DOS at VB mobility edge (m-3eV-1) 5×1025 5×1025 5×1025 
Characteristic energy (eV) 0.02 0.02 0.02 
Hole capture rate in neutral states (m3/s) 1×10-16 1×10-16 1×10-16 
Electron capture rate in charged state (m3/s) 1×10-15 1×10-15 1×10-15 

Dangling bond states parameters    
Density of states (m-3) 2.5×1022 1×1021 2.5×1022 
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Peak level above Ev (eV) 0.55 0.55 0.55 
Standard deviation σdb (eV) 0.15 0.15 0.15 
Correlation energy (eV) 0.3 0.3 0.3 

Acceptor-like dangling bond states    
Electron capture rate in neutral states (m3/s) 1×10-15 1×10-15 1×10-15 
Hole capture rate in charged state (m3/s) 1×10-14 1×10-14 1×10-14 

Donor-like dangling bond states    
Hole capture rate in neutral states (m3/s) 1×10-15 1×10-15 1×10-15 
Electron capture rate in charged state (m3/s) 1×10-14 1×10-14 1×10-14 

Operating temperature T (K) 300   
Barrier height at front and back contact ϕb (eV) 1.65 / 0.02   

 

3.3.3 Effect of FAL on microcrystalline silicon solar cells (µc-Si:H) 

 In this part, the effect of front anti-reflection layer (FAL) inserted into glass and 

TCO interface on the current density (Jsc) of µc-Si:H was investigated by using 

simulation structure as shown in figure 3-13. The solar cell structure used in this 

simulation was glass/ FAL/ TCO (ZnO) / p-µc-Si:H/ i-µc-Si:H/ n-µc-Si/ metal back 

electrode. The reflective index (n) of FAL was varied from 1.66 to 2.78 while others 

parameter was kept the same value. From the figure 3-14 one can see that the Jsc of the 

solar cells was improved as the refractive index of FAL increased. However, the 

refractive index of less than 1.74, here 1.66, shows the decrease in Jsc, which probably 

results from the refractive index mismatch between glass/FAL/TCO. From the results it 

means that the refractive index of FAL should be approximately 1.74, which has a good 

agreement with calculation from previous part, to avoid reflection loss from refractive 

index mismatch. 
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Figure 3-13 Simulation Structure of µc-Si:H solar cells using FAL with different n 
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Figure 3-14 (a) I-V characteristic and (b) Quantum efficiency of µc-Si:H solar cell using 

FAL with different n 

 

3.3.4 Effect of nBRL on µc-Si:H solar cells 

 Next, the effect of nBRL with different refractive index (n) on the current 

density (Jsc) of µc-Si:H solar cell was examined. The model structure for this simulation 

was glass/ TCO/ p-µc-Si:H/ i-µc-Si:H/ n-µc-Si/ metal back electrode as shown in figure 

3-15. The parameters excluding refractive index of nBRL were kept constant. The 

refractive index of nBRL was changed from 1.74 to 2.78. As we can see in the figure 

3-16, the Jsc of the solar cells was increased as the refractive index decreased. By 

applying nBRL with smaller refractive index, here down to 1.74, the Jsc was improved 

due to greater light-reflection between n-layer/metal electrode; which result in 

light-trapping in the active layer and thus improved photo-generated current.  
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Figure 3-15 Simulation Structure of µc-Si:H solar cells using FAL with different n 

 
(a) 

 

 (b)  

Figure 3.16 (a) I-V characteristic and (b) Quantum efficiency of µc-Si:H solar cell using 

nBRL with different n 
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3.3.5 Effect of nBRL on the performance of a-Si:H/µc-Si:H solar cells 

 In this part, the effect of nBRL with several refractive index on performance of 

a-Si:H/µc-Si:H tandem solar cells, especially current density (Jsc), was studied. The 

model structure for this simulation was glass/ TCO/ p-a-SiC:H/ i-a-Si:H/ n-a-Si/TRJ 

p-µc-Si:H/ i-µc-Si:H/ n-µc-Si (nBRL)/ metal back electrode as shown in figure 3-17. 

Here, the tandem used in this simulation was the tandem with good current matching. 

As can be seen in the figure 13.5, the Jsc of the solar cells slightly enhanced when the 

refractive index of the n-layer of the bottom cell became smaller. One can understand 

that nBRL with smaller refractive index contributed to the light-reflection back to the 

active intrinsic layer of the bottom cells and thus, photo-generated current was 

improved. However, in this simulation, because the solar cell model used was in the 

good current-matching, the overall Jsc of the tandem solar cells was decrease due to only 

improved Jsc of the bottom cells and then their conversion- efficiency was reduced 

without change in open circuit voltage. From this simulation results, it was found that 

we can use the nBRL with lower refractive index in order to improve the Jsc of the 

bottom cell in a tandem solar cell with a current-limited bottom. 

 



 
70 

 

 
Figure 3-17 Simulation Structure of a-Si:H/µc-Si:H tandem solar cells using nBRLwith 

different n 

 
(a) 
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 (b)  

Figure 13-18 (a) I-V characteristic and (b) Quantum efficiency of a-Si:H/µc-Si:H 

tandem solar cells using nBRL with different n 

 

3.3.6 Theoretical analysis of a-Si:H/µc-Si:H solar cell with novel structure compared 

to the one with conventional structure  

 Here, the effect of nIL and nBRL layer on a-Si:H/µc-Si:H solar cell with novel 

structure was investigated compared to the conventional one by using ASA device 

simulator. The simulated model structure was for conventional structure: front electrode 

(ZnO:B)/ p-a-SiC:H/ i-a-Si:H/ n-a-Si:H/ IL/ p-µc-Si:H/ i-µc-Si:H/ n-µc-Si:H/ back 

electrode (Ag), and for novel structure: front electrode/ p-a-SiC:H/ i-a-Si:H/ n-SiOx:H/ 

p-µc-Si:H/ i-µc-Si:H/ n-SiOx:H/ back electrode (Ag) as shown in figure 3-17. The 

electrical and parameters were taken from experimental results and some literature as 

listed in table 3-1 and 3-2. The optical parameters used in this analysis, here complex 

refractive index which combines refractive index with extinction coefficient, were 

obtained from measurement results as shown in figure 3-1. In this calculation, the light 
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trapping effect, i.e. haze parameter and the angular distribution of scattered light which 

represent the scattering data of the rough interfaces was not taken into account. Only 

haze parameter which was measured from textured ZnO:B film coated on flat glass 

sheet was used in this calculation. Moreover, it was also assumed that there was no 

reflection for incident light at the front interface and the back reflection coefficient was 

set to be 0.9.  

  

 

Figure 3-17 Simulated model structure of a-Si:H/µc-Si:H tandem solar cells with novel 

structure compared to the conventional structure 

 

 Figure 3-18 illustrates the simulation results of photovoltaic performance of the 

a-Si:H/µc-Si:H solar cell with novel structure compared to the conventional one 

(reference). This simulation model was calculated based on the flat glass substrates 

without scattering data of the rough interfaces included. From this result, one can see 

that Jsc of the device increased by ~0.8 mA/cm2 when the novel structure was 
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introduced. Also, from EQE results, Jsc for the novel structure showed ~ 1.4 mA/cm2 

higher than the conventional structure. This is probably due to reduced absorption losses 

from non-active layers in solar cells as we can see in figure 3-19. In figure 3-19, it was 

found that by applying novel structure absorption losses could be reduced especially in 

n-top and n-bottom layers.  

 

(a) 
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(b) 

Figure 3-18 Simulation results of (a) I-V characteristics, (b) EQE of a-Si:H/µc-Si:H 

solar cells with novel structure compared to the conventional one  
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(b) 

Figure 3-19 Simulated absorptance in each layer and optical losses for a-Si:H/µc-Si:H 

solar cells with novel structure compared to conventional one 

 

3.3.7 Comparison of solar cell performance with novel structure using flat and 

textured glass substrates 

 In this section, the effect of interface roughness of substrates on solar cell 

performance was investigated. Here, the haze values measured from the flat glass 

substrate, which combines flat glass sheet with textured ZnO:B film, and textured glass 

substrate, which combines etched glass sheet (textured glass) with textured ZnO:B film,  

as shown in figure 3-20 were used as optical parameters in this calculation. Other 

electrical and optical parameters were the same values as used for the calculation in the 

section 3.3.6. The simulated model structures of this analysis were for flat glass 

substrate: flat glass/ textured ZnO:B/p/i/nIL/p/i/nBRL/Ag and for textured glass 

substrate: textured glass/ textured ZnO:B/p/i/nIL/p/i/nBRL/Ag. In this calculation, the 

light trapping effect, i.e. haze parameter and the angular distribution of scattered light 

which represent the scattering data of the rough interfaces was taken into account. The 
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haze parameter used here was applied into TCO/ p-a-SiC:H, p-a-SiC:H/ i-a-Si:H, and 

n-SiOx:H/ back electrode interface. Also, all angular distributions used in this 

calculation were standard COSSQ. Also, no reflection for incident light at the front 

interface and the back reflection coefficient which was set to be 0.9 were assumed in 

this simulation. 

 
Figure 3-20 Haze value and SEM images of flat and textured glass substrate used for 

simulation 

 

In figure 3-21, Simulation results of I-V characteristics and EQE of novel 

a-Si:H/µc-Si:H solar cells with textured glass substrate (double-textured) was presented 

compare to the one with flat glass substrate (reference). As we can see from these results, 

by introducing textured glass substrate which combines etched glass sheet with textured 

ZnO:B film Jsc was improved by ~0.9 mA/cm2. From the figure 3-21(b), the improved 

spectral response over whole wavelength region can be observed, especially in the 

wavelengths of 400-900 nm and thus Jsc extracted from EQE measurement increased by 

~1.2 mA/cm2. This result reveals that a textured glass substrate can increase haze value 

and then improve light-scattering effect which results in increase in Jsc of a solar cell. 
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(a) 

 

(b) 

Figure 3-21 Simulation results of (a) I-V characteristics, (b) EQE of a-Si:H/µc-Si:H 

solar cells using flat and textured glass substrate 

 

3.4 Summary 

 In this chapter, optical analysis and theoretical simulation was 

performed using OPTICAL and ASA simulators, respectively. The optical calculation of 
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IL, nBRL, and FAL using OPTICAL simulator was firstly done to investigate their 

effect on the optical properties, such as reflectance or transmittance spectra, of the test 

sample structure simulated from the experimentally fabricated solar cells. We have 

studied the effect of refractive index and thickness combinations of single and triple 

intermediate layers on the light-reflectance in the tandem solar cells. From the 

simulation results, it is clear that the wavelength region of reflection could be freely 

modified by adjusting the thickness and/or the refractive index of triple intermediate 

layers. Compared to the single, the reflectance of SiOx triple intermediate layers at short 

wavelength region could be increased, whereas at the long wavelength region could be 

suppressed. Thus, a multi-stacked intermediate layer, especially triple intermediate layer, 

would be beneficial for use in a-Si:H /µc-Si:H tandem cell. The optical calculation 

results indicated that, for a single IL, the lower refractive index IL is the higher 

reflectance over wavelength region the test structure have. For nBRL, the effect of 

nBRL with variation of refractive index and thickness on the reflectance spectra of test 

structure was found out. From the result one can understand that the SiOx film with 

refractive index of ~1.9 can be expected to replace at the back reflector instead of 

n-µc-Si/ZnO layer because the same reflectance could be observed. In addition, the 

thickness of nBRL should be optimized between 60-80 nm. Next, the optical study of 

FAL with varied refractive index on transmittance of test model was carried out. As can 

be found from the results, the optimal FAL obtained from this calculation was the one 

with refractive index of ~1.74 and the thickness should be 60-80 nm. The finding FAL 

shows the higher transmittance of test structure when it was inserted into glass/ZnO 

interface and the thickness of FAL of thicker than 80 nm shows the drop in 

transmittance spectra particularly, in the short wavelength (< 650 nm). Moreover, the 
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effect of these optical layers (nIL, nBRL and FAL) on the current density of 

silicon-based thin film solar cells including double-junction solar cells was investigated. 

By inserting FAL with different refractive index into µc-Si:H solar cells, it was seen that 

the current density of the solar cells improve as the refractive index decreased down to 

~1.74 but the refractive index less than that showed the reduction in current density, i.e., 

lower spectral response in the long wavelength region. In the same way, the current 

density of µc-Si:H solar cells increased when the refractive index of nBRL was 

decreased down to ~1.74 ; due to greater light-reflection between n-layer/metal 

electrode. Additionally, nBRL with varied refractive index was also applied into 

a-Si:H/µc-Si:H solar cells to observe the effect on solar cell performance. By inserting 

nBRL into the solar cells, the Jsc of the bottom solar cells slightly enhanced when the 

refractive index of the nBRL of the bottom cell became smaller. From this simulation 

results, it was found that the nBRL with lower refractive index can be used in order to 

improve the current density of the bottom cell in a tandem solar cell with a 

current-limited bottom. Furthermore, the effect of nIL and nBRL on novel 

a-Si:H/µc-Si:H solar cells performance was analyzed compared to the conventional one 

without that of nIL and nBRL. From simulation results, it was found that by applying 

novel structure absorption losses could be reduced especially in n-top and n-bottom 

layers and thus improved Jsc of the complete device. Here, the effect of interface 

roughness of substrates on solar cell performance was also investigated in order to 

comprehend the light-scattering effect of a device. As can be seen from this result it 

reveals that a textured glass substrate can increase haze value and then improve 

light-scattering effect which results in increase in Jsc of a solar cell. 
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Chapter 4 

Preparation and Characterization of SiOx:H Films Using 

RF-PECVD Technique  

 

4.1 Introduction 

 As previously reported in several papers, silicon-based materials including its 

alloy can be prepared by several deposition techniques [1-6]. The most preferable 

technique for research and manufacturing of silicon-based thin film solar cells is 

plasma-enhanced chemical vapor deposition techniques (PECVD). This technique can 

deposit a variety of thin films at lower temperatures than the conventional ones. 

Recently, the Radio-Frequency (RF) and Very-High-Frequency (VHF) PECVD 

techniques have widely been used to reduce production cost and to improve quality of 

silicon-based thin films like a-Si:H or µc-Si:H films. Although the VHF-PECVD can 

deposit silicon-based films with a deposition rate over 1 nm/s, reported by Neuchatel 

group [7-8], in this work, RF-PECVD is preferred to use because of the term of film 

quality, especially its uniformity as shown in table 4-1 [9]. 

 As mentioned in the chapter 3, the silicon-based films with different properties 

are needed to apply into silicon-based thin film solar cells in order to improve solar cell 

efficiency by using light-trapping approaches, i.e., employment of nIL, nBRL, FAL and 

FALp: here, we call “optical layers”. The refractive index of silicon-based material used 

in this work should be tunable for use as optical layers with different properties. As 

reported, the refractive index of silicon-oxide alloys can be adjusted from 1.5 (SiO2) to 

3.8 (Si) by tuning the oxygen concentration [10-11], presently, n-type SiOx-based 
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material has widely been studied for photovoltaic applications [12-14]. It has 

successfully been prepared and applied to a p-i-n solar cell instead of ZnO/Ag back 

contact [12]. Moreover, it has also successfully been used as an intermediate layer (IL) 

in tandem solar cells [13]. Therefore, in this chapter, the preparation and 

characterization of hydrogenated silicon oxide (SiOx:H)-based films, including both 

hydrogenated amorphous silicon oxide (a-SiOx:H) and hydrogenated microcrystalline 

silicon oxide (µc-SiOx:H) by using RF-PECVD technique, are mainly discussed to 

understand and find the considerable their properties corresponding to application 

needs.  

 

Table 4-1 various depositions used for preparation of a-Si-based materials 

Processes Maximum 

deposition rate 

Advantages Disadvantages 

RF-PECVD 3 (Å/s) High quality, uniform Slow 

VHF-PECVD 15 (Å/s) Fast Poor uniformity 

DC-PECVD 3 (Å/s) High quality, uniform Slow  

Microwave-PECVD 50 (Å/s) Very fast Film quality not as 

good 

HWCVD 50 (Å/s) Very fast Poor uniformity 

Photo-CVD 1(Å/s) High quality, uniform Slow 

Sputtering 3 (Å/s)  Poor uniformity 
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4.2 Fundamental Aspects of PECVD  

 PECVD technique, called “glow discharge”, is widely used as a deposition 

method for amorphous silicon based thin film solar cells , such as a-Si:H or µc-Si:H 

materials. This technique was used for the first preparations of a-Si:H by Cittick [4] and 

by Spear and Lecomber in 1969 [5]. Figure 4-1 shows a schematic of a typical PECVD 

chamber and some important parts (here, RF-PECVD). The PECVD system consists of 

two electrode plates (cathode and anode) located in parallel, a pumping system, heater, 

pressure controller and a RF or VHF power supply. The substrate is attached to a ground 

and is heated by heater. The chamber is evacuated by the pumping system, which 

usually has a turbo molecular pump backed with a mechanical pump, and the chamber 

pressure is controlled by a control valve. In the PECVD process, a silicon source such 

as SiH4 or a mixture of SiH4 and H2 is introduced into the vacuum chamber. A RF 

(~13.56 MHz) or VHF (30-200 MHz) power line is connected to one electrode plate 

(cathode) while the other plate connected to the ground (anode). The plasma will occur 

by passing voltage between the two electrode plates with low chamber pressure. The 

plasma excites and decomposes the source gas and generates many radicals and ions, 

and then the radicals diffuse to the substrate and silicon film is grown on the surface. 

The deposition of PECVD technique can be described as a four- step process [6]. 

1. The first step is the primary reaction between electrons and SiH4, which results in 

mixture of ions and free radicals. 

2. The second step is the transport of these species to the surface of the substrate, which 

is accompanied by a multiplicity of secondary reactions, e.g., ion- molecule, 

photon-molecule. 

3. The third step is the reaction of ions and free radicals with, or their adsorption onto, 
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 the surface of the substrate. 

4. The forth step is the process by which these species or their reaction products are 

incorporated into the growing film or are re-emitted from the surface into the 

gas-phase. 

 In the PECVD process, the film quality is influenced by many deposition 

parameters such as the deposition pressure, plasma power and frequency, substrate 

temperature and etc. The films with high quality and good uniformity can be fabricated 

under low deposition pressure while high deposition pressure if preferable for 

depositing microcrystalline-based materials. The PECVD technique with a 

radio-frequency (RF) of 13.56 MHz is one of the preferable deposition methods in 

research and manufacturing of amorphous based solar cell. In general, deposition rate 

can be increased by using higher RF plasma power for film deposition; however, higher 

RF power also leads to a silicon polyhydride powder. For general a-Si:H deposition, the 

typical deposition pressure is set at around 0.5 to 1.0 Torr, while RF plasma power is 10 

to 100 mW/cm2. Also, the substrate temperature is also an important factor for film 

quality of a-Si:H materials. Normally, the substrate temperature is kept between 150 to 

350 ºC. In case of Si films deposited under lower substrate temperature, more hydrogen 

content incorporated in the films results in an increase in optical band gap. If the 

substrate temperature is low (<150 ºC), silicon polyhydride will be formed if high 

hydrogen dilution is not used. In contrast, with a high substrate temperature (>350 ºC), 

optical band gap is reduced due to less hydrogen content incorporation. The silicon 

films deposited at high temperature show a high degradation because of the small 

amount of hydrogen passivation of dangling bonds as well. The electrode gap is usually 

set at around 1 to 5 cm for a-Si:H deposition. A small gap is needed for a uniform 
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deposition while a wider gap is easier to maintain plasma. However, in order to reduce 

production cost such as the increase of the deposition rate, improvement of properties of 

a:Si:H or µc-Si:H films, a very high frequency (VHF) PECVD technique first developed 

by Neuchtel group in 1987 is an alternative way to obtain a higher deposition rate. In 

this technique, the plasma excitation frequency is in range of 30 to 200 MHz. It was 

found that the deposition rate increased linearly with increasing frequency. This 

technique is suitable for the materials such as µc-Si:H which required high deposition 

rate. Nonetheless, the disadvantage of VHF-PECVD is poor uniformity of the films.      

 In this experiment, RF-PECVD technique was chosen to use for n-µc-SiOx 

Films as it has a limitation on deposition system and high deposition rate is not much 

needed for quite thin SiOx films.    

 
Figure 4-1 Schematic diagram of an RF-PECVD deposition system [19] 
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4.3 Deposition and Characterization of n-tpye µc-SiOx:H Films using 

RF-PECVD Technique 

 

4.3.1 Experimental Details  

 N-type µc-SiOx:H films were deposited in 13.56 MHz plasma enhanced 

chemical vapor deposition chamber on Corning 7059 glass. As shown in Figure 4-2, this 

system was evacuated by a set of turbo molecular pump (TMP) and rotary pump (RP), 

and the base pressure measured by an ionization gauge was normally less than 10-5 Pa. 

The process pressure in the chamber could be controlled in the range of 0-1000 Pa by 

throttle valve. The gas flow rates were also controlled by a mass flow controller (MFC) 

in order to control the volume of gas accurately. A substrate holder was placed under the 

heater with gap distance of around 1 cm and heated at set heater temperature. The heater 

temperature was monitored by thermocouple. However, it should be noted that the 

substrate temperature value mentioned in this thesis means the setting temperature of 

the heater. For n-µc-SiOx:H film deposition, silane (SiH4), hydrogen (H2), carbon 

dioxide (CO2), and phosphine (PH3 1% inH2) were used as source gases. The gas 

mixture was introduced into the chamber via the gas tube installed on the side of the 

chamber. 

   The n-µc-SiOx:H films deposited on Corning 7059 glass were used in order 

to characterize the electrical, optical, and structural properties of films by spectroscopic 

ellipsometry (SE), Raman spectroscopy, conductivity and transmittance spectra 

measurements. The thickness, refractive index and the optical band gap (E04) of 

deposited films were deduced from fitting results of variable-angle spectroscopic 

ellipsometry measurement. It should be understood that E04, the photon energy at which 
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the absorption coefficient is equal to 10-4, was used as band gap energy of materials in 

this study. Moreover, it should also be noted that refractive indices mentioned in this 

section are the values at the wavelength of 600 nm. For structural characterization the 

Raman spectroscopy was conducted using an semiconductor laser with a wavelength of 

532 nm. Electrical property of n-µc-SiOx:H films was investigated by dark conductivity 

(σd) measurement. Aluminum contacts were evaporated onto the samples deposited on 

the glass substrate and the in-plane dark conductivity was measured. The transmittance 

spectra measurement was also performed using UV-VIS-NIR Spectrophotometer. 

 Prior to film depositions, all substrates were cleaned by using organic solvents 

sequentially, i.e., ethanol-acetone-ethanol for 10, 10 and 10 minutes, respectively, in an 

ultrasonic bath and then dried by nitrogen blow, finally, placed on a substrate holder 

before putting into the load lock chamber. The robotic arm was used to transfer 

substrate holder from one chamber to another chamber. Before preparation of SiOx, 

n-µc-Si:H films were firstly deposited in order to investigate optimal n-µc-Si:H, and 

optimization of n-µc-SiOx:H films was also then carried out.      

 For the deposition of n-µc-SiOx:H films by 13.56 MHz RF-PECVD, the 

thickness of films were generally fixed at about 40-60 nm which is the thickness of an 

intermediate layer obtained from the theoretical analysis results for application to 

silicon based tandem solar cells. Besides, it should be noted that all of the gas flow rate 

reported in this study are the values displayed on mass flow controller not actual gas 

flow rate calculated by calibration with conversion factor. As summarized in Table, 

most of all deposition parameter were varied to optimize the performance of 

n-µc-SiOx:H film. However, only effect of CO2, H2, PH3 flow rates and substrate 

temperature are discussed in this section. It should be noted that the mass flow 
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controllers (MFC) of H2, PH3, and SiH4 are factory calibrated for hydrogen (H2), on the 

other hand, MFC of CO2 are factory calibrated for nitrogen (N2). 

 

Figure 4-2 Schematic diagram of 13.56 MHz RF-PECVD system for n-µc-SiOx:H film 

deposition 

 

4.3.2 Effect of CO2 Flow Rate 

 First, it is well recognized that oxygen content mainly affects properties of 

silicon oxide-based alloys films. Therefore, in this study, effect of CO2 flow rate on the 

properties of SiOx films was investigated. Here, CO2 flow rate was changed from 8.0 to 

12 sccm for the plasma power of 10 and 20 W while SiH4, H2, and PH3 flow rates were 

set to be 3.30, 300, and 10 sccm, respectively. The substrate temperature, the deposition 

pressure, and the electrode gap were 200 ºC, 200 Pa, and 1.5 cm, respectively. Table 4-1 

displays deposition conditions of SiOx films. It is important to note that the mass flow 

controller (MFC) used for CO2 gas was N2-calibrated. 

TMP
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Table 4-1 The deposition condition of SiOx:H films with different CO2 flow rate 

Substrate Temperature (ºC) 200 
Deposition Pressure (Pa) 200 

 Plasma Power Density (W/cm2) 0.065 (10 W),0.13(20W) 
Electrode gap (cm) 1.5 

SiH4 flow rate (sccm) 3.30 
CO2 flow rate (sccm) 2-8 

PH3 flow rate (sccm) (1 % in H2) 10 
H2 flow rate (sccm) 300 

 

Figure 4-3 shows the dark conductivity of SiOx films with different CO2 flow 

rate. From figure 4-3, it was observed that the conductivity declined when CO2 flow 

rate increased for both plasma densities. In case of plasma density of 10 W, for example, 

the conductivity decreased from 1.2 S/cm at CO2 flow rate of 2 sccm to 2x10-11 S/cm at 

CO2 flow rate of 8 sccm. The conductivity markedly dropped to less than 10-8 S/cm at 

the CO2 flow rate of higher than 6 sccm. The conductivity for the plasma power of 20 

W also had the same tendency. The drop of conductivity with increasing CO2 flow rate 

given in the figure is mainly due to an increase of Si-O bonding in the oxygen rich 

phase (a-SiO:H) incorporated in the film [15-16]. Figure 4-4 depicts the Raman spectra 

of SiOx films deposited at the plasma power of 10 and 20 W. From the figure 4-4(a), it 

can be observed that the crystalline peak at 520 cm-1 disappeared as CO2 flow rate 

increased higher than 6 sccm. These results correspond to the dark conductivity 

previously shown in Figure 4-3. Thus, it is clear that SiOx films that have a crystalline 

phase are needed to obtain a reasonably high conductivity. It should also be noted that 

for higher power we could not observe the crystalline peaks at 520 cm-1, therefore 

deposition at high power is not suitable for SiOx films. 
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Figure 4-3 Dark conductivity of SiOx:H films as a function of CO2 flow rate for plasma 

power of 10 and 20 W 
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Figure 4-4 Raman spectra as a function of CO2 flow rate for plasma power of (a) 10 W 

and (b) 20W 

 

 Figure 4-5 illustrates the refractive index at wavelength 600 nm of SiOx films 

as a function of CO2 flow rate prepared at the plasma power of 10 and 20 W. From 

figure 4-5, one can see that the refractive indices for both plasma powers decreased 

lower than 2.0 with increasing the CO2 flow rate to 8 sccm. These results suggested that 

the refractive index could be controlled by varying the CO2 flow rate. The drop of 

refractive index is probably due to increase of oxygen concentration in the oxygen-rich 

phase in the films [17]. The oxygen-rich phase is effective in increasing the optical band 

gap [18]. These results are in good agreement with the optical band gap illustrated in 

figure 4-6. Here, it was also found that the plasma power of 10 W is more beneficial for 

deposition of SiOx films under this regime. 
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Figure 4-5 Refractive index of SiOx films at the wavelength of 600 nm as a function 

CO2 flow rate for plasma power of 10 and 20W 
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Figure 4-6 Optical band gap as a function of CO2 flow rate for plasma power of 10 and 

20 W 
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4.3.2 Effect of H2 Flow Rate 

 It is well known that the formation of crystalline phase in SiOx material can 

probably be improved by an optimal hydrogen dilution. Therefore, the effect of H2 flow 

rate on the properties of SiOx:H films was then investigated. The H2 flow rate was 

varied from 200 sccm to 400 sccm whereas SiH4, CO2, and PH3 flow rate were kept 

constant at 3.30, 9.5, and 10 sccm respectively. The substrate temperature, the 

deposition pressure, the plasma power, and the electrode gap were set to be 200 ºC, 200 

Pa, 10 W, and 1.5 cm, respectively. The details of deposition condition are shown in the 

table 4-2.  

 

Table 4-2 The deposition condition of SiOx:H films with different H2 dilution 

Substrate Temperature (ºC) 200 
Deposition Pressure (Pa) 200 

 Plasma Power Density (W/cm2) 0.065 (10 W) 
Electrode gap (cm) 1.5 

SiH4 flow rate (sccm) 3.30 
CO2 flow rate (sccm) 9.5 

PH3 flow rate (sccm) (1 % in H2) 10 
H2 flow rate (sccm) 200 - 500 

 

Figure 4-7 gives the dark conductivity (σd) of SiOx:H films with different H2 

dilution. From figure 4-7, we can see that the films with somewhat high conductivity of 

around 10-5 S/cm could be gained when H2 flow rate was in range of 200-350 sccm. 

Nevertheless, the conductivity of the films then declined with increasing H2 flow rate of 

more than 350 sccm. The main factor for the improvement in conductivity is probably 

due to the increment in crystalline volume fraction measured by Raman spectra which 

are shown in Figure 4-8. However, a too much H2 dilution (H2 flow rate of more than 
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350) may cause damage on the surface of films due to an increase in hydrogen atom 

which caused a hydrogen etching and result in the deterioration in the properties of 

deposited films.  
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Figure 4-7 Dark conductivity of SiOx:H films as a function of H2 flow rate  
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Figure 4-8 Raman spectra as a function of H2 flow rate 
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 Figure 4-9 shows the refractive index of SiOx films as a function of H2 flow 

rate. The refractive indices mentioned here are also the values at the wavelength of 600 

nm. From figure 4-9, one can see that the refractive index decreased from ~2.3 at the H2 

flow rate of 200 sccm to ~1.7 at H2 flow rate of 500 sccm corresponding to the increase 

in the optical band gap of the films as shown in figure 4-10. These occurrences, i.e. the 

drop of refractive index and the increase in optical band gap, were due to a change in 

the structure of the SiOx films. The SiOx films should be correlated with H2 dilution 

and probably became more porous as the H2 dilution increased.     
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Figure 4-9 Refractive index of SiOx films at the wavelength of 600 nm as a function H2 

flow rate  
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Figure 4-10 (a) Absorption coefficient (b) Optical band gap as a function of H2 flow rate 

 

4.3.3 Effect of PH3Flow rate 

 In order to obtain the excellent quality of films, the electrical properties of 

SiOx films should be improved by doping properly. Here, the effect of PH3 flow rate on 
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the properties of SiOx films was investigated. In these experimental series, PH3 flow 

rate was varies from 4 to 10 sccm for the RF plasma power of 10 W, whereas SiH4, H2, 

and CO2 flow rates were fixed at 3.30, 300, and 9.5 sccm, respectively. The deposition 

pressure, the substrate temperature and the electrode gap were 200 Pa, 200 ºC and 1.5 

cm, respectively. Table 4-3 shows the condition of this experiment in details. 

 

Table 4-3 The deposition condition of SiOx:H films with different PH3 (1% in H2) flow 

rate  

Substrate Temperature (ºC) 200 
Deposition Pressure (Pa) 200 

 Plasma Power Density (W/cm2) 0.065 (10 W) 
Electrode gap (cm) 1.5 

SiH4 flow rate (sccm) 3.30 
H2 flow rate (sccm) 300 

CO2 flow rate (sccm) 9.5 
PH3 flow rate (sccm) (1 % in H2) 4- 10 

      

 Figure 4-11 shows the dark conductivity of deposited SiOx films as a function 

of PH3 flow rate ratio. As can be seen in figure 4-11, the dark conductivity increased 

more than four orders of magnitude from 10-8 to 10-4 S/cm when the PH3 flow rate 

increased from 4 to 10 sccm. The results show that PH3 is effective for doping the SiOx 

films in order to improve electrical property of the films. Moreover, these results had a 

good agreement with the Raman spectra given in figure 4-12. From figure 4-12, it was 

observed that the crystalline peak at 520 cm-1 decrease with increasing the PH3 flow 

rate.       
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Figure 4-11 Dark conductivity of SiOx films as a function of PH3 (1% in H2) flow rate  
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Figure 4-12 Raman spectra as a function of PH3 (1% in H2) flow rate 

 

 The refractive index of SiOx films deposited with various PH3 flow rate is 

displayed in figure 4-13. From figure 4-13 one can see that the refractive index initially 

increased up to 2.2 at PH3 flow rate of 8 sccm and tended to keep constant when PH3 

flow rate was higher than 8 sccm. Besides, the absorption spectrum and the optical band 
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gap of SiOx films were shown in figure 4-14. As can be seen in figure 4-14, increase in 

optical band gap of the films with decreasing PH3 flow rate corresponds to decreased 

refractive index. These results implied that further optimization of PH3 flow rate ratio is 

considerable to obtain the better properties of SiOx films. 

4 5 6 7 8 9 10
1.8

1.9

2.0

2.1

2.2

2.3
 

 

Re
fra

ct
iv

e 
In

de
x

PH3 flow rate (sccm)  

Figure 4-13 Refractive index of SiOx films at wavelength 600 nm as a function of PH3 

(1% in H2) flow rate 
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Figure 4-14 (a) Absorption coefficient (b) Optical band gap as a function of PH3 (1% in 

H2) flow rate 

 

4.3.4 Dependence of substrate temperature 

Next, substrate temperature which affects the structure and properties of films 

is a key factor to film-growth on the substrate. Thus, to recognize further structural and 

electrical properties of films, the effect of substrate temperature was explored in this 

section. The substrate temperature was changed from 100 ºC to 300 ºC while the SiH4, 

H2, CO2 and PH3 were fixed at 3.30, 300, 11, and 10 sccm respectively. In this case, the 

deposition pressure, the plasma power and electrode gap were set to be 200 Pa, 10 W 

and 2.0 cm, respectively. The deposition condition is concluded in Table 4-4. 
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Table 4-4 The deposition condition of SiOx:H films with vavious substrate temperature   

Substrate Temperature (ºC) 100-300 
Deposition Pressure (Pa) 200 

 Plasma Power Density (W/cm2) 0.065 (10 W) 
Electrode gap (cm) 2.0 

SiH4 flow rate (sccm) 3.30 
H2 flow rate (sccm) 300 

CO2 flow rate (sccm) 11 
PH3 flow rate (sccm) 10 

 

 Figure 4-15 displays the dark conductivity of SiOx films deposited at different 

substrate temperature. From figure 4-15, it was found that the conductivity increased 

from 10-11 to 10-4 S/cm as the substrate temperature increased. It is interesting to note 

that increase in conductivity of the films with increasing is probably due to change in 

the film structure and chemical bonding configuration of prepared samples, e.g. , for 

example, more Si-H bond contained in the samples and thus more crystalline phase, 

corresponding to the result of Raman spectra given in figure 4-16. From figure 4-16, we 

can see that crystalline peak at 520 cm-1 appeared when the substrate temperature was 

higher than 200 ºC.           
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Figure 4-15 Dark conductivity of SiOx films as a function of substrate temperature 
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Figure 4-16 Raman spectra as a function of substrate temperature variation 

 

 Figure 4-17 depicts the refractive index at wavelength 600 nm of prepared 

SiOx films with various substrate temperatures. From figure 4-17, one can see that the 

refractive indices increased as the substrate temperature increased. This result had a 
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good agreement with a drop in optical band gap of the films as shown in Figure 4-18. It 

is possible that dissociation of oxygen atom at high temperature is worse than that of 

atoms of other gases incorporated in the films and thus lower amorphous SiO phase 

could be observed. As a result, narrower optical band gap and higher refractive index of 

the films appeared.      
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Figure 4-17 Refractive index of SiOx films at wavelength 600 nm as a function of 

substrate temperature 
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Figure 4-18 (a) Absorption coefficient (b) Optical band gap as a function of substrate 

temperature variation 

 

 From the above explanation, in this experimental study, it was found that the 

properties of SiOx films can be adjusted by varying the deposition parameters, for 

example, the plasma power, substrate temperature, electrode gap, and source gas flow 

rate. To improve properties of the films, in case of a low CO2 regime, not high H2 

dilution and PH3 flow rate were needed, while in case of a high CO2 regime, higher H2 

dilution and much higher PH3 flow rate were required. Moreover, in order to enhance 

the optical properties of the fabricated films, i.e. refractive index or optical band gap, 

reasonably high CO2 flow rate is a main factor. In contrast, to improve electrical 

property of the films, higher H2 dilution and sufficiently high PH3 flow rate is mainly 
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needed. The main work in development of SiOx intermediate reflector is to maintain a 

sufficiency high electrical conductivity while decreasing as much as possible the 

refractive index. Figure 4-19 shows relationship between refractive index and in-plan 

dark conductivity of deposited SiOx films. From figure 4-19, we can see that, generally, 

the conductivity declined with reducing the refractive index. The films with refractive 

index lower than 2 have so far been obtained. However, most of these films still have 

the poor in-plane conductivity, a few has sufficiency high conductivity of around 10-6. A 

further optimization is still required to obtain better film properties. 

 Nevertheless, it should be noted that a recent report presented that SiOx-based 

intermediate layer with a low in-plane conductivity of 10-9 S/cm as measured on glass 

could be employed as an intermediate layer in a-Si:H/µc-Si:H double-junction solar 

cells. They observed a difference between the in-plane conductivity measured on glass 

and the perpendicular conductivity of the layer applied in the solar cells. They 

mentioned that this difference is probably because of the growth of microcrystalline Si 

grains penetrating through the SiO-based layer. In the cell, their growth is enhanced 

from the beginning of the film by underlying µc-Si:H doped layer, which allows the 

creation if high-conductivity passages across the intermediate layers. Thus, they 

supposed the existence of a low conductivity amorphous SiOx matrix, with a high 

transversal conductivity created by the crystalline Si phase. The low in-plane 

conductivity of SiOx intermediate layer compared to that of ZnO intermediate layer is 

actually a desired property because it eliminates the need for an additional insulating 

laser scribe after the deposition of the intermediate layer. This is very important to 

facilitate the serial connection for making modules. 
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Figure 4-19 Relationship between refractive index and in-plan dark conductivity of 

deposited SiOx films 

 

4.4 Summary 

 In this chapter, the preparation and characterization of n-type SiOx films were 

performed. It was found that it is possible to fabricate the n-type SiOx films using 13.56 

MHz RF-PECVD technique from a mixture SiH4, H2, PH3 and CO2 as a source gas. The 

optical, electrical, and structural properties of the fabricated n-SiOx films were 

investigated. The optical band gap (E04) and the refractive index of the films could 

mainly be controlled by variation of CO2 and H2 flow rates. The conductivity of the 

films increased with increasing the PH3 flow rate, in contrast, it declined with an 

increase in CO2 flow rate. Besides, it can also be seen that the films deposited on the 

high temperature substrate had better conductivity, however, those of refractive index 

also increased. By optimizing the source gas flow rates and other deposition condition 

parameters, a few n-SiOx films with refractive index lower than 2.0 and reasonably 
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good in-plane conductivity (~10-6 S/cm) have been obtained and are expected to be used 

in silicon-based thin film solar cells as “optical layers”, i.e. intermediate layer (IL), 

intermediate layer with function of n-top layer (nIL), n-bottom layer with function of 

back reflective layer (nBRL), as well as anti-reflection layers inserted glass/TCO 

interface (FAL) and TCO/P-Si layer (FALp) as additional refractive-index matching 

layers. Afterwards, each of these optimum films will be applied to thin film silicon solar 

cells including a-Si:H/µc-Si:H double-junction solar cells as reflective optical layers  

and additional refractive-index matching layers corresponding to function needs. 
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Chapter 5  

Fabrication and Characterization of novel a-Si:H/µc-Si:H 

Double Junction Solar Cells using n-top Layer with a function 

of intermediate layer (nIL) and n-bottom layer with a 

function of back reflective layer (nBRL) 

 

5.1 Introduction 

  The first development of an hydrogenated amorphous silicon (a-Si:H)/ 

hydrogenated microcrystalline silicon (µc-Si:H) double-junction solar cell, also called 

“micromorph” tandem cell, was proposed in 1994 by IMT, University of Neuchatel 

group[1]. This double-junction solar cell, with combination of two different band gap 

materials corresponding to solar spectrum, is a promising candidate for the new 

generation of thin film Si solar cells due to higher efficiency and higher stability than 

conventional amorphous silicon based single-junction solar cells [2-4]. The stability of 

the micromorph solar cell is mainly influenced by light-induced degradation of a-Si:H 

top cells which exhibit light-induced degradation after light illumination[5]. To improve 

the stability of the micromorph solar cell, thickness of the intrinsic layer of the top cell 

should be reduced. However, it is well know that the reduction in thickness of the 

intrinsic layer of the top cell leads to lower short circuit current and thus relatively low 

cell efficiency. This problem can be overcome by employing an intermediate layer 

between the a-Si:H top cell and the µc-Si:H bottom cell. The intermediate layer can 

increase short circuit current of the top cell without increasing the thickness of the top 
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cell due to enhanced internal reflection inside solar cells and also improved 

light-induced degradation because of thinner i-top layer. As reported, transparent 

conductive oxide materials, e.g. a zinc oxide (ZnO) or a silicon oxide (SiOx), are 

commonly used as an intermediate layer for an a-Si:H/µc-Si:H double-junction solar 

cell [6-9]. 

 Also, recently, multi-junction solar cells have attracted attention for relatively 

high efficiency solar cells. Light-trapping approaches, e.g., front contact using textured 

transparent conductive oxide (TCO), back reflector with highly reflective textured 

TCO/metal and a transparent intermediate layer (IL), are necessary for achieving 

efficient incident light absorption in intrinsic absorber layer of component cells. In 

multi-junction structures like a-Si:H/µc-Si:H double junction solar cells, the current of 

top cells with thinner thickness can be increased by employing an IL between 

component cells resulting in reduced light-induced degradation. On the other hand, the 

current of bottom cells can be enhanced by optimizing back reflector (TCO/metal) to 

increase reflectance especially at the long wavelength region. Recently, n-type SiOx 

based material has widely been studied for photovoltaic applications [10-12]. It has 

successfully been prepared and applied to a p-i-n solar cell instead of ZnO/Ag back 

contact. Moreover, it has successfully been used as an IL in tandem solar cells as well. 

In this chapter, characterization of phosphorous-doped SiOx:H (n-SiOx) layers 

and their applications to silicon-based thin-film solar cells have experimentally been 

studied. Firstly, n-SiOx films was optimized for use as an IL inserted between top and 

bottom cell and the effect of n-SiOx IL on solar cell performance was then investigated. 

Sequentially, the µc-Si:H single-junction solar cells with novel structure p-µc-SiOx:H/ 

i-µc-Si:H/ n-SiOx:H/ Ag/ Al were fabricated on textured ZnO:B-coated glasses by 
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employing an n-SiOx:H film which works both as an n-layer and a back reflective ZnO 

layer. Secondly, an a-Si:H/µc-Si:H tandem solar cell with novel structure of 

p-a-SiC:H/i-a-Si:H/n-SiOx:H/p-µc-SiOx:H/i-µc-Si:H/n-SiOx:H/ Ag/ Al was proposed as 

a candidate to lower the optical losses and increase the tandem cell performance. In this 

novel structure, 1st n-SiOx:H layer will work as an n-layer of the top cell and at the same 

time it can also be functioned as an IL inserted between component cells. On the other 

hand, 2nd n-SiOx:H layer will work as both an n-layer of the bottom cell and a back 

reflective ZnO:B layer. As a result, higher current can be obtained due to no absorption 

loss from both n-layers and no free-carrier absorption loss from back reflective ZnO:B 

layer. Higher cell performance can thus be expected by these kinds of solar cell 

structure. 

  

5.2 Optimization of n-µc-SiOx:H films used as a nIL (n-layer with 

function of intermediate layer) and a nBRL (n-layer with function of 

back reflective layer) 

 

5.2.1 Experimental details 

 Phosphorous-doped SiOx:H films were deposited on Corning 7059 glass at 200 

ºC substrate temperature from a gas mixture of SiH4, H2, PH3 and CO2 by using 13.56 

MHz radio frequency plasma-enhanced chemical vapor deposition (RF-PECVD) 

technique. In this study, the flow rate gas ratio of CO2/SiH4 (R) was varied in the range 

of 0 - 5 while the SiH4/ H2 flow rate gas ratio, the PH3/(SiH4+ PH3) flow rate gas ratio 

and the H2 flow rate were kept constant at 0.7%, 3.8% and 300 sccm, respectively. The 

deposition pressure and plasma power were set to be 200 Pa and 65 mW/cm2, 
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respectively. Here, the thickness of all deposited films was kept around 50-60 nm. For 

film characterizations, the optical, structural and electrical properties of deposited films 

were analyzed by spectroscopic ellipsometry (SE), Raman spectroscopy and 

conductivity measurement. The structural property of deposited films was also 

investigated by Raman scattering spectroscopy. The in-plan dark conductivity was 

measured by coplanar electrodes. The thickness, refractive index and optical band gap 

(E04) were deducted from SE measurement. It should be noted that refractive indices 

mentioned in this paper are the values measured at the wavelength of 600 nm. It is also 

important to remember that, the effect of CO2 with high-doping was studied in this 

chapter; it is different from the effect of CO2 with low-doping which was investigated in 

the previous chapter. 

 

5.2.2 Optimization of n-µc-SiOx:H films by varying CO2 flow rate with high-doping 

 Firstly, effect of flow rate gas ratio of CO2/SiH4 on the properties of n-SiOx:H 

films was studied in order to explore the optimal films used for a nIL and a nBRL. 

Figure 5-1 expresses the in-plan dark conductivity of n-SiOx:H films with various 

CO2/SiH4 gas ratio (R). From figure 5-1, it was observed that the conductivity declined 

from 20 S/cm to nearly 10-8 S/cm when R increased up to 4.5. As reported in several 

papers, the drop of conductivity with increasing R is mainly due to an increase of Si-O 

bonding in the film which only presents in the amorphous phase [13]. In silicon-oxide- 

based materials, it was reported that the oxygen-rich phase (a-SiO:H) is effective in 

increasing the optical band gap or/and refractive index, whereas, silicon-rich phase 

(µc-Si:H) contributes to a high conductivity. Therefore, if the oxygen content increased, 

the crystalline volume fraction decreased and conversely the increase of amorphous 
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peak appeared [14]. This explanation is compatible with the Raman spectra result which 

the crystalline peak at 520cm-1 disappeared as R increased more than 3.9 as shown in 

figure 5-2.   
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Figure 5-1 In-plan conductivity of n-SiOx:H films as a function of CO2/SiH4 gas ratio 
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Figure 5-2 Raman spectra of deposited n-SiOx:H films 

 In Figure 5-3(a), the refractive index of n-SiOx:H films as a function of R is 

given. It was shown that the refractive indices decreased to less than 2.0 with increasing 

R of more than 4.2. As previously mentioned, the reduction of refractive index is 
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probably due to an increase of oxygen concentration in the films, which also leads to 

lower optical band gap. It was proved by the results in Figure 5-3(b) which the optical 

band gap of n-SiOx:H films was illustrated. From Figure 5-3(b) we can see that the 

optical band gap (E04) decreased as R increased. From this result, it can be expected that 

the less optical absorption losses in an n- layer could be obtained. 
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Figure 5-3 (a) Refractive index and (b) optical band gap (E04) of n-SiOx:H films as a 

function of CO2/SiH4 gas ratio 

 

5.3 Fabrication of a-Si:H/µc-Si:H double junction solar cells with the 

n-µc-SiOx:H films used as an intermediate layer (IL) inserted between 

a-Si:H top/µc-Si:H bottom solar cells 

 

5.3.1 Fabricated details 

 Here, the a-Si:H/µc-Si:H double-junction solar cells with intermediate layer 

(IL) were fabricated on textured Boron-doped zinc oxide (ZnO:B) by using RF and 

VHF-PECVD techniques. For top cells, the boron-doped and phosphorus-doped layers 
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were deposited using RF-PECVD technique. The p-a-SiC:H layers were deposited from 

a mixture of SiH4, H2, B2H6 and MMS as source gases at substrate temperature (Tsub) of 

200 ºC under deposition pressure (Pr) of 70 Pa. The n-µc-Si:H layers were deposited 

from a mixture of SiH4, H2, and PH3 as source gas at substrate temperature (Tsub) of 200 

ºC under deposition pressure (Pr) of 200 Pa. The intrinsic layers were also deposited 

from a mixture of SiH4 and H2 gases at substrate temperature (Tsub) of 200 ºC under 

deposition pressure (Pr) of 50 Pa by using 60 MHz VHF-PECVD technique. By using 

the same deposition technique, for bottom cells, the p-µc-SiO:H layers were deposited 

from a mixture of SiH4, H2, B2H6 and CO2 gases at substrate temperature (Tsub) of 200 

ºC under deposition pressure (Pr) of 200 Pa. The i-µc-Si:H layers were deposited from a 

mixture of SiH4, H2 gases at substrate temperature (Tsub) of 200 ºC under deposition 

pressure (Pr) of 399 Pa. The n-µc-Si:H layers were deposited from a mixture of SiH4, 

H2, and PH3 gases at substrate temperature (Tsub) of 200 ºC under deposition pressure 

(Pr) of 200 Pa. In this study, n-SiOx:H ILs were deposited using RF-PECVD technique 

from a mixture of SiH4, H2, and PH3 gases under different conditions while deposition 

conditions of top and bottom cells were kept constant. The deposition conditions of top 

and bottom cells are summarized in Table 5-1 and Table 5-2. 

Table 5-1 Deposition condition of a-Si:H top cell 

 SiH4 

(sccm) 

H2 

(sccm) 

B2H6/PH3 

(sccm) 

MMS 

(sccm) 

Pressure 

(Pa) 

Power 

(W) 

Tsub 

(ºC) 

Electrode 

gap (cm) 

p-layer 10 130 8.0 5.4 70 2 200 3 

buffer 10 130 - 5.4 70 2 200 3 

i-layer 8.4 10 - - 50 1 200 2 

n-layer 3.3 200 2.0 - 200 15 200 1.5 
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Table 5-2 Deposition condition of µc-Si:H bottom cell 

 SiH4 

(sccm) 

H2 

(sccm) 

B2H6/PH3 

(sccm) 

CO2 

(sccm) 

Pressure 

(Pa) 

Power 

(W) 

Tsub 

(ºC) 

Electrode 

gap (cm) 

p-layer 3.3 240 0.3 0.55 200 10 200 1.5 

i-layer 4.0 40 - - 399 59 200 1.0 

n-layer 3.3 200 3.0 - 200 10 200 1.5 

 

5.3.2 Effect of intermediate layer 

 Firstly, effect of SiOx IL on the performance of a-Si:H/µc-Si:H double-junction 

solar cells was investigated as shown in figure 5-4. A double-junction solar cell with 50 

nm thick intermediate layer inserted at interface of sub-cells was fabricated. For 

comparison, a double-junction solar cell without any intermediate layers was also 

prepared. In this experimental study, SiOx ILs were all deposited using RF-PECVD 

technique. The substrate temperature, plasma power, and electrode gap were set to be 

200 ºC, 10 W, and 1.5 cm respectively. A mixture of SiH4, H2, PH3 and CO2 gases was 

introduced into the chamber of 200 Pa pressure. SiH4, H2, PH3, and CO2 flow rate gases 

were 3.3, 300, 10, and 9.5 sccm respectively. Here, the refractive index and in-plane 

dark conductivity of the SiOx intermediate layer employed in this solar cell were ~2.1 

and 2x10-6 S/cm, respectively. Here, it should be note that the condition of top and 

bottom cells fabricated in this experiment is not the same as that mentioned above in 

Table 5-1 and 5-2.  
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Figure 5-4 Schematic of the a-Si:H/µc-Si:H double-junction solar cells with IL 

compared to the conventional one without IL 

 

 Figure 5-5 shows the initial photo J-V characteristics for the fabricated 

a-Si:H/µc-Si:H solar cell with and without SiOx IL. As can be seen from figure 5-5, by 

introducing this SiOx IL, the open-circuit voltage (Voc) improved from 1.32 to 1.35 V, 

the short-current density (Jsc) increased 9.47 to 10.72 mA/cm2, and the fill factor (FF) 

was also enhanced from 0.68 to 0.70. These results indicate that SiOx intermediate layer 

plays an important role to improve the tunnel junction of the double-junction solar cells 

and current-matching of component cells.    
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Figure 5-5 Initial photo J-V characteristics for the fabricated a-Si:H/µc-Si:H solar cell 

with and without SiOx intermediate layer 

 

 Figure 5-6 displays spectral response of a-Si:H/µc-Si:H solar cells with and 

without SiOx IL. From figure 5-6, it can be seen that the current density of the top cell 

increased from 9.48 to10.72 mA/cm2 by inserting this SiOx IL. However, it was also 

found that the current density of the bottom cell with SiOx IL decreased from 11.66 

to11.24 mA/cm2. A drop in current density of the bottom cell is probably because of 

decrease in light at a long wavelength region transmitted into the bottom cells when the 

SiOx intermediate layer was employed. In this case, the top cells with and without 

intermediate layer limited the current density of the device. Thus, further optimization 

of intermediate layer is urgently needed to increase reflection at a short wavelength 
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region and improve solar cell efficiency.   
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Figure 5-6 Spectral response of a-Si:H/µc-Si:H solar cell with and without SiOx 

intermediate layer 

 

5.3.3 Effect of CO2 addition in intermediate layer 

 According to the result in the previous section, further optimization of 

intermediate layer with better optical properties, i.e., low reflective index, is necessary 

to improve the current density of top cells. As previously described in Chapter 4, 

Oxygen content is a key factor affecting refractive index of SiOx films leading to 

improved internal reflection. In this experiment, effect of CO2 flow rate for SiOx IL 

deposition process on the performance of a-Si:H/µc-Si:H solar cells was therefore 

investigated. Here, ~50-nm-thick phosphorus-doped SiOx intermediate layers with 

various CO2 flow rate were deposited at top/bottom cell interface by RF-PECVD 

technique under the deposition pressure of 200 Pa. A mixture of SiH4, H2, PH3, and CO2 

gases was used as a source gas. The CO2 flow rate was varied from 8 to 12.5 sccm, 

while SiH4, H2, and PH3 were maintained constant at 3.30, 300, and 10 sccm, 

respectively. The substrate temperature, the plasma power, and electrode gap were 



 
123 

 

respectively fixed at 200 ºC, 10 W and 2.0 cm. The deposition conditions of the top and 

bottom cells were kept the same for all fabricated solar cells. In this case, the refractive 

index of SiOx IL with CO2 flow rate of 8.5, 9.5, 11, and 12.5 sccm was respectively 2.18, 

2.15, 2.08 and 1.95, while the conductivity was 9.9x10-6, 2.9x10-6, 7.3x10-7 and 7.0x10-8 

S/cm , respectively. Here, it should be noticed that the condition of top and bottom cells 

fabricated in this experimental series is the same as that mentioned above in Table 5-1 

and 5-2. 

 Figure 5-7 demonstrates the photovoltaic parameters of the fabricated 

a-Si:H/µc-Si:H solar cells as a function of CO2 flow rate for SiOx IL deposition. From 

this figure, we can see that open-circuit voltage (Voc) and fill factor (FF) slightly 

dropped when CO2 flow rate was changed from 8.5 to 9.5 sccm and then it tended to 

saturate with increasing CO2 flow rate from 9.5 sccm. A drop in Voc and FF is mainly 

from effect of CO2 flow rate increased which led to decline in electrical property of 

SiOx IL, also probably due to deterioration in n-top/IL or IL/p-bottom interfaces. On the 

other hand, short-circuit current density (Jsc) and performance of solar cells increased 

with an increase of CO2 flow rate up to 11 sccm and then it dropped when CO2 flow rate 

was 12.5 sccm or more. A drop of Jsc and efficiency (Eff) is possibly that relatively high 

oxygen content resulted in lower refractive index, which led to increase of the light 

reflection into the top cells for the long wavelength region, and thus deteriorated 

current-matching of solar cells. This is also in a good agreement with the spectrum 

response shown in figure 5-7. Here, it can be notice that the best solar cell performance 

(Voc=1.34, Jsc= 10.90 mA/cm2, FF=0.69, Eff=9.9%) could be obtained at CO2 flow rate 

of 11 sccm.     
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Figure 5-7 Photovoltaic parameters of the fabricated a-Si:H/µc-Si:H solar cells as a 

function of CO2 flow rate for SiOx intermediate layer deposition 

 

 Figure 5-8 illustrates spectral response of a-Si:H/µc-Si:H solar cells as a 

function of CO2 flow rate for SiOx IL deposition. It was found that the total current 

density of solar cells increased up to10.90 mA/cm2 at CO2 flow rate of 11 sccm and then 

it dropped. A decrease in total current density of solar cell for CO2 flow rate of 12.5 

sccm is probably because of more internal reflection in a long wavelength region into 

the top cell which caused the reduction of current density of the bottom cell. In this 

experimental regime, the bottom current limits the current of completed devices for all 

of fabricated solar cells. However, the best current matching between sub-cells achieved 

from the solar cell with CO2 flow rate of 11 sccm.    
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Figure 5-8 Spectral response of a-Si:H/µc-Si:H solar cells as a function of CO2 flow rate 

for SiOx intermediate layer deposition 

 

5.3.4 Effect of thickness of intermediate layer 

 To further investigate the current-matching condition of the a-Si:H/µc-Si:H 

solar cell, the effect of thickness of intermediate layers was examined. The thickness of 

SiOx IL was changed from 30 to 60 nm. SiH4, H2, PH3, and CO2 were kept constant at 
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3.3, 300, 10, and 11 sccm, respectively. The substrate temperature, the plasma power, 

deposition pressure and electrode gap were respectively set to be 200 ºC, 10 W, 200 Pa 

and 2.0 cm. The deposition conditions of the top and bottom cells were fixed the same 

with as mentioned in Table 5-1 and Table 5-2 for all of fabricated solar cells. 

 Figure 5-9 shows photovoltaic parameters of the fabricated a-Si:H/µc-Si:H 

solar cells as a function of SiOx intermediate layer thickness. From figure 5-9, one can 

see that Jsc and Voc increased up to 11.19 mA/cm2 and 1.35 V respectively, when the IL 

was changed from 30 to 50 nm and they dropped at as intermediate layer thickness was 

60 nm. A decrease in Jsc is probably because too thick intermediate layer affects growth 

of microcrystalline silicon bottom cell leading to decreased current and thus declined 

current-matching condition. This reason is consistent with the spectral response given in 

figure 5-10. On the other hand, the FF declined as the intermediate layer thickness 

increased from 30 to 50 nm, and then it improved for the IL thickness of 60 nm. As a 

result, the high efficiency of around 10.3% was obtained when the IL were 40 and 50 

nm. These results revealed that the optimum thickness of IL should be 40-50 nm.   
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Figure 5-9 Photovoltaic parameters of the fabricated a-Si:H/µc-Si:H solar cells as a 

function of SiOx intermediate layer thickness 
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 Figure 5-10 presents the spectral response of a-Si:H/µc-Si:H solar cells as a 

function of SiOx IL thickness. From figure 5-10, it was found that Jsc of the bottom cells 

decreased as SiOx IL thickness increased. As mentioned above, it is seemingly because 

of a decline in growth of microcrystalline silicon bottom cells. Moreover, the total Jsc 

more than 11 mA/cm2 achieved when the intermediate layers were 50 and 60 nm. This 

result suggested that the intermediate layers with higher than 50 nm may improve the 

internal reflection in a short wavelength region leading to increase of the top current 

density. However, the current density of all the fabricated solar cells was limited by the 

bottom current. Therefore, further investigation into properties of layers related to 

bottom cells, i.e., n-top cell and intermediate layer is urgently needed in order to 

improve bottom cell current.    
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Figure 5-10 Spectral response of a-Si:H/µc-Si:H solar cells as a function of SiOx 

intermediate layer thickness 
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5.4 Fabrication of µc-Si:H single junction solar cells with the 

n-µc-SiOx:H films used as a nBRL 

 

5.4.1 Fabrication details 

 The µc-Si:H single-junction solar cells with novel structure of p-µc-SiO:H/ 

i-µc-Si:H/ n-SiOx:H/ Ag/ Al were fabricated on textured ZnO:B coated glass substrates. 

The fabricated solar cell structure is shown in figure 5-11. The intrinsic layer was 

prepared using a 60 MHz VHF-PECVD technique while the boron-doped p-layer and 

the phosphorous-doped n-layer were both deposited using B2H6 and PH3 as source gases, 

respectively, by 13.56 MHz RF-PECVD technique. Here, the thicknesses of p-layer and 

i-layer were kept at 35 nm and 1200 nm, respectively. Different n-SiOx:H layers with 

various R (CO2/SiH4) and the appropriate thickness was employed into a µc-Si:H p-i-n 

solar cell in order to investigate effect of n-SiOx:H layers ,acting as both a n-layer and a 

ZnO layer at back reflector, on solar cell performance. Ag and Al back electrodes were 

evaporated using a thermal evaporation technique to divide a prepared sample into cells 

with area of 0.086 cm2. In order to evaluate the performance of prepared µc-Si:H 

single-junction solar cells, photo current density-voltage (J-V) characteristics of these 

cells were measured at 25ºC under 1-sun (Air Mass 1.5, 100 mW/cm2) solar simulator 

radiation. The quantum efficiency (QE) measurement was performed to examine the 

spectral response of the fabricated solar cells. Furthermore, the µc-Si:H solar cells with 

standard n-µc-Si:H adopting a ZnO/Ag as a back reflector were also fabricated to 

compare with newly developed structure. 
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Figure 5-11 Schematic of the novel µc-Si:H solar cell structure compared with the 

conventional one 

 

5.4.2 Effect of nBRL with various CO2 flow rate on µc-Si:H solar cell performance 

 The n-SiOx:H layers with various R were introduced into a p-i-n µc-Si:H solar 

cell functioning as both a n-layer and a ZnO layer at back reflector. The performance of 

fabricated cells was evaluated by photo J-V characteristics and QE measurement. Figure 

5-12 describes the photovoltaic parameters of fabricated solar cells measured from solar 

simulator under standard condition illumination. As can be clearly seen from figure 5-12, 

the current density (Jsc) first significantly increased up to 22.6 mA/cm2 with increasing 

R up to 3.3 and then dropped when R was 3.9. An increase in Jsc is mainly because of 

(1) larger refractive index difference between intrinsic layer and n-SiOx:H layer that 

results in better reflection of light at i/n interface and longer optical light path inside the 

absorber layer and/or (2) reduction in the free-carrier absorption loss which is higher in 

case of ZnO back reflector [15]. In the same way, fill factor slightly improved as R 

increased and then strongly declined at R of 3.9. The strong deterioration in fill factor 

when R was 3.9 is due to increased series resistance in the device. The quite same open 

circuit voltage (Voc) was observed even if R was increased. As a result, the cell 
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efficiency of as high as 8.1 % (Voc=0.51V, Jsc= 22.6 mA/cm2, FF=0.70) was obtained by 

employing newly developed n-SiOx:H layer with R=3.3. 
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Figure 5-12 Photovoltaic parameters of µc-Si:H single-junction solar cells as a function 

of n-SiOx:H layers with various CO2/SiH4 gas flow ratio. 

  

 Figure 5-13 illustrates quantum efficiency of µc-Si:H single solar cells with 

two kinds of n-SiOx:H layers compared to one with conventional n-µc-Si:H/ZnO layer. 

It can clearly be seen that using the n-type SiOx:H layer instead of n-µc-Si:H/ZnO  

back reflector the spectrum response especially, in the long wavelength region of 

600-1000 nm was enhanced. This result leads to relative increase in Jsc by 4.8%. The 

increase in Jsc is likely a consequence of improved entire internal light-trapping. On the 

contrary, the drop of Jsc at R=3.9 probably results from increased defect in n-layer which 

leads to enhanced recombination loss. However, it should be noted that Jsc shown here 

are the values determined from QE measurement. 
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Figure 5-13 Quantum efficiency of µc-Si:H single-junction solar cells with two kinds of 

n-SiOx:H layers compared to the one with conventional n-µc-Si:H/ZnO layer  

 

5.4.3 Effect of nBRL thickness on µc-Si:H solar cell performance 

 Additionally, the effect of n-SiOx:H layers with various thicknesses on the 

performance of optimized µc-Si:H solar cells was also investigated. The photovoltaic 

parameters of the solar cells, when the thickness of optimized n-SiOx:H layers was 

varied between 40-70 nm, was shown in figure 5-14 . As can be seen from the result, 

almost same Jsc was obtained as the thickness increased up to 55 nm and slightly 

deteriorated for thickness of 70 nm. Also, the result from the quantum efficiency, as 

shown in figure 5-15, revealed that the solar cell with nBRL thickness of 40 nm has the 

best Jsc. Therefore, the better Jsc of the µc-Si:H cell with the n-SiOx:H layer thickness of 

40 nm could be obtained due to the improved whole quality of the solar cell under the 

further optimized deposition condition.                
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Figure 5-14 Photovoltaic parameters of µc-Si:H solar cells as function of n-SiOx:H 

layers with different thickness 
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Figure 5-15 Quantum efficiency of µc-Si:H solar cells as function of n-SiOx:H layers 

with different thickness 
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5.5 Fabrication of a-Si:H/µc-Si:H double junction solar cells with the 

n-µc-SiOx:H films used as a nIL and a nBRL 

 

5.5.1 Fabrication details 

The novel a-Si:H/µc-Si:H double-junction solar cells with novel structure of 

p-a-SiC:H/i-a-Si:H/n-SiOx:H/p-µc-SiO:H/i-µc-Si:H/n-SiOx:H/Ag/Al, shown in figure 

5-16, were fabricated on textured ZnO:B coated glasses. The intrinsic layers for both 

sub-cells (i-a-Si:H and i-µc-Si:H) were deposited by using a 60 MHz VHF-PECVD 

technique. The i-layer thicknesses of a-Si:H top cell and µc-Si:H bottom cell were kept 

at 260 nm and 2000 nm, respectively. The boron-doped layers of the top cell 

(p-a-SiC:H) was deposited using 13.56 MHZ RF-PECVD technique while the 

deposition of p-bottom cell (p-µc-SiO:H) used 60 MHz VHF-PECVD technique. The 

n-layers of both top and bottom cell were deposited using RF-PECVD technique. 

Different n-SiOx:H layers with various R were inserted between i-layer of top cell and 

p-layer of bottom cell, and also, between i-layer of bottom cell and metal back reflector 

layer. The thickness of both n-SiOx:H layers was approximately 40 nm. The photo J-V 

characteristics and the quantum efficiency of this cell were measured under AM 1.5, 

100 mW/cm2 standard condition to evaluate the fabricated cell performance.  
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Figure 5-16 Schematic of the novel µc-Si:H solar cell structure compared to the 

conventional one. 

 

5.5.2 Effect of nIL and nBRL on a-Si:H/µc-Si:H solar cell performance 

The a-Si:H/µc-Si:H double-junction solar cell with a novel structure was 

successfully fabricated. The optimal n-SiOx:H layer with excellent optical and electrical 

properties was incorporated into the novel solar cell structure as two dual-functional 

layers. A a-Si:H/µc-Si:H with conventional structure was also prepared to use for 

comparison purpose. Figure 5-17 shows J-V characteristics of the fabricated 

a-Si:H/µc-Si:H solar cell with newly developed n-SiOx:H layer compared to the 

conventional one with n-µc-Si/ZnO layer. From the results, one can see that by 

employing the novel structure with the proper dual-functional n-SiOx:H layer the 

improved Jsc and Voc were observed. Especially, the total Jsc was enhanced by 1 mA/cm2. 

We can consider that the increase of Jsc is mostly due to the reduction of parasitic 

absorption loss in both n-layer of sub-cells and ZnO back reflective layer. 

Correspondingly, a significant improvement of Jsc by ~1 mA/cm2 in the bottom cell 
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mainly results from reduction in reflection of long wavelength light by n-SiOx:H layer 

inserted into the component cells interface and carrier absorption loss in ZnO back 

reflective layer while in top cell due to lower absorption loss in n-layer. 
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(a) 

 Voc (V) Jsc (mA/cm2) FF Eff 

Conventional  1.36 11.23 0.70 10.70 

Novel 1.38 12.24 0.70 11.92 

(b) 

Figure 5-17 J-V characteristics of the a-Si:H/µc-Si:H solar cell with novel and 

conventional structure  

 

 Figure 5-18 shows the quantum efficiency curves of the novel a-Si:H/µc-Si:H 

solar cells compared with the conventional one. From this figure, one can see that the 

gain in Jsc of both top and bottom cells was observed. The Jsc of the top cell and the 

bottom cell was increased by ~0.4 mA/cm2 and ~1 mA/cm2, respectively. It is 

important to be noted that the PV characteristics shown here are the value of the novel 

tandem solar cell we have already applied the p-µc-SiOx:H film into a p-bottom layer 
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instead of the conventional p-µc-SiO:H layer. 
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Figure 5-18 Quantum efficiency curves of the a-Si:H/ µc-Si:H solar cell with novel and 

conventional structure 

 

5.6 Effect of plasma treatment on the performance of a-Si:H/µc-Si:H 

double junction solar cells 

 

5.6.1 Introduction 

 We have successfully fabricated the novel hydrogenated amorphous silicon / 

hydrogenated microcrystalline silicon doube-junction solar cells (a-Si:H/ µc-Si:H) using 

n-type hydrogenated microcrystalline silicon oxide films (µc-SiOx:H) as a 

multi-functional layer, for the first time, in order to decrease parasitic absorption losses 

from doped layers and a ZnO back reflective layer [16]. Also, because it was shown that 

the open circuit voltage (Voc) can be improved by applying the wider band gap p-type 

µc-SiOx:H film to the p-i-n µc-Si:H solar cell as a p-layer [17], we replaced the 

conventional p-µc-Si:H layer with this kind of p-µc-SiOx:H layer for the bottom cell of 
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a-Si:H/µc-Si:H solar cells. However, it was found that by using the p-µc-SiOx:H films 

the Voc and FF of the fabricated tandem cells were lower due to poorer cell interface 

property. In this work, to overcome this problem, the CO2 plasma treatment was 

introduced before the deposition of a bottom p-µc-SiOx:H layer. The effects of CO2 

plasma treatment, which perform before p-µc-SiOx:H deposition, on the n-µc-SiOx:H / 

p-µc-SiOx:H interface of the test samples was investigated. Also, the a-Si:H/µc-Si:H 

double-junction solar cells with the novel structure of p-a-SiOx:H/ i-a-Si:H/ 

n-µc-SiOx:H / CO2 plasma / p-µc-SiOx:H/ i-µc-Si:H / n-µc-SiOx:H/ Ag/ Al using CO2 

plasma treatment condition, which was optimized so far, were fabricated on the textured 

ZnO:B coated Soda-lime glasses to compare with the one without CO2 plasma treatment. 

The effects of CO2 plasma treatment, which perform between n-µc-SiOx:H top-layer 

and p-µc-SiOx:H bottom-layer interface, on solar cell performance was investigated. 

Moreover, advantages of the CO2 plasma treatment were also discussed. 

 

5.6.2 Optimization of CO2 plasma condition  

 The test samples with the structure of glass/n-µc-SiOx:H/CO2 plasma treatment/ 

p-µc-SiOx:H as shown in figure 5-19 were deposited in order to investigate the effect of 

CO2 gas plasma treatment on the properties of p-µc-SiOx:H films. The p- and n-layers 

were deposited using plasma enhanced chemical vapor deposition with an excitation 

frequency of 13.56 MHz at substrate temperature of 200 ºC. The gases used for their 

depositions were SiH4, H2, CO2, as well as B2H6 and PH3 as dopants, respectively. Their 

film thicknesses of each sample deposited on Corning Glass were measured by 

spectroscopic ellipsometry and estimated as 25 nm and 40 nm, respectively. The lateral 

conductivity of test samples was measured by coplanar electrodes. Also, the crystalline 
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volume fraction (Xc) of test samples was determined from the Raman spectrum 

measurement. The Raman spectrum measurement was performed using a 

Semiconductor laser with a wavelength of 532 nm in order to characterize the structural 

properties of the films. The topography and local conductivity of the sample structure as 

shown in figure 5-19(b) were then measured by conductive atomic force microscopy 

(C-AFM) using Shimadzu WET-SPM Environment Controlled Scanning Probe 

Microscope. All AFM measurement results as shown here were performed in contact 

mode using the Cr/Pr coated cantilevers. The sample without CO2 plasma treatment was 

also fabricated to compare the one using CO2 plasma treatment. The duration of CO2 

plasma treatment was changed by keeping other condition parameters constant in order 

to find the optimized plasma treatment time. 

 

 

(a) 

 

(b) 

Figure 5-19 cross-sectional views of test sample structures 
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 The lateral conductivity and crystalline volume fraction (Xc) of 25 nm thick 

B2H6-doped p-µc-SiOx:H layer ,deposited on an n-µc-SiOx:H layer of 40 nm, as a 

function of CO2 plasma treatment time are shown in figure 5-20. The other parameters 

of CO2 plasma treatment were kept constant at power of 10 W, pressure of 10 Pa and 

CO2 flow rate of 10 sccm. From the results, it was found that the conductivities of 

p-layer firstly increased up to around 8 x 10-3 S/cm and then decreased down to around  

2 x 10-4, which tended to saturate even through the prolonged treatment was applied. On 

the other hand, the crystalline volume fraction of films improved when the CO2 plasma 

treatment was performed between 10~40 sec. It seems that the CO2 plasma treatment 

can be expected to promote the crystallization of p-µc-SiOx:H as found in p-µc-Si:H 

case as well [18-19]. Also, the improved properties of n-µc-SiOx:H/ p-µc-SiOx:H 

interface can be expected. Apart from that, the CO2 plasma treatment of 20 sec 

optimized so far was chosen to use for solar cell application. 
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(b) 

Figure 5-20 (a) the lateral conductivity and (b) crystalline volume fraction of test 

samples with various CO2 treatment time 

  

The topography picture and local current image of the test sample with CO2 

plasma treatment (b) compared to the one without plasma treatment (a) were shown in 

the figure 5-21. From this , it was shown that the topography picture of the sample with 

and without CO2 plasma treatment are in the quite same condition while the current 

mapping of the sample with CO2 plasma treatment shows higher current over the probed 

area of the sample. This is one of evidences which indicate that the electrical property of 

the sample after CO2 plasma treatment is improved. 
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(a) 

 

(b) 

Figure 5-21 (a) Topography picture and local current image of the test sample without 

CO2 plasma treatment. (b) Topography picture and local current image of the test sample 

with CO2 plasma treatment 

 

5.6.3 Effect of CO2 condition on µc-Si:H single junction solar cells  

 The p-i-n-type µc-Si:H single-junction solar cells were fabricated on soda-lime 

glass/ZnO:B substrates. Here, the structure of the fabricated solar cells here was 

soda-lime glass/ textured-ZnO:B/ CO2 plasma /p-µc-SiOx:H/ i-µc-Si:H/ n-SiOx:H/ Ag/ 

Al. The intrinsic layer was prepared using a 60 MHz very high frequency plasma 

enhanced chemical vapor deposition (VHF-PECVD) technique while the 
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microcrystalline boron-doped p-layer and phosphorous-doped n-layer were both 

fabricated by 13.56 MHz RF-PECVD technique. The thickness of i-layer was 1.2 µm. 

The CO2 plasma with treatment time of 20 sec was applied before p-i-n film deposition. 

The µc-Si:H solar cell without plasma treatment was also fabricated to compare with the 

one using CO2 plasma treatment. The photo J-V characteristics of fabricated cells were 

measured under standard condition (AM 1.5, 100 mW/cm2). The spectrum response of 

these cells was analyzed using external quantum efficiency (QE) measurement. 

 Figure 5-22 shows the J-V characteristic and quantum efficiency of µc-Si:H cells 

with and without CO2 plasma treatment before p-layer deposition. By introducing CO2 

plasma treatment time of 20 sec in the µc-Si:H solar cells before p-i-n layer deposition, 

it was found that the fill factor (FF) and current density (Jsc) were improved. This is 

probably because p-µc-SiOx:H layer became more crystalline resulting in lower 

absorption in the p-layer and better interface property with ZnO. This result is similar to 

what Elias et. al has been achieved with O2 treatment performed before p-a-SiC:H 

deposition [20].The initial efficiency of 7.2% could be obtained with introduction of 

this CO2 plasma. However, the uderlying of this fabricated µc-Si:H solar cells was 

ZnO:B TCO that different from a tandem solar cell, whose underlying layer is a 

n-µc-SiOx:H film. 
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(a) 

 

(b) 

Figure 5-22 J-V characteristic and quantum efficiency of µc-Si:H cells with and w/o 

CO2 plasma treatment 

 

5.6.4 Effect of CO2 condition on a-Si:H/µc-Si:H double junction solar cells  

 We also applied this CO2 plasma in the novel a-Si:H/µc-Si:H double-junction 

solar cells. The a-Si:H/µc-Si:H double-junction solar cells with the novel structure of 

p-a-SiOx:H/ i-a-Si:H/ n-µc-SiOx:H / p-µc-SiOx:H/ i-µc-Si:H / n-µc-SiOx:H/ Ag/ Al were 

also fabricated on the textured soda-lime glasses coated with ZnO:B. The optimization 

of CO2 plasma treatment with treatment time of 20 second was introduced after the 
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deposition of top n-µc-SiOx:H layer. The thicknesses of i-top layer and i-bottom layer 

were kept at ~260 and ~2000 nm, respectively. The cells were characterized by the 

illuminated J-V characteristics and the quantum efficiency of the cells was also 

measured under standard condition to evaluate the cell performance.  

 The J-V characteristic of a-Si:H/µc-Si:H cells with the CO2 plasma treatment 

was measured to compared to the one without CO2 plasma as shown in figure 5-23. 

From the result, it was found that with this CO2 plasma treatment optimized so far, the 

FF was improved. At the same time, the quiet degradation of solar cell performance was 

observed. The increase in FF is probably due to the better cell interface property 

between top and bottom cell. However, the total Jsc of the solar cell significantly 

decrease, especially, the current density of the bottom cell. Here, one can consider that 

CO2 plasma treatment, which we have optimized so far, can improve the interface 

between n-SiOx:H top-layer/ p-µc-SiOx:H bottom-layer but deteriorate the properties of 

the µc-Si:H bottom cell. 

 

 

(a) 
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 (b)  

Figure 5-23 J-V characteristic and quantum efficiency of a-Si:H/µc-Si:H solar cells with 

and w/o CO2 plasma treatment 

 

5.7 Summary 

 In this chapter, the optimization of n-SiOx:H films for use as intermediate layer 

(IL) inserted between top and bottom cells was firstly performed and their effects on 

a-Si:H/µc-Si:H double-junction solar cell performance were studied by adjusting their 

thickness and optical and electrical properties. The results revealed that the IL that we 

have optimized was effective to be applied into the tandem solar cells, here 

a-Si:H/µc-Si:H double-junction solar cells. Also, We for the first time proposed a-Si:H/ 

µc-Si:H double-junction solar cells with novel structure of p-a-SiC:H/ i-a-Si:H/ 

n-SiOx:H/ p-µc-SiOx:H/ i-µc-Si:H/ n-SiOx:H/ Ag/ Al as a candidate to lower the optical 

losses and thus increase the solar cell performance, especially current density (Jsc). By 

using the optimum n-SiOx:H layer instead of n-µc-Si:H/ZnO back reflector into a 

µc-Si:H single-junction solar cell as a nBRL, the spectral response, particularly, in the 
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long wavelength region could be improved and then Jsc value was relatively increased 

up to 4.4%. Similarly, for the a-Si:H/µc-Si:H solar cell with novel structure using the 

proper dual-functional n-SiOx:H layers as a nIL and a nBRL, the relative improvement 

in Jsc value by 9% was obtained and therefore the initial efficiency as high as 11.9% 

(Voc=1.38 V, Jsc=12.24 mA/cm2, FF=0.70) was achieved. These results approved that 

the first layer of newly developed n-SiOx:H layers (nIL) can work as a n-layer of the top 

cell and at the same time it can also be functioned as an IL. On the other hand, the 

second n-SiOx:H layer (nBRL) can work as a n-layer of the bottom cell and a ZnO back 

reflective layer. As a result, the reduction in optical losses could be obtained. 

Furthermore, these novel solar cell structures are beneficial for mass production since 

they were simplified.  

In addition, we have also employed plasma treatment technique prior to the 

deposition of p-µc-SiOx:H layer of bottom cells in order to improve interface between 

n-SiOx:H top-layer/ p-µc-SiOx:H bottom-layer. The CO2 plasma condition was 

characterized and optimized. After, the optimized CO2 plasma condition, we have done 

so far, was applied into a-Si:H/µc-Si:H solar cell. From the results, we can see that the 

optimized CO2 plasma condition could improve FF. On the other hand, the current 

density deteriorated and smaller solar cell efficiency was observed. These results reveal 

that the CO2 plasma technique can be one of promising methods for improvement of 

solar cell performance. However, CO2 plasma condition, we have used here, has to be 

further studied in order to avoid the reduction of current density, especially, bottom 

cells.        
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Chapter 6 

Optimization of Front Anti-reflection Layers inserted between 

Glass/TCO (FAL) and TCO/p-layer (FALp), and their 

applications to silicon-based single-junction solar cells 

 

6.1 Introduction 

 In thin-film silicon-based solar cells, light-trapping management is highly 

important for improving short circuit current density (Jsc) and, in turn, increasing solar 

cell performance[1-5]. Light-trapping approaches to increasing the efficiency of 

incident light absorption in the intrinsic absorber layer of solar cells, e.g., using a front 

contact with textured transparent conductive oxide (TCO)[6-10], a back reflector with 

highly reflective textured TCO/metal layer[11-15] and a highly reflective intermediate 

reflector[16-19], have been reported by several research groups. In the case of a glass 

superstrate structure, optical reflection losses occur owing to a refractive index (n) 

mismatch between interfaces in solar cells. As previously reported [20, 21], a TiO2 

(n~2.5) layer was inserted at TCO (n~2.0)/Si (n~3.5) interfaces in p-i-n solar cells in 

order to suppress optical reflection loss. However, loss still occurred owing to optical 

reflection at the glass (n~1.5)/TCO (n~2.0) interfaces. Recently, an a-SiNx:H layer and 

an MgO layer inserted between glass and TCO has been applied to hydrogenated 

amorphous silicon (a-Si:H) solar cells to reduce the optical reflection between these two 

refractive layers[22-23]. Also, an n-type SiOx-based material has widely been studied 

for photovoltaic applications [24-27]. It has successfully been prepared and applied to a 

p-i-n solar cell instead of ZnO/Ag back contact [15] including used as an intermediate 
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layer in tandem solar cells [16]. In our previous work as described in chapter 5, a 

silicon- oxide-based material whose refractive index can be adjusted by varying oxygen 

content was successfully prepared and applied to a-Si:H/µc-Si:H solar cells [28]. As a 

result, this material has the potential to be used as a new refractive-index matching 

layer. 

 In this chapter, according to theoretical calculations, the optimizations of SiOx 

films and their applications to silicon-based thin film solar cells has been studied. Firstly, 

a-SiOx films was characterized and introduced into silicon-based solar cells as an 

additional refractive-index matching layer inserted between glass and the front ZnO:B 

TCO layer (front anti-reflection layer: FAL) in order to decrease reflection loss. The 

effect of the optimized FAL on µc-Si:H solar cell performance was investigated and 

discussed compared to the conventional solar cells without FAL. Next, the 

characterization of n-type µc-SiOx films was carried out in order to find the optimal one 

used as an additional refractive-index matching layer inserted between front ZnO:B 

TCO layer/p-layer (FALp). The silicon-based thin film solar cells including a-Si:H and 

µc-Si:H solar cells with the optimized FALp were fabricated and compared with the 

conventional solar cells without FALp. The investigation of effect of FALp on solar cell 

performance was carried out and presented. 

 

6.2 Optimization of a-SiOx:H films used as a Front Anti-reflection 

Layer inserted between glass/TCO (FAL) 

 

6.2.1 Experimental Details 

 As described in the optical calculation part of this thesis, the preferred 
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properties of a front anti-reflection layer (FAL) with refractive index of ~1.73 and 

thickness of 80-100 nm, which was obtained from theoretical calculations, are required. 

Therefore, in this experiment as shown in figure 6-1(a), a-SiOx films were deposited on 

Corning 7059 glass sheets using SiH4, H2, and CO2 as the source gases by the 13.56 

MHz radio frequency plasma-enhanced chemical vapor deposition (RF-PECVD) 

technique in order to investigate refractive index (n) and optical band gap (E04). For the 

film deposition condition used in this study, CO2 flow rate was adjusted in order to 

explore the optimal FAL with considerable optical properties, i.e., a refractive index of 

~1.75 and wider optical band gap. Here, the thickness of the deposited films was 

maintained at approximately 60 nm. The refractive index and the optical band gap (E04) 

measured by spectroscopic ellipsometry were used to characterize the optical properties 

of these films. In order to further investigate the properties of FAL and confirm the 

calculation results, the test samples with the structure as shown in figure 6-1(b) were 

prepared on both etched glass and flat glass for comparison with the conventional one 

without FAL. The ZnO:B film was deposited on the flat glass and etched glass samples. 

The ZnO:B film deposition condition we used was reported in chapter 7[29]. The 

ZnO:B layer thickness used in these test samples was kept at 1.5 µm, whereas the 

optimum thickness of the FAL for application to solar cells was also determined. The 

optical properties of the prepared samples, i.e., transmittance, reflectance, as well as 

haze were measured using a UV-VIS-NIR spectrophotometer. Also, the surface 

morphology and rms roughness of these samples were analyzed by atomic force 

microscope (AFM). Hall measurement was performed to investigate the electrical 

properties of these samples.  
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Figure 6-1 (a) a-SiOx:H films deposited on Corning 7059 glass (b) test samples with 

glass/a-SiOx:H/ZnO:B configuration 

 

 

Figure 6-2 Structure of a solar cell for experimental study (Refractive indices shown 

here are the values at 600 nm.) 

 

6.2.2 Effect of FAL on the optical properties of ZnO:B TCO films 

The a-SiOx FAL film with n of ~1.75 and E04 of ~2.9 could be obtained by 

optimizing CO2 flow rate. The optimized thickness of the SiOx FAL we have 

investigated was ~60 nm. The optical properties of SiOx films were investigated by 
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varying CO2 gas flow rate as shown in figure 6.3. Next, the test samples were firstly 

deposited on flat glass in order to confirm the calculation results. The transmittance and 

reflectance spectra of the sample as a function of thickness were measured and shown in 

figure 6-4. In addition, the sample with FAL was deposited on flat glass compared to the 

one without FAL as shown below in figure 6-5. In order to improve the scattering effect 

of substrates, the samples with and without FAL were also prepared on the textured 

glass as shown in figure 6-6. 

The optical properties of SiOx films, i.e. refractive index (n) and optical band 

gap (E04), as well as Raman spectrum of SiOx films were described in figure 6-3. As we 

can see from the results, the SiOx film with n of ~1.75, which has a quite close to the 

calculated value we have preferred, could be obtained for the CO2 flow rate at 12 sccm 

and the optical band gap E04 of ~3.3 could also be given. At the same time, the Raman 

spectra of all SiOx films show the amorphous peak. It reveals that all SiOx films are 

amorphous-based material without crystalline phase incorporated inside the films. 

 

8 10 12 14 16
1.65

1.70

1.75

1.80

1.85

1.90

1.95
 

R
e
fr

ac
ti
ve

 I
n
d
e
x

CO2 flow rate (sccm)

 n

2.4

2.6

2.8

3.0

3.2

3.4

3.6

3.8

 E04

E04 (
eV)

 

(a) 



 
154 

 

300 350 400 450 500 550 600 650

 

 

In
te

n
si

ty
 (

a.
u
.)

Wavelength (nm)

CO2 flow rate

 8 sccm
 10 sccm
 12 sccm
 14 sccm
 16 sccm

 

(b) 

Figure 6-3 (a) Optical properties and (b) Raman spectrum of SiOx films with different 

CO2 flow rate 

 

Figure 6-4 presents the transmittance and reflectance spectra of the samples 

with glass/a-SiOx:H/ZnO:B configuration as a function of thickness of FAL. As shown 

in figure 6-4 (a), it was found that the transmittance of the samples increased when the 

samples became thicker, particularly, the wavelength region over 600 nm. On the other 

hand, the transmittance in the wavelength region under 600 nm decreased with 

increasing the thickness; which has the same tendency as the results from the 

reflectance spectra. Figure 6-4(b) shows the reflectance spectra of the samples with 

glass/a-SiOx:H/ZnO:B configuration as a function of thickness of FAL. From the result, 

it was seen that the reflectance spectrum in the long wavelength region of 600-1400 nm 

decreased with increasing the thickness. However, the sample with the thickness of 

more than 80 nm showed the decreased reflectance in the wavelength region of less than 

600 nm. These results reveal that the optimized thickness of FAL applied in solar cells 

should be between 60 to 80 nm. 
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Figure 6-4 (a) transmittance and (b) reflectance spectra of the samples with glass/ 

a-SiOx:H/ ZnO:B configuration as a function of thickness of FAL 

 

 Figure 6-5 explains transmittance spectra and haze value of the flat glass 

substrates with FAL compared to the substrate without FAL. As can be seen from figure 
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6-5, in case of flat glass substrates, the transmittance and the haze value of the sample 

with FAL was higher than the one without FAL over the wavelength region, especially 

longer than 500 nm. It is clear that the optical properties of the substrates could be 

improved using this optimized FAL.  
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Figure 6-5 Transmittance spectra and haze value of the flat glass substrates with and 

without FAL. 

 

In order to further enhance light management of substrates, textured substrates 

were applied in this work. Figure 6-6 shows the transmittance spectra and spectral haze 

values of samples on the textured substrate. From this figure it can be observed that the 

substrate with FAL shows a higher transmittance spectrum than that without FAL, 

especially in the long-wavelength region (> 500 nm). In the case of the substrate with 

FAL, a higher spectral haze value can also be observed. This result may lead to an 

improved light-scattering and suppression of optical reflection loss when such a FAL is 

incorporated into silicon-based solar cells. 
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Figure 6-6 Transmittance spectra and haze value of the textured glass substrates with 

and without FAL. 

 

6.2.3 Effect of FAL on the electrical properties of ZnO:B TCO films 

Moreover, to confirm the influence of the FAL before application to solar cells, 

we also investigated the effect of this optimized FAL on the electrical properties of the 

substrates coated with ZnO:B film. Table 6-1 shows the electrical properties of the 

ZnO:B-coated substrates with FAL compared to the substrates without FAL. The 

numbers represented in the table are the average values calculated from three 

measurements. As can be seen from this table, it is interesting to note that the electrical 

properties of both substrates did not change significantly. These results indicate that 

insertion of the FAL into glass/ZnO TCO interface may not affect the electrical 

properties of ZnO:B films. 
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Table 6-1 Electrical properties of ZnO-coated glass substrates with and without the FAL 

 Without FAL with FAL 

Carrier concentration (cm-3 ) 9.63±1.23× 1019 1.04±0.10× 1020 

Mobility (cm2/(V·s)) 20.14±1.24 21.26±1.97 

Resistivity (Ω·cm) 3.12±0.06× 10-3 2.85±0.04× 10-3 

Sheet resistance (Ω/sq) 15.6±0.15 13.9±0.21 

  

In addition, AFM measurement was also conducted in order to observe the 

surface morphology and roughness of ZnO:B films deposited on etched glass with and 

without the FAL. It is shown in the surface morphology image in figure 6-7 that no clear 

difference in surface morphology of both substrates was observed. On the other hand, a 

few changes in surface rms roughness from ~202 nm to ~211 nm can be seen from the 

ZnO film with the FAL. These results reveal that the surface morphology of ZnO films 

may not be influenced by FAL inserted between glass and TCO. 

 

 
Figure 6-7 AFM images of ZnO-coated glass substrates with and without the FAL 
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6.3 Application of FAL to silicon-based single-junction solar cells 

 

6.3.1 Fabrication Details  

 P-i-n-type µc-Si:H single-junction solar cells with an area of 0.086 cm2 were 

fabricated using the optimized FAL as an additional refractive-index matching layer 

inserted between glass and front ZnO:B transparent conductive oxide (TCO). The 

structure of these solar cells was as follows: MgF2-coated glass substrate/a-SiOx 

FAL/textured ZnO:B/ p-µc-SiOx:H/ i-µc-Si:H/ n-SiOx:H/ Ag /Al. The thickness of the 

instinct layer deposited by the VHF-PECVD technique was approximately 1.2 µm. The 

thicknesses of the doped p- and n- layers deposited by the RF-PECVD technique were 

~35 and ~60 nm, respectively. The thickness of the optimized FAL was ~60 nm. The 

photo-J-V characteristics of the fabricated cells were measured under standard 

conditions (25 ºC, 1-sun, Air Mass 1.5, 100 mW/cm2) to evaluate solar cell performance. 

The spectral response of these cells was analyzed using external quantum efficiency 

(EQE) measurement. Furthermore, µc-Si:H cells without FAL were also fabricated and 

compared with a cell with FAL. 

 

6.3.2 Effect of FAL on µc-Si:H single-junction solar cell performance 

 The µc-Si:H solar cells with the optimized FAL inserted between glass and 

ZnO:B TCO were fabricated to confirm the effect of the FAL on solar cell performance. 

In figure 6-8, the photo-J-V characteristics of µc-Si:H solar cells with and without the 

optimized FAL is illustrated. As can be seen from this figure, it is shown that by 

applying this FAL, Jsc was increased by 1.6 mA/cm2. This suggests that the optical 

reflection loss could be decreased. Moreover, quite the same Voc and FF for both cells 
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were observed. It means that the incorporation of this FAL does not deteriorate the 

properties of the ZnO:B layer. 

 
Figure 6-8 Photo-J-V characteristics of µc-Si:H solar cells with and without FAL.  

 

 Figure 6-9 shows the EQE and total cell absorption [30] (1-Rcell) of the µc-Si:H 

solar cells with and without FAL. In figure 6-9, it is demonstrated that the optimized 

FAL can reduce the optical reflection of solar cell and noticeably enhances its spectral 

response particularly in the wavelength region of 550-950 nm. Also, the total cell 

absorption reveals that the FAL could reduce the reflection loss at the glass/ ZnO:B 

interface. Compared to the standard cell without FAL, a relative increase in Jsc by 5% 

could be achieved. The relative improvement of Jsc by 5%, which is different from the 

absolute value obtained from the optical transmittance of ZnO-coated glass substrates 

(~3%), may result from the difference in refractive index profiling. In the case of 

transmittance, the profiling of refractive index is 1 (air)/ 1.5 (glass) / 1.75 (FAL) / 1.9 

(ZnO) / 1(air), while that for the cell is 1 (air)/ 1.5 (glass) / 1.75 (FAL) / 1.9 (ZnO) / 3.5 

(p-SiO). 
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Figure 6-9 EQE and total absorption of µc-Si:H solar cells with and without FAL. 

 

6.4 Optimization of n-µc-SiOx:H films used as a FALp 

 Here in this work, we have studied how to apply n-µc-SiOx films into the p-i-n 

type a-Si:H and µc-Si:H solar cells as a new refractive-index matching layer inserted at 

ZnO/p-layer interface (FALp). If this layer can be used instead of TiO2/ZnO layers, this 

can be applied into a-Si/µc -Si tandem p-i-n solar cell in the future and can enhance the 

tandem solar cell performance. Furthermore, this n-µc-SiOx:H can be fabricated by 

PECVD technique right before the p-layer deposition which is convenient compared to 

sputtered-TiO2/ZnO layers, which has been reported [31]. 

 Here, optical calculation of a front anti-reflection layer inserted into transparent 

conductive oxide (TCO) ZnO/silicon p-layer interface (FALp) with various refractive 

indices and thicknesses was firstly performed using the simulator called OPTICAL in 

order to estimate the optimal thickness and refractive index (n) of FALp. Secondly, the 

optimization of n-µc-SiOx:H films for use as a FALp was experimentally performed in 
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order to find out the considerable properties of FALp. Finally, the preparations of a-Si:H 

and µc-Si:H solar cells with the optimized n-µc-SiOx:H  FALp were performed 

compared to the solar cells without FALp. The effect of FALp on each solar cell 

performance was analyzed and discussed. 

 

6.4.1 Optical calculation of FALp 

 We have calculated the transmittance and reflectance spectra of a front 

anti-reflection layer inserted into transparent conductive oxide (TCO) ZnO/silicon 

p-layer interface (FALp) with various refractive indices and thicknesses by using the 

simulator called OPTICAL [32]. The model structure used in this calculation was 

glass/ZnO/FALp/p-Si as shown in figure 6-10. The effects of the wavelength-dependent 

refractive index and the thickness of each FALp on optical performance at ZnO/silicon 

p-layer interface were analyzed. Here, the ZnO layer thickness was kept at 1.5 µm. The 

refractive indices of all FALp used in this analysis were obtained from the 

experimentally deposited SiOx films. 

 

Figure 6-10 Schematic structure used for optical calculation 

 

The transmittance and reflectance spectra of FALp with variation of refractive 

indices were computed compared to the one without FALp. Figure 6-11 shows the 

transmittance and reflectance spectra of FALp when refractive index was varied from 
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2.1 to 3.0 comparing with the one without FALp while the thickness of FALp was fixed 

at 60 nm. From the result, the transmittance became higher in the long wavelength 

region (>600 nm) but lower in short wavelength region (<600 nm) when the refractive 

index increased. By considering the trade-off between the improvement of transmittance 

in long wavelength and reduction in short wavelength, it was found that the FALp with 

n of range 2.49 to 2.74 has a superior transmittance spectrum, especially in long 

wavelength region (>600 nm), as well as better reflectance spectrum over whole 

wavelength, which can be expected to suppress optical reflection loss at ZnO/p-silicon 

interface. This value is quite close to the value calculated from the equation n = (n TCO x 

nSi-layer)1/2. 

The transmittance and reflectance spectra of FALp as a function of thickness 

were computed. Figure 6-12 gives the transmittance and reflectance spectra of FALp 

when thickness was increased from 20 to 100 nm while the refractive index of FALp 

was kept 2.61. From figure 6-12 we can observe that the value of maximum 

transmittance for each FALp thickness increased as the thickness increased and it was 

also found that the maximum transmittance shifted to the long wavelength region with 

increasing thickness. However, for reflectance spectra, one can see that the FALp 

thickness at ~60 nm has superior reflectance, especially the wavelength region (> 600 

nm), compared to the others. 
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Figure 6-11 Transmittance and reflectance spectra of glass/ZnO/FALp/p-Si with various 

refractive indices. 
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Figure 6-12 Transmittance and reflectance spectra of glass/ZnO/FALp(2.61)/p-Si with 

different thickness 

 

6.4.2 Experimental details 

 N-type SiOx films were deposited on Corning 7059 glass substrates at 200 ºC 

substrate temperature using SiH4, H2, PH3 and CO2 as source gases by 13.56 MHz 

RF-PECVD technique. In this study, for the film deposition, the CO2 flow rate was 



 
165 

 

adjusted in order to explore the optimal FALp film with considerable optical and 

electrical properties as shown in table 6-2. Here, the thickness of deposited films was 

maintained at around 50-60 nm. The refractive index and the optical band gap (E04) 

measured from spectroscopic ellipsometry were used to characterize the optical 

properties of these films. In order to investigate the electrical properties of FALp film, 

the in-plan dark conductivity was measured by coplanar electrodes. The structural 

property of deposited films was also investigated by Raman scattering spectroscopy. It 

should be noted that refractive indices mentioned in this paper are the values at the 

wavelength of 600 nm.  

 

Table 6-2 shows the deposition condition of SiOx:H films with various CO2 flow rate 

Substrate Temperature (ºC) 200 

Deposition Pressure (Pa) 200 

 Plasma Power Density (W/cm2) 0.065 (10 W) 

Electrode gap (cm) 1.5 

SiH4 flow rate (sccm) 3.30 

H2 flow rate (sccm) 200 

CO2 flow rate (sccm) 0-8 

PH3 flow rate (sccm) 3.0 

 

6.4.3 Effect of CO2 flow rate for SiOx FALp 

 The SiOx FALp film with refractive index (n) of ~2.68 and optical band gap 

(E04) of ~2.31 eV could be obtained by optimizing CO2 flow rate. The influence of CO2 

flow rate on the properties of SiOx FALp films was firstly investigated. Figure 6-13 
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depicts the in-plan dark conductivity and Raman spectrum measurements of deposited 

films. From this result, it was found that the conductivity declined from ~20 to ~10-11 

S/cm when CO2 flow rate was increased corresponding to the Raman spectrum changed 

from microcrystalline phase to amorphous phase. As reported in papers, the drop of 

conductivity with increasing CO2 flow rate is mainly due to an increase of Si-O bonding 

in the film which only presents in the amorphous phase [33]. Also, from the result 

shown in figure 6-14, the Raman spectra reveal that no crystalline peak at 520 cm-1 was 

observed when the CO2 flow rate was increased more than 4 sccm. 
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Figure 6-13 In-plan conductivity of n-SiOx:H films as a function of CO2 flow rate 
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Figure 6-14 Raman spectrum of n-SiOx:H films as a function of CO2 flow rate 
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 In addition, from figure 6-15 the variation in refractive index (n) and optical 

band gap (E04) of deposited SiOx FALp films with different CO2 flow rate is shown. It 

was seen that the refractive index decreased with increasing CO2 flow rate while the E04 

increased as the CO2 flow rate increased. The reduction of refractive index is probably 

due to an increase of oxygen concentration in the films, which corresponds to lower 

optical band gap [15]. Here, the preferred SiOx FALp film having the significant optical 

and sufficiently conductive properties was obtained. 
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Figure 6-15 (a) Refractive index and (b) optical band gap (E04) of n-SiOx films as a 

function of CO2 flow rate 

 

6.5 Application to silicon-based thin film solar cells 

 

6.5.1 Fabrication details 

P-i-n-type a-Si:H and µc-Si:H single-junction solar cells were fabricated using 

the optimized FALp inserted at front TCO/silicon layer interface as an additional 

refractive-index matching layer. The structure of these a-Si:H solar cells fabricated by 

plasma enhanced chemical vapor deposition (PECVD) technique was RIE-etched glass/ 
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textured-ZnO:B/ FALp/ p-a-SiOx:H /i-a-Si:H/ n-SiOx:H/ Ag/ Al as shown in figure 

6-16. The thicknesses of intrinsic layer deposited using VHF-PECVD technique and the 

FALp deposited using RF-PECVD technique were 300 nm and ~60 nm respectively. 

Also, the µc-Si:H solar cells were fabricated by using these optimized FALp with 

structure of glass/ textured-ZnO:B/ FALp/ p-µc-SiOx:H/ i-µc-Si:H/ n-SiOx:H/ Ag/ Al. 

The intrinsic layer was prepared using a 60 MHz very high frequency (VHF) PECVD 

technique while the boron-doped p-layer and the phosphorous-doped n-layer of both top 

and bottom cells were all fabricated by 13.56 MHz RF-PECVD technique. The 

thicknesses of i-layer and the FALp were 1.2 µm and ~60 nm, respectively. The photo 

J-V characteristics of both of the fabricated solar cells were measured at 25ºC under 

1sun (AM1.5, 100 mW/cm2) solar simulator radiation. The spectral response of these 

cells was analyzed using external quantum efficiency (QE) measurement. 

 
Figure 6-16 Structure of a-Si:H and µc-Si:H solar cells with FALp 
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5.5.2 Effect of FALp on a-Si:H single junction solar cells 

The SiOx FALp film optimized so far was applied to a-Si:H single-junction 

solar cells to compare with the one without FALp. As can be seen from figure 6-17, by 

employing this SiOx FALp film into a-Si:H solar cells it was found that a few changes in 

Photo-I-V parameters was observed, especially, the improved Voc. This is probably due 

to greater electrical properties of interface between TCO/p-layer. However, QE at the 

short wavelength region of 350-550 nm are slightly decreased. One of the reasons, we 

can consider, is because of parasitic absorption of the FALp layer. The further 

optimization of FALp is still required for an application to a-Si:H solar cells. 
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Figure 6-17 (a) I-V characteristics and (b) Quantum efficiency of a-Si:H solar cells with 

and without FALp 

 

6.5.3 Effect of FALp on µc-Si:H single junction solar cells 

 In this section the effect of FALp on µc-Si:H solar cell performance was 

discussed. For applying the optimized FALp into µc-Si:H solar cells, it was found that 

the short circuit current (Jsc) of the solar cell was improved from 23.93 to 24.35 mA/cm2. 

Moreover the quite same open circuit voltage (Voc) and fill factor (FF) were observed. 

From QE measurement shown in figure 6-18, it was demonstrated that the spectral 

response in the range of 500-900 nm was improved. However, the spectral response at 

the short wavelength region (<500 nm) was reduced. This is probably because that the 

thickness of SiOx FALp films has not been optimized yet. The further optimization of 

the film for application to µc-Si:H solar cell is required in order to improve current 

density of complete cells. 
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Figure 6-18(a) I-V characteristics and (b) Quantum Efficiency of µc-Si:H solar cells 

with and without FALp  

 

6.6 Summary 

 In this chapter, characterization of a-SiOx films has been defined by studying 

optical properties of films used for a FAL. The optical properties of a-SiOx films were 
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investigated by transmittance, reflectance, and haze value measurement. Also, electrical 

properties of ZnO:B films coated on glass/a-SiOx substrate were investigated in order to  

confirm effect of FAL on properties of ZnO:B films compared to the sample without 

a-SiOx FAL. Then, µc-Si:H solar cells with the optimized a-SiOx FAL were fabricated to 

compared the ones without FAL. The effect of applying the optimized a-SiOx FAL on 

the solar cell performance was also discussed here. From the results, the optical 

reflection loss of the glass/ZnO interface can be reduced by applying the optimal SiOx 

FAL to the solar cells. By inserting optimized SiOx FAL with n of ~1.75 into the 

glass/ZnO interface of the µc-Si:H solar cell, Jsc could relatively be increased by about 

5%, especially in the 550-950 nm region. Furthermore, this optimized FAL did not 

deteriorate the properties of the ZnO layer as well because no significant changes in Voc 

and FF were observed. As a result, the cell with an efficiency as high as 8.28% (Voc = 

0.495 V, Jsc = 25.09 mA/cm2, FF = 0.667) could be realized. A higher current density of 

bottom cells in multi-junction solar cells can also be obtained by incorporation of the 

optimized FAL 

Moreover, optimization of n-µc-SiOx:H films for use as a FALp was also 

performed to find the films with excellent properties, optical and electrical, for 

application to silicon-based thin film solar cells, i.e., a-Si:H and µc-Si:H solar cells. The 

n-µc-SiOx:H film with E04 of ~2.68, n of ~2.31 and sufficient conductivity was obtained 

and the effect of this optimized film on the performance of a-Si:H and µc-Si:H solar 

cells was also discussed. From the results, the optical reflection loss of the 

ZnO/p-silicon interface can be decreased by applying the optimal SiOx FALp at that 

interface. By inserting SiOx FALp optimized so far with n of ~2.68 and and E04 of ~2.31 

eV into the ZnO/p-silicon interface of both a-Si:H and µc-Si:H solar cell, QE at the 
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short and long wavelength regions are slightly decreased and increased respectively. For 

µc-Si:H solar cell, Jsc (obtained from QE measurment) improved by ~0.4 mA/cm2, 

especially in the 500-900 nm region. Furthermore, with FALp no significant change in 

Voc and FF of fabricated solar cells was observed. However, the spectral response at 

short wavelength region (<500 nm) for both a-Si:H and µc-Si:H solar cells was reduced. 

This is probably because that the thickness and refractive index of SiOx FALp films has 

not been optimized yet. The further optimization of the film is still required. 

Multi-junction solar cells with higher efficiency are also expected to achieve by the 

incorporation of further optimized FALp. This trend is similar to the one using TiO2. 

The results show that this novel n-µc-SiOx:H film will be beneficial for use as a front 

anti-reflection layer instead of TiO2/ZnO. 
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Chapter 7 

Novel a-Si:H/µc-Si:H Double Junction Solar Cells Fabricated 

on Newly Developed Double-textured ZnO:B White Glass 

Substrates 

 

7.1 Introduction 

  Cost reduction and efficiency improvement are still major issues in current 

photovoltaic technology development. Multi-junction silicon-based thin film solar cells 

such as an a-Si:H/ µc-Si:H solar cell were successfully developed by IMT, University of 

Neuchâtel [1] and can still be considered as promising candidates to reduce cost and 

obtain high conversion efficiency for future photovoltaic applications. In order to 

enhance short-circuit current density (Jsc) as well as conversion efficiency of devices, 

light-trapping management, e.g., a textured front transparent conductive oxide (TCO) 

[2-6], a textured highly reflective back reflector [6-8] and/or a highly reflective 

intermediate layer [9-12], are needed. An a-Si:H/ µc-Si:H tandem cell with initial 

efficiency of approximately 15.0 % was announced as the world record efficiency by 

the R&D group of Kaneka Corporation [12]. Now, one way to further enhance the light 

trapping effect is to use a double-textured (so-called “W-textured”) ZnO:B glass 

substrate. This W-textured ZnO:B-coated glass substrate has two scale sizes of texture. 

One is the nano-size texture which comes from textured ZnO:B deposited by the metal 

organic chemical vapor deposition (MOCVD) method [2-3], and the other one is 

micro-size texture which comes from RIE-etched glass. In our previous study [13], we 

had used a 7059-type Corning glass and etched it by the Reactive Ion Etching (RIE) 
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technique, in order to obtain a suitably textured surface. Thereby, the resulting 

W-textured ZnO:B film has a larger feature size of ~2 µm; it was deposited on an 

etched Corning glass substrate for the first time. Furthermore, we had also applied this 

W-textured technique onto a new EAGLE-XG-type Corning glass substrate [14] and the 

same trend was found. Recently, a record initial efficiency as high as 14.4 % of a-Si:H/ 

µc-Si:H solar cells fabricated on textured substrates coated by the low-pressure 

chemical vapor deposition (LPCVD)1

 On the other hand, from cost-effective point of view and in order to achieve 

different morphologies of W-textured glass substrates, we have also considered 

soda-lime glass (SLG) as alternative glass substrates [15-16]; thereby, one can obtain 

W-textured ZnO:B films with larger feature sizes (~4 µm) than in the case of Corning 

7059 and EAGLE-XG glass samples. We also found that the W-textured ZnO:B film 

coated on SLG has high haze values in the long wavelength region. As the result, an 

initial efficiency of 12.4 % has been obtained on SLG [17]. However, to further 

improve the efficiency and, especially, the current density we have still tried to find new 

substrates with improved optical properties, retaining thereby the W-textured 

configuration. 

 method were reported by IMT, University of 

Neuchâtel group as well [5]. However, full details of their W-textured ZnO:B substrates 

have not been reported so far, but we found that its haze properties are similar to those 

of the substrates we have developed on 7059 glass samples [13]. 

 In this chapter, we have applied a new white glass substrate which has higher 

transmittance than the conventional SLG to silicon-based thin-film solar cells. A white 

glass is a low-iron glass and has relatively less internal light absorption due to lower 

                                                   
1 LPCVD, which is the term that IMT, University of Neuchâtel group uses, is similar to MOCVD, which 
is the term that the authors use.  
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iron content in the glass. According to a previous report it has already been used as a 

front cover glass for PV modules, because it leads to reduced optical reflection losses 

[18]. Here, we have investigated the relationship between the refractive index of each 

side of the white glass and the resulting RMS roughness of the ZnO:B films coated on 

these RIE-etched glass samples. ZnO:B films have been deposited on these glass 

samples to achieve W-textured TCO substrates by the MOCVD method. Moreover, to 

confirm the effect of these newly developed substrates on solar cell performance, 

a-Si:H/µc-Si:H tandem solar cells [19] were fabricated on the W-textured ZnO:B-coated 

white glass substrates and compared with the tandems fabricated on the SLG. The 

optimization of ZnO:B films coated on white glass substrates and their applications to 

a-Si:H/µc-Si:H tandem solar cells was discussed.  

 

7.2 Fundamental aspects of ZnO:B film and its deposition technique 

 In this section, the basic properties of ZnO thin film and its deposition 

technique will be briefly explained. The ZnO is in the group of IIB-VIA binary 

semiconductors, a class of materials valuable for chief technological applications. 

Wurtzite-type crystal is made of interpenetrating hexagonal close-packed sub-lattices of 

the anion (oxygen) and cation (zinc) displaced along the [0001] direction as shown in 

figure 7-1. 

ZnO is a hexagonal unit cell, and fits in to the 4
6νC space group (P63mc, Z= 2), 

with two formula units per primitive cell, with all atoms occupying ν3C sites. Zinc 

atom in the wurtzite lattice is bounded by sp3 covalent bonding to four oxygen atoms, 

which are located in the vertices of a slightly distorted tetrahedron. The Zn and O-atoms 
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distance is 1.9915 Å along to the c-axis [20]. The distance separating them in the 

remaining directions is 1.9760 Å. The Zn-O bond in bulk ZnO shows mixed 

covalent-ionic character, and has been proven to be less ionic than the bonds of other 

common s-metal oxides. The wurtzite lattice is characterized by three parameters, e.g. 

the basal plane lattice constant a, the uniaxial lattice constant c, and the internal 

coordinate u, which establishes the relative position of the anion and cation sub-lattices 

along the c axis. The basic properties of measured ZnO are summarized in table 7-1 

[21]. 

 

Figure 7-1 Wurtzite crystal structure of ZnO with hexagonal structure has a point group 

6 mm symmetry [21]. 
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Table 7-1 Basic properties of ZnO at 300 K. 

Property Values 

Lattice parameters 

a0 

c0 

a0/c0 

u 

 

0.32495 nm 

0.52069 nm 

1.602 

0.345 

Density 5.606 g/cm3 

Stable phase Wurtzite 

Melting point 1975 °C 

Static dielectric constant 8.656 

Thermal conductivity 0.6, 1 – 1.2 W/Km 

Linear expansion coefficient 

(1/ ̊C) 

 

a0: 6.5 × 10-6 

c0: 3.5 × 10-6 

 

Figure 7-2 illustrates the energy band structure for wurtzite ZnO obtained from a 

first principle’s calculation by Vogel et al. [22]. The electronic band structure is given as 

the energy-momentum (E-k) relationship. The maximum of the valence band and the 

minimum of the conduction band for ZnO occur at the same point in k space and 

therefore the band gap is direct. ZnO has a wide band gap which has been measured to 

be 3.37 eV at 300 K [23]. The direct and wide band gap of ZnO together is particularly 

important for possible application in the manufacturing of optoelectronic devices. A 

recent typical calculation of the band structure of ZnO is also shown in table 7-2. 
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Figure 7-2 The band structure of ZnO (after Vogel et al., 1995). 

Table 7-2 Parameters related to the electronic band structure of ZnO at 300 K. 

Property Values 

Energy gap 3.37 eV 

Exciton binding energy 60 meV 

Electron effective mass 0.24 

Electron Hall mobility (bulk 

ZnO) 
200 cm2/V·s 

Hole effective mass 0.59 

Hole Hall mobility 5 – 50 cm2/ V·s 

Intrinsic carrier concentration  

 

 

< 1016 cm-3 

max n-type doping > 1020 cm-3 

electrons max p-type doping < 

1017 cm-3 holes 

Generally, undpoed ZnO film is an intrinsic semiconductor with energy gap of 
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around 3.2 eV at 300 K. In fact, undpoed ZnO has up to date been shown to be n-type 

conducting ZnO. For that reason the n-type conductivity is excess Zn which act as a 

donor, which results in a non stoichiometric compound and a struc disorder. They can be 

explained by the intrinsic defect levels in bulk ZnO. The common native defects in ZnO 

have been identified to be the oxygen vacancy VO, zinc vacancy VZn, oxygen interstitial 

Oi, zinc interstitial Zni and oxygen antisite ZnO [24]. The impurity donors in ZnO have 

been attributed to H and the group III elements Al, Ga and B. The acceptor impurities in 

ZnO on the other hand have been identified as the group I elements. The dominant 

donors in ZnO responsible for the observed n-type conductivity have for quite some 

time been attributed to the native defects, VO and Zni [25-26]. This assumption was the 

result of the abundance of n-type ZnO. The assumption was later challenged when 

Kohan et al. in 2000 showed VO and Zni were deep donors and also had high formation 

energies [27], thereby excluding them as possible dominant donors in ZnO. In 2001, 

Zhang et al. showed that both VO and Zni should indeed have donor transitions, but 

revealed that VO is not a shallow donor but a deep donor and therefore could not be the 

dominant donor in ZnO [24]. However that both VO and Zni have high formation 

energies. This suggests therefore that they could not be the dominant donors in ZnO 

since they both cannot account for the high free carrier concentrations. Vanheusden et al. 

have been reported that the VO is very deep, suggested that the free carrier concentration 

measured in ZnO samples was too high and suggested Zni as the shallow donor in ZnO 

[28]. In these days, many group researchers accepted the possibility of native defects 

not being the origin of the n-type conductivity in ZnO and therefore diverted their 

attention to n-type impurity dopants as candidates in explaining the n-type conductivity 

in ZnO [24,29]. The foremost one of these dopants that has perhaps been given a lot of 
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attention by various researchers is boron (B). This is the case because boron is very 

abundant and can be easily incorporated in ZnO during the crystal growth process. 

Additionally, many potential acceptors in ZnO have been investigated in search for 

reproducible p-type ZnO. These acceptors include both the native defects and extrinsic 

p-type dopants. The theoretical studies revealed that these defects are shallow [24], but 

the report also shows that these defects have high formation energies which means that 

they can be easily compensated by the intrinsic donors such as VO and Zni which have 

relatively lower formation energies. It is currently believed therefore, that ZnO can not 

be doped p-type via native defects. This study is part of the ongoing research in the ZnO 

field because much of the ZnO-based technology is dependent on the control of doping 

in the material. 

All ZnO samples studied in this research were deposited on glass substrates by 

MOCVD technique using oxygen sources such as H2O as oxidants for diethylzinc 

(Zn(C2H5)2, DEZ). Ar was selected as carrier gas and gas flows for DEZ, H2O and D2O 

were ranging between 0 to 200 sccm. 1%-hydrogen-diluted B2H6 was employed as 

dopant gas and the B2H6 flow rate was ranging between 0 to 10 sccm. The heater 

temperature was ranging between 25 to 300 oC. Figure 7-3 shows the schematic image 

of the MOCVD system used for the ZnO film deposition. As seen in figure 7-3, the 

essential equipment consists as follows; source gas (Ar, B2H2, metal-organics), gas lines, 

controlling system (regulators, mass flow controllers, valves etc.), reactor chamber, 

heater, evacuation system and exhaust gas treatment system. The metal-organics are in 

bubbles, which are soaked in the temperature-controlled baths. The reactor chamber is 

carried out by the bubbling of carrier gas such as Ar gas, N2 and H2. Generally, the 

reactor design can be classified into two groups (vertical and horizontal types). In our 
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laboratory, MOCVD system is also normally classified into two groups by its operating 

low pressure. The general advantages and disadvantages of MOCVD compared to 

sputtering are shown in table 7-3. The most important attribute in the deposition of II-VI 

compound by using this MOCVD technique is the arrangement for mixing the gases to 

restrain the pre-reaction between the constituent gas streams. The reactor chamber 

design has concentrated on introducing the gases to the reactor separately, normally by 

admitting the groups VI compound at the reactor chamber and the metal alkyl through a 

delivery gas tube much closer to the heater stage. 

 

 

 Figure 7-3 Schematic image of the MOCVD system used for the ZnO-film deposition 

 

 

 

 

 

 

Table 7-3 Comparison the deposition of ZnO films by MOCVD and sputtering 

Chamber

DEZ bath

MFC

MFC

Ar

1%
 B

2H
6

R.P.

T.V.
Heater

Substrate

H2O bath

MFC
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techiques. 

Property MOCVD Sputtering 

Usual deposition 
process 

non equilibrium equilibrium 

Orientation 
c-axis parallel, 
perpendicular 
and inclined 

c-axis 
perpendicular 
 

Surface texture 
growth 

intensified 
growth 

growth plus 
etching 

Fiber texture 
growth 

mixed 
orientations 

fiber texture 
growth 

Growth rate high low 

Surface 
morphology 

variety of 
morphologies 
depending on the 
orientation 

columnar and 
granular 
 

Mechanical 
property and 
resistance against 
environment 
conditions 

moderate very good 

Ability for post 
treatment of the 
grown films 

poor good 

Growth of surface 
textured ZnO on 
device 

good 
 

post-treatment 
the device is 
possible 

 

 

 

 

7.3 Optimization of surface texture of double-textured ZnO:B films 
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coated on white glass substrate 

 

7.3.1 Experimental details 

 Firstly, we have investigated the relationship between refractive index (n) on 

each side of white glass samples before Reactive Ion Etching (RIE) process and 

root-mean-square (RMS) surface roughness of ZnO:B films coated by MOCVD 

technique on either side of the glass after etching. White glass samples with different 

refractive indices of each side were etched by the RIE technique using mixture of 

carbon tetrafluoride (CF4) and oxygen (O2) as an etchant gas, before ZnO:B film 

deposition, in order to find the relationship between the refractive index of the glass and 

the RMS surface roughness of the ZnO:B films. The ZnO:B films were then deposited 

on the RIE-etched glass samples, by the MOCVD technique using water (H2O) as an 

oxidant for diethylzinc (DEZ) and 1%-hydrogen-diluted diborane (B2H6) as a dopant 

gas. The thickness of the ZnO:B films was kept constant at around 2 µm. The conditions 

for ZnO:B film deposition are given in the previous report [13,35]. Secondly, the 

morphology of RIE-etched white glass samples and ZnO:B films deposited on those 

white glass substrates was investigated with varying the etching time. The time required 

for white- glass-sample etching was varied from 0 (without etching) to 150 min. The 

etching pressure and the RF ( radio frequency) power density were kept constant at 18 

Pa and 1.5 W/cm2 (200 W), respectively.  

The refractive index and other optical properties such as haze value of the 

white glass sample and ZnO:B-coated white glass substrates were measured by 

Spectroscopic Ellipsometry (SE) and by Spectrophotometer, respectively. The optical 

properties such as transmittance and reflectance of the substrates were measured by a 
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Shimadzu dual beam UV/VIS/NIR Solid-spec 3700 spectrophotometer equipped with 

an integrating sphere. A monochromatic beam produced by a grating over the wide 

wavelength range is directed on the glass side of the substrates, through the entrance 

port of the integrating sphere. Next, the surface morphology and RMS surface 

roughness of the etched white glass samples and those ZnO:B films coated on the white 

glass samples were evaluated by a scanning electron microscope (SEM) and by an 

atomic force microscope (AFM), respectively.  

 Figure 7-4 shows the refractive index of each side of the white glass and the 

SEM surface morphology of ZnO:B coated on them. From these SEM images, it was 

found that the surface morphology of ZnO:B coated on the white glass side with lower n 

is more suitable for the fabrication of solar cells than the other one because 

double-textured (W-textured) ZnO:B morphology with high surface roughness was 

observed in the first case. This can also be confirmed by looking at the spectral haze 

value as shown in figure 7-5. The ZnO:B coated on the glass side with lower n has a 

higher haze value than the one with higher n. The difference between the refractive 

index of both sides of the white glass is probably due to the manufacturing method of 

the glass, (float glass manufacturing method); in this manufacturing method, Tin (Sn)2

                                                   
2 Tin is suitable for the float glass process because it has a high specific gravity, is cohesive and is 
immiscible into the molten glass. The glass flows onto the tin surface forming a floating ribbon with 
perfectly smooth surfaces on both sides and an even thickness.  

 

from the floating bath diffuses and forms tin oxide (SnOx) on the glass surface. It seems 

that this SnOx layer increases the refractive index and reduces ability of RIE etching. 
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Figure 7-4 (a) Refractive index (n) of each side of the white glass and (b) SEM images 

of their ZnO:B-coated on each side; side-a is the side with lower n, side-b is the side 

with higher n  

 

ZnO coated on lower n side  ZnO coated on higher n side  



 
190 

 

400 600 800 1000 1200
0

20

40

60

80

100

 

 

H
az

e
 V

al
u
e
 (

%
)

Wavelength (nm)

 sideB_higher n
 sideA_lower n

 

Figure 7-5 Spectral haze value of ZnO:B film coated on each side of the white glass 

 

7.3.2 Evaluation of surface morphology of etched white glass samples and ZnO:B 

films coated on those white glass substrates with different etching time 

 The white glass sample was etched by RIE using a mixture of CF4 and O2 as the 

etchant gas. The surface morphology and RMS roughness of the RIE-etched white glass 

samples was observed by varying the etching time from 0 (without etching) to 150 min 

as shown in figure 7-6 and 7-7. Figure 7.6 presents the surface images of the etched 

glass samples before ZnO:B deposition with varied glass-etching time. with increasing 

the etching time from 0 to 60 min, the surface of the etched glass changed from a flat 

surface to a lot of larger craters with lateral size of ~2µm, depth size of 2~4 µm. some 

of the distinct larger texture surface with lateral feature size and depth size of more than 

6 µm can be observed when the etching time was increased up to 120 min. However, 

with increasing the etching time up to 150 min the glass surface was occupied by 

smaller feature size than the one with shorter etching time. Figure 7.7 shows the AFM 

images and RMS roughness of the etched glass samples before ZnO:B film deposition 

with various glass-etching time. From the figure, one can note that the feature of the 
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etched glass with larger lateral size and deeper depth size can be found when the etching 

time increased. At the same time, the RMS roughness of etched glass increased from 

~33 nm to ~206 nm as the etching time increased up to 120 and decreased down to ~ 

161 nm with etching time up of longer than 120 min: here, it was 150 min. This 

indicated the same tendency with feature size measured by SEM micrograph 

investigation. Thus, we can conclude that there is a relationship between feature size 

and RMS roughness; the difference in RMS roughness probably caused by largely 

enhanced lateral feature size and depth size of the etched white glasses. 

 

         

     

Figure 7-6 SEM micrographs of glass substrates prior to ZnO:B films deposition with 

various etching time. (a) 0 min (without etching), (b) 60 min, (c) 120 min, (d) 150 min  

(a) (b) 

(c) (d) 
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Figure 7-7 AFM images of glass substrates prior to ZnO:B film deposition with various 

etching time: (a) 0 min (without etching) (b) 60 min, (c) 120 min, (d) 150 min; The 

RMS roughness of each glass is also shown 

 Here, the surface morphology of ZnO:B film deposited on the etched white 

glass with different etching time was investigated and discussed. The ZnO:B films were 

prepared on the etched white glass samples with the different etching time, i.e. 0 

(without etching), 60, 120 and 150 min. The SEM images and AFM morphology were 

measured and depicted in the figure 7-8 and 7-9, respectively. In the figure 7-8, one can 

see that the ZnO:B film on the non-etching glass showed typical pyramidal texture like 

the conventional one coated on the flat corning glass. On the other hand, other ZnO:B 

films deposited on the etched-glasses with different etching time of 60, 120 and 150 min 

showed the mountain-chain-like double texture with various larger feature sizes, 

especially, ZnO:B films with larger feature size on the glass samples etched for 120 and 

(c) (d) 

(b) (a) 

rms ~ 33.0 nm rms ~ 77.2 nm 

rms ~ 206.3 nm rms ~ 161.3 nm 
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160 min. However, the lateral feature size of the ZnO:B film for the etching-time 150 

min was smaller than the one with etching-time 120 min and also the depth of valley at 

grain boundary became deeper, which more defect will easily occur when it is applied to 

solar cells, especially in microcrystalline solar cells [30]. In addition, the figure 7-9 

presents AFM images of ZnO:B films as a function of glass-etching time. As we can see 

in the figure, the RMS roughness of ZnO:B films remarkably increased from ~72 to 

~213 nm when the etching-time increased from 0 to 120 min and became ~120 nm for 

the etching-time of 150 min. Consequently, the highest RMS roughness and larger 

feature size were obtained for the etching-time of 120 min. For this optimized glass 

substrate with higher RMS roughness and larger feature size, the further-improved 

light-scattering can be expected when it is applied to solar cells [16]. In conclusion, as 

mentioned in our previous work, it is evident that the micro-size surface morphology of 

ZnO:B films strongly results from the morphology of the etched-glass samples; the 

larger texture glass sample it is the higher RMS roughness of ZnO:B films coated on it 

has [31]. These results clearly revealed that the surface morphology of ZnO:B films 

could be modified by controlling the glass sample surface. 

       

(b) (a) 
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Figure 7-8 SEM micrographs of ZnO:B films as a function of glass-etching time: (a) 0 

(without etching), (b) 60, (c) 120, (d) 150 min 

 

              

              

Figure 7-9 AFM images of ZnO:B films as a function of glass-etching time: (a) 0 

(without etching), (b) 60, (c) 120, (d) 150 min; The RMS roughness of each film is also 

shown 

 

(c) (d) 

(a) (b) 

(c) (d) 

rms ~ 72.2 nm rms ~ 86.8 nm 

rms ~ 213.0 nm rms ~ 120.7 nm 
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7.3.3 Optical properties of double-textured ZnO:B films coated on white glass 

substrates with different etching time 

 Next, the transmittance and haze value of the ZnO:B films coated on 

etched-glass sample were measured and presented in the figure 7-10. From the result, 

the transmittance of more than 80% can be found over wavelength region for all 

ZnO:B-coated glass substrates. However, the transmittance of all substrates gradually 

decreased in the long wavelength region, especially longer than 1000 nm, due to the 

influence of free carrier absorption in films [32]. At the same time, the haze value 

showed the similar tendency with RMS roughness of the substrates. The haze value 

improved up to higher than 90% at the wavelength 0f 800 nm as the etching-time 

increased from 0 to 120 min and slightly decreased for the etching time of 150 min. 

these results indicated that the high RMS roughness led to high haze value and the 

light-scattering effect can be improved by optimizing the glass sample treatment before 

ZnO:B deposition.       

 
Figure 7-10 Transmittance and Haze value of ZnO:B films deposited on etched-glass 

sample with various etching-time  
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 Furthermore, angular distribution function (ADF) of each ZnO:B film under 

various etching-time was measured at the wavelength of 600 and 1000 nm as shown in 

the figure 7-11. ADF, which is an intensity ratio between direct-transmitted light and 

each scattered-angle`s light, indicate how much potential a TCO substrate has for 

application to solar cells as a front contact. Namely, the higher ADF at each 

scattered-angle shows greater potential for use as a TCO substrate. As we can see from 

the figure 7-11, the both of ADF at the wavelength of 600 and 1000 nm was enhanced 

with increasing the etching-time up to 120 min and slightly decrease in ADF was found 

for the etching-time of 150 nm. The highest ADF could be obtained from the substrate 

etched by RIE for 120 min. As reported in a paper, the higher ADF shows the improved 

current density in a-Si:H solar cell [33]. As a result, the higher current density of solar 

cells can be expected by applying the ZnO:B substrate etched by RIE for 120 min. 
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Figure 7-11 Angular distribution function (ADF) of ZnO:B films, deposited on 

etched-glass sample with different etching-time, measured at (a) 600 nm and (b)1000 

nm 

 

7.4 Fabricated of novel a-Si:H/µc-Si:H double junction solar cells on 

the white glass substrates compared to the conventional one fabricated 

on flat corning glass 

 In this part, novel a-Si:H/ μc-Si:H double-junction solar cells with the layer 

sequence: white glass/ W-textured ZnO:B/ p-a-SiOx:H/ i-a-Si:H/ n-μc-SiOx:H/ 

p-μc-Si:H/ i-μc-Si:H/ n-μc-SiOx:H/ Ag/ Al were fabricated on the optimized white glass 

substrate by a conventional plasma enhanced chemical vapor deposition (PECVD) 

system using silane (SiH4), hydrogen (H2), diborane (B2H6), phosphine (PH3) and 

carbon dioxide (CO2) as source gases, at substrate temperatures of about 220 oC. Also, 

the novel double-junction solar cells with the structure were fabricated on the etched 

soda-lime glass in order to compare the ones fabricated on the white glass substrates. 

For the a-Si:H/ µc-Si:H double-junction solar cell fabrication, i-layer thickness of 
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a-Si:H and µc-Si:H were around ~300 nm and ~2 μm, respectively. The current-voltage 

characteristics of the fabricated solar cells were measured under 1-sun (AM1.5, 100 

mW/cm2) illumination. The external quantum efficiency (EQE) measurement was 

performed to estimate the spectral response of these solar cells. 

 The comparison of SEM surface morphology for ZnO:B films deposited on 

etched white glass with those deposited on etched soda-lime glass was presented in 

figure 7-12. As we can see the results, one can observe significant differences in the 

surface morphology: in case of ZnO:B film deposited on etched soda-lime glass one has 

cauliflower-like double texture (W-texture), whereas in case of ZnO:B deposited on 

etched white glass one has mountain-chain-like double texture. Moreover, as shown in 

figure 7-13 the mountain-chain-like W-texture of ZnO:B deposited on etched-white 

glass led to higher haze value over the whole wavelength region than the conventional 

pyramidal texture of flat corning glass. Again, higher transmittance over all the 

wavelength region can also be observed for mountain-chain-like W-texture ZnO:B. 

From a fundamental point of view, for the front TCO substrate of thin-film silicon solar 

cells, we need to have the right shape of texture with larger feature sizes and larger 

angles at the tip of texture: the latter property will minimize cell shunting occurring at 

the tip according to the report presented by AIST group, Japan [30]. At the same time 

we also need to have a high haze value in order to enhance the right-trapping effect. The 

mountain-chain-like shape of texture found in the case of the white glass substrate is a 

suitable shape, which can serve all requirements and can lead to higher solar cell 

performance, since this mountain-chain-like shape has fewer valleys, which cause the 

cracks in the film [34]. Hence, improved performance for solar cells fabricated on this 

kind of white glass substrate is expected.  
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   (a) 

 

           
   (b) 

Figure 7-12 SEM micrographs of two glass samples and their ZnO:B films coated on (a) 

flat corning glass and (b) etched-white glass 

 

 
Figure 7-13 Haze value of ZnO:B films deposited on etched-glass sample 
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 Novel a-Si:H/μc-Si:H double-junction solar cells were fabricated on 

double-textured ZnO:B-coated white glass substrates compared with the one fabricated 

on etched soda-lime glass . Figure 7-14 presents the current-voltage (I-V) characteristics 

and external quantum efficiency (EQE) of the tandem solar cell fabricated on the 

W-textured ZnO:B-coated white glass substrate in comparison with the one fabricated 

on W-textured ZnO:B-coated etched-soda-lime glass substrate. As we can see from 

these results the white glass substrate leads to an increase in Jsc from 12.2 mA/cm2 to 

13.4 mA/cm2, corresponding to the improved spectral response, especially in the long 

wavelength region (>500 nm). As a result, the a-Si:H/ µc-Si:H solar cell fabricated on 

this newly developed white glass substrate has a high initial efficiency of 13.3% which 

is higher than the one obtained for soda-lime glass, demonstrating, thereby, that this 

newly developed W-textured substrate is a promising material for the fabrication of 

high-efficiency thin-film silicon solar cells.  

 

(a) 
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(b) 

Figure 7-14 (a) I-V characteristics and (b) Quantum efficiency of the tandem solar cells 
fabricated on flat corning glass and etched white glass substrates  
 

7.5 Summary  

 In this chapter, we have successfully fabricated W-textured ZnO:B films, with a 

very high haze value and greater angular distribution function (ADF), coated on white 

glass. At the beginning the effect of glass-etching time on the morphology and optical 

properties of the substrates was investigated to find the optimal properties for use as a 

front TCO contact in solar cells. It was found that the surface morphology of ZnO:B 

films deposited, by MOCVD, on white glass samples is mountain-chain-like double 

texture, while the one of ZnO:B films deposited on soda-lime glass samples shows 

cauliflower-like double texture. Moreover, the mountain-chain-like double texture of the 

white glass results in a haze value, which is higher over the whole wavelength region 

than the conventional cauliflower-like double texture obtained for soda-lime glass 

(SLG). ZnO:B-coated substrates with a larger feature size of 10 μm were obtained with 

longer RIE etching times. By applying these white glass substrates to a-Si:H/μc-Si:H 
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tandem solar cells, the short-circuit current density Jsc could be increased from 12.2 

mA/cm2 to 13.4 mA/cm2, corresponding to an improved spectral response, especially in 

the long wavelength region (>500 nm). Consequently, the initial efficiency of the solar 

cells could be increased up to 13.2 %. Therefore, the ZnO:B films obtained here, by 

deposition on etched white glass, should be considered as a basis for promising 

substrates, for use as front transparent contact layers in silicon-based thin film solar 

cells. 
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Chapter 8  

General Conclusions and Future Prospects 

 

8.1 General conclusions 

 This thesis presents the results of research on light-trapping approaches applied 

to silicon-based thin film solar cells including a-Si:H/µc-Si:H tandem solar cells. We 

have theoretically and experimentally studied the effects of light-trapping approaches, 

i.e. the employment of optical layers: n-top layer with function of intermediate layer 

(nIL), n-bottom layer with function of ZnO back reflective layer (nBRL), front 

anti-reflection layers inserted between glass/TCO (FAL) and between TCO/p-layer 

(FALp) as well as double-textured white glass substrate, on solar cell performance. The 

Numerical analysis of these optical layers: nIL, nBRL and additional 

refractive-index-mismatch layers (FAL and FALp) was systemically performed using 

both of simulators called “OPTICAL” and “ASA”. Different silicon oxide (SiOx) films 

have been optimized and applied into silicon based thin film solar cells as optical layers 

corresponding to those of individual application purposes. Firstly, phosphorous-doped 

µc-SiOx:H films were optimized and employed into µc-Si:H single-junction solar cells 

as a nBRL, and then applied to a-Si:H/µc-Si:H double-junction solar cells with novel 

structure as a nIL and a nBRL. Also, both of a-Si:H and µc-Si:H single-junction solar 

cells using optimized phosphorous-doped µc-SiOx:H films as a FALp were fabricated 

and analyzed. Next, a-Si:H films were optimized and the µc-Si:H single-junction solar 

cells with the optimized a-Si:H films used as FAL were fabricated and evaluated. 

Moreover, the a-Si:H/µc-Si:H tandem cell with novel structure, fabricated on newly 
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developed double-textured white glass substrate, was for the first time proposed using 

optimized nIL and nBRL and the higher efficiency of 13.3% (Voc=1.14 V, Jsc=13.40 

mA/cm2, FF=0.70) was achieved.. The main results of this study are described as 

follows in details. 

 

In chapter 3, optical analysis and theoretical simulation was performed using OPTICAL 

and ASA simulators, respectively. The optical calculation of IL, nBRL, and FAL using 

OPTICAL simulator was firstly done to investigate their effect on the optical properties, 

such as reflectance or transmittance spectra, of the test sample structure simulated from 

the experimentally fabricated solar cells. We have also studied the effect of refractive 

index and thickness combinations of single and triple intermediate layers, inserted 

between sub-cells, on the light-reflectance in the tandem solar cells. From the 

simulation results, it is clear that the wavelength region of reflection could be freely 

modified by adjusting the thickness and/or the refractive index of intermediate layers. 

Compared to the single, the reflectance of SiOx triple intermediate layers at short 

wavelength region could be increased, whereas at the long wavelength region could be 

suppressed. Thus, a multi-stacked intermediate layer, especially triple intermediate layer, 

would be beneficial for use in a-Si:H /µc-Si:H tandem cell. Furthermore, the optical 

calculation results indicated that, for a single IL, the lower refractive index IL is the 

higher reflectance over wavelength region the test structure have. For nBRL, the effect 

of nBRL with variation of refractive index and thickness on the reflectance spectra of 

test structure was found out. From the result one can understand that the SiOx film with 

refractive index of ~1.9 can be expected to replace at the back reflector instead of 

n-µc-Si/ZnO layer because the same reflectance could be observed. In addition, the 
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thickness of nBRL should be optimized between 60-80 nm. Then, the optical study of 

FAL with varied refractive index on transmittance of test model was carried out. As can 

be found from the results, the optimal FAL obtained from this calculation was the one 

with refractive index of ~1.74 and the thickness should be 60-80 nm. The finding FAL 

shows the higher transmittance of test structure when it was inserted into glass/ZnO 

interface and the thickness of FAL of thicker than 80 nm shows the drop in 

transmittance spectra particularly, in the short wavelength (< 650 nm). Moreover, the 

effect of these optical layers (nIL, nBRL and FAL) on the current density of 

silicon-based thin film solar cells including a-Si:H /µc-Si:H double-junction solar cells 

was investigated to confirm the results, that is reflectance and transmittance spectra of 

sample test structure, calculated from OPTICAL simulator. By inserting FAL with 

different refractive index into µc-Si:H solar cells, it was seen that the current density of 

the solar cells improved as the refractive index decreased down to ~1.74 but the 

refractive index less than that showed the reduction in current density, i.e. lower spectral 

response in the long wavelength region. In the same way, the current density of µc-Si:H 

solar cells increased when the refractive index of nBRL was decreased down to ~1.74 ; 

due to greater light-reflection between n-layer/metal electrode. Additionally, nBRL with 

varied refractive index was also applied into a-Si:H/µc-Si:H solar cells to observe the 

effect on solar cell performance. By inserting nBRL into the solar cells, the Jsc of the 

bottom solar cells slightly enhanced when the refractive index of the nBRL of the 

bottom cell became smaller. From this simulation results, it was found that the nBRL 

with lower refractive index can be used in order to improve the current density of the 

bottom cell in a double-junction solar cell with a current-limited bottom.  
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 In chapter 4, the preparation and characterization of n-type SiOx films were 

described. It was found that it is possible to fabricate the n-type SiOx films using 13.56 

MHz RF-PECVD technique from a mixture SiH4, H2, PH3 and CO2 as a source gas. The 

optical, electrical, and structural properties of the fabricated SiOx films were 

investigated. The optical band gap and the refractive index of the films could mainly be 

controlled by variation of CO2 and H2 flow rates. The conductivity of the films 

increased with increasing the PH3 flow rate, in contrast, it declined with an increase in 

CO2 flow rate. Besides, it can also be seen that the films deposited on the high 

temperature substrate had better conductivity, however, those of refractive index also 

increased. By optimizing the source gas flow rates and other deposition conditions, a 

few SiOx films with refractive index lower than 2.0 and reasonably good in-plane 

conductivity (~10-6 S/cm) have been obtained and are expected to be used in 

silicon-based thin film solar cells as optical layers, IL, nIL, nBRL, FAL and FALp. 

Afterwards, each of these optimum films will be applied to thin film silicon solar cells 

including a-Si:H/µc-Si:H double-junction solar cells as optical layers corresponding to 

function needs. 

 

 In chapter 5, the optimization of n-SiOx films for use as intermediate layer (IL) 

inserted between top and bottom cells was firstly performed and their effects on 

a-Si:H/µc-Si:H performance were studied by adjusting their thickness and optical 

properties. The results revealed that the IL that we have optimized was effective to be 

applied into the tandem solar cells. Also, We for the first time proposed a-Si:H/ µc-Si:H 

double-junction solar cells with novel structure of p-a-SiC:H/ i-a-Si:H/ n-SiOx:H/ 

p-µc-SiO:H/ i-µc-Si:H/ n-SiOx:H/ Ag/ Al as a candidate to lower the optical losses and 



 
210 

 

thus increase the solar cell performance, especially current density (Jsc). By using the 

optimum n-SiOx:H layer instead of n-µc-Si:H/ZnO back reflector into a µc-Si:H 

single-junction solar cell as a nBRL, the spectrum response, particularly, at the long 

wavelength could be improved and then Jsc value was relatively increased up to 4.4%. 

Similarly, for the a-Si:H/µc-Si:H solar cell with novel structure using the proper 

dual-functional n-SiOx:H layers as a nIL and a nBRL, the relative improvement in Jsc 

value by 9% was obtained and therefore the initial efficiency as high as 11.9% 

(Voc=1.38 V, Jsc=12.24 mA/cm2, FF=0.70) was achieved. These results approved that 

the first layer of newly developed n-SiOx:H layers (nIL) can work as an n-layer of the 

top cell and at the same time it can also be functioned as an IL. On the other hand, the 

second n-SiOx:H layer (nBRL) can work as an n-layer of the bottom cell and a ZnO 

back reflective layer. As a result, the reduction in optical losses could be obtained. 

Furthermore, these novel solar cell structures are beneficial for mass production since 

they were simplified.  

 

 In chapter 6, characterization of a-SiOx films has been defined by studying 

optical properties of films used for a FAL. The optical properties of a-SiOx films were 

investigated by transmittance, reflectance, and haze value measurement. Also, electrical 

properties of ZnO:B films coated on glass/a-SiOx substrate were investigated in order to  

confirm effect of FAL on properties of ZnO:B films compared to the sample without 

a-SiOx FAL. Then, µc-Si:H solar cells with the optimized a-SiOx FAL were fabricated to 

compared the ones without FAL. The effect of applying the optimized a-SiOx FAL on 

the solar cell performance was also discussed here. From the results, the optical 

reflection loss of the glass/ZnO interface can be reduced by applying the optimal SiOx 
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FAL to the solar cells. By inserting optimized SiOx FAL with n of ~1.75 into the 

glass/ZnO interface of the µc-Si:H solar cell, Jsc could relatively be increased by about 

5%, especially in the 550-950 nm region. Furthermore, this optimized FAL did not 

deteriorate the properties of the ZnO layer as well because no significant changes in Voc 

and FF were observed. As a result, the cell with an efficiency as high as 8.28% (Voc = 

0.495 V, Jsc = 25.09 mA/cm2, FF = 0.667) could be realized. A higher current density of 

bottom cells in multi-junction solar cells can also be obtained by incorporation of the 

optimized FAL 

Moreover, optimization of n-µc-SiOx:H films was also performed to find the 

films with excellent properties for application to silicon-based thin film solar cells, i.e., 

a-Si:H and µc-Si:H solar cells. The n-µc-SiOx:H film with E04 of ~2.68, n of ~2.31 and 

sufficient conductivity was obtained and the effect of this optimized film on the 

performance of a-Si:H and µc-Si:H solar cells was also discussed. From the results, the 

optical reflection loss of the ZnO/p-silicon interface can be decreased by applying the 

optimal SiOx FALp at that interface. By inserting SiOx FALp optimized so far with n of 

~2.68 and and E04 of ~2.31 eV into the ZnO/p-silicon interface of both a-Si:H and 

µc-Si:H solar cell, QE at the short and long wavelength regions are slightly decreased 

and increased respectively. For µc-Si:H solar cell, Jsc (obtained from QE measurment) 

improved by ~0.4 mA/cm2, especially in the 500-900 nm region. Furthermore, with 

FALp no significant change in Voc and FF of fabricated solar cells was observed. 

However, the spectral response at short wavelength region (<500 nm) for both a-Si:H 

and µc-Si:H solar cells was reduced. This is probably because that the thickness and 

refractive index of SiOx FALp films has not been optimized yet. The further 

optimization of the film is required. Multi-junction solar cells with higher efficiency are 
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also expected to achieve by the incorporation of further optimized FALp. This trend is 

similar to the one using TiO2. The results show that this novel n-µc-SiOx:H film will be 

beneficial for use as a front anti-reflection layer instead of TiO2/ZnO. 

 

In addition, we have employed plasma treatment technique prior to the 

deposition of p-µc-SiOx:H layer of bottom cells in order to improve interface between 

n-SiOx:H top-layer/ p-µc-SiOx:H bottom-layer. The CO2 plasma condition was 

characterized and optimized. After, the optimized CO2 plasma condition, we have done 

so far, was applied into a-Si:H/µc-Si:H solar cell. From the results, we can see that the 

optimized CO2 plasma condition could improve FF. On the other hand, the current 

density deteriorated and smaller solar cell efficiency was observed. These results reveal 

that the CO2 plasma technique can be one of promising methods for improvement of 

solar cell performance. However, CO2 plasma condition, we have used here, has to be 

further studied in order to avoid the reduction of current density, especially, bottom 

cells. 

 

In chapter 7, In this chapter, we have successfully fabricated W-textured ZnO:B 

films, with a very high haze value and greater angular distribution function (ADF), 

coated on white glass. At the beginning the effect of glass-etching time on the 

morphology and optical properties of the substrates was investigated to find the optimal 

properties for use as a front TCO contact in solar cells. It was found that the surface 

morphology of ZnO:B films deposited, by MOCVD, on white glass samples is 

mountain-chain-like double texture, while the one of ZnO:B films deposited on 

soda-lime glass samples shows cauliflower-like double texture. Moreover, the 
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mountain-chain-like double texture of the white glass results in a haze value, which is 

higher over the whole wavelength region than the conventional cauliflower-like double 

texture obtained for soda-lime glass (SLG). ZnO:B-coated substrates with a larger 

feature size of 10 μm were obtained with longer RIE etching times. By applying these 

white glass substrates to a-Si:H/μc-Si:H tandem solar cells, the short-circuit current 

density Jsc could be increased from 12.2 mA/cm2 to 13.4 mA/cm2, corresponding to an 

improved spectral response, especially in the long wavelength region (>500 nm). 

Consequently, the initial efficiency of the solar cells could be increased up to 13.2 %. 

Therefore, the ZnO:B films obtained here, by deposition on etched white glass, should 

be considered as a basis for promising substrates, for use as front transparent contact 

layers in silicon-based thin film solar cells. 

 

8.2 Future Prospects 

 As mentioned above, the main achievement of this work was the fabrication of 

the novel a-Si:H/µc-Si:H double-junction solar cell with conversion efficiency as high 

as 13.2% (Voc=1.41V, Jsc=13.40 mA/cm2, FF=0.70) by implementing the techniques as 

follows (i) employing the optimized optical layers, i.e. intermediate layer (IL), 

intermediate layer with function of n-top layer (nIL), n-bottom layer with function of 

back reflective layer (nBRL), as well as anti-reflection layers inserted glass/TCO 

interface (FAL) and TCO/P-Si layer (FALp) as additional refractive-index matching 

layers, (ii) new development of double-textured ZnO:B coated on etched white glass 

substrates. By applying these techniques into silicon-based thin film solar cell, I-V 

parameters, especially Jsc, were improved and thus higher conversion efficiency was 

also achieved. However, in this study, there still are some challenges of developing 



 
214 

 

techniques and room for improvement of solar cell performance. In case of IL and nIL, 

the higher Jsc can be obtained and current-matching can be improved by further 

optimizing optical (more lower n) and electrical (more higher conductivity) of µc-Si:H 

films use as nIL for n-top, n-middle and n-bottom layers in triple-junction solar cells. In 

case of FALp, the spectral response in short wavelength region should be improved and 

then Jsc increased by further trading off electrical and optical properties. Also, in order 

to obtain greater Voc and FF, plasma treatment, for example, here CO2 plasma, have to 

be employed between n/p interfaces in each sub-cell to improve contact property. Also, 

as reported in many papers, application of multi-junction solar cell, e.g., a-Si:H/ 

a-SiGe:H/ µc-Si:H triple junction solar cells, is also necessarily performed in order 

achieve superior solar cell performance. As shown in figure 8-1, the integration of the 

techniques mentioned above is described. By using these techniques, the highest 

conversion efficiency of ~21%, which was the value calculated from theoretical analysis 

in our group, can be expected. Moreover, in order to reach that goal, further theoretical 

analysis considering light-scattering effect, refractive index and other optical properties 

of the TCO substrate, p-i-n layer for each component cell, as well as back electrode 

should be performed to more understanding of a complete device and obtain more 

reliable results.  
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Figure 8-1 Expected applications of light-trapping approaches and additional techniques 

to multi-junction solar cells such as a triple junction solar cell. 
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