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ABSTRACT 

The technology of fabricating amorphous silicon (a-Si:H) solar cell has ad-

vanced significantly in the last two decades. Now even a single junction solar cell 

of efficiency more than 13% has been produced in the laboratory. However, the 

degradation problem in a-Si:H photovoltaic devices is yet to be resolved. In this 

project the admittance analysis method is used to model both single junction and 

tandem structure a-Si:H solar cells to optirnise their photovoltaic performance and 

also to study the degradation problem. 

The optical admittance analysis method allows one to calculate the optical 

properties of any multilayer structures, such as thin film solar cells, which consist 

of a few thin layers. In order to enhance the photovoltaic performance of a 

multilayer structure device, one has to increase the absorbance in some layers 

and minimise it in others. Accordingly in a-Si:H solar cells we want to maximise 

absorbance in the i-layer and minimise it in the other layers. One can calculate 

reflectance, transmittance and absorbance of any multilayer system using the 

admittance analysis method, which requires the complex refractive indexes of 

all its layers as input parameters. As the complex refractive index depends on 

the wavelength (.\) of the incident radiation, the reflectance, transmittance and 

absorbance calculated in this way also depend on X. In addition, these optical 

properties depend on the thicknesses of all the layers in a structure as well. One 

can then vary the thicknesses of various layers to study the influence on the 

absorbance in any particular layer. 
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The admittance method is extended here to study the influence of a second 

transparent conducting oxide (TCO) on the photovoltaic performance of a single 

junction cell with the structure glass/TCO/p-i-n/TCO/rear metal. Using this 

design, the thicknesses of both the top and bottom TCO layers are optimised 

for two types of rear metal electrodes; silver and aluminium. The introduction 

of the bottom TCO shows some effect on the performance of a-Si:H solar cells 

with aluminium (Al) as rear metal contact, but no significant change is found for 

solar cells with silver (Ag) as rear metal contact. It is also found that the use of 

glass of higher refractive index can make slight improvement in the performance 

of a-Si:H solar cells. 

Using the admittance analysis method, the optimal design of a single junction 

a-Si:H solar cell is suggested and its photovoltaic parameters are calculated. The 

technique is then extended to design a tandem structure of two cells stacked 

one on the top of the other and connected in series. The top cell is considered 

to be made of a-Si:H and bottom of a-SiGe:H alloy and the condition of current 

matching is applied to determine the tandem's optimal design. In this design it is 

assumed that all photogenerated charge carriers contribute to the photogenerated 

current, which means that the collection efficiency, X, is assumed to be unity. 

The theoretical efficiency of the single junction cell with the optimal design thus 

obtained is 13.1% and that of the tandem cell with the perfect current matching 

is 20.8%. 

An alternative approach of calculating the photogenerated current in a tan-

dem cell is developed and applied. The photogenerated current is expressed as 

light current minus dark current and the light current is derived by solving the 

continuity and Poisson equations. The admittance analysis method is used here 
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to calculate the absorbance in the i-layers and the optically limited current. The 

condition of current matching is fulfilled by varying the thicknesses of the i-layers 

in the top and bottom cells, which enables one to design a tandem of two cells 

for its optimal photovoltaic performance. 

Instead of assuming the collection efficiency to be unity, an analytical cx-

pression for the collection efficiency incorporating the effect of recombination at 

dangling bonds is also derived as a function of the defect density and the thickness 

of an a-Si:H thin film. It is assumed in the derivation of the collection efficiency 

that the generation rate of charge carriers is constant through the whole thick-

ness of the i-layer. The dangling bonds are considered to be in three charged 

states D°, D and D+  representing neutral, negatively charged and positively 

charged, respectively. The technique is then applied to calculate the short cir-

cuit current (J)  in a single junction a-Si:H solar cell using collection efficiency 

thus obtained. Our method enables us to calculate the optimal thickness (the 

thickness at maximum J)  of the i-layer at a given defect density. 

The technique is then extended with the incorporation of the current match-

ing condition to design a tandem structure of two cells. 

Finally, the absorption profile of the i-layer is calculated using a modified 

admittance analysis method. The absorption profile produces a more realistic 

generation rate for the charge carriers in the i-layer and hence one does not have 

to use the constant generation rate, for calculating the collection efficiency as 

clone in chapter 7. The collection efficiency, thus calculated is expected to be 

more accurate in comparison with the previous ones calculated either using a 

constant generation rate or an empirical exponential function for the generation 

of charge carriers throughout the i-layer. The collection efficiency is then used 



to obtain the short circuit current as a function of the thickness of the i-layer as 

done earlier. The influence of light induced defects on the short circuit current 

is also studied with a view to minimise the effect of degradation in a-Si:H solar 

cells. 

It is expected that the results obtained in this thesis will help designing both 

single junction as well as tandem structure a-Si:H solar cells for higher efficiency 

and stability. Therefore the outcome of this project is going to provide valuable 

information prior to the fabrication of a-Si:H solar cells. 
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CHAPTER I 

INTRODUCTION 

1.1 Historical developments 

1.2 Objective 

1.3 Organisation of the thesis 



I. INTRODUCTION 

In the last two decades the research interest in amorphous silicon solar cells 

has increased considerably. Although an efficiency of more than 13% for both 

single and multijunction cells have been achieved in laboratory conditions, the 

commercially available modules are still only 7-8% efficient. In this chapter his-

torical account, advantages and disadvantages of various types of solar cells are 

included. 

1.1 Historical developments 

The photovoltaic effect was first discovered in 1839 by a French physicist 

Edmond Bequerel [1]. Fifty years later Charles Fritts, an American inventor, 

was the first to prepare solar cells, which were made of thin wafers of selenium, 

covered by a thin layer of gold. These cells had a very low efficiency; only about 

1%. The first solar cells prepared from crystalline silicon (c-Si) were reported in 

1954. These cells were developed at Bell Laboratories, USA and had an efficiency 

of around 6%. In the next two decades c-Si solar cells were prepared with more 

advanced technology and had efficiency upto 15%. The first significant use of 

solar cells was made in 1958 to provide power for the satellite Vanguard I. These 

solar cells were very reliable but very expensive, which was of course, of little 

concern in any satellite endeavour. Then onward solar cells were mainly used for 

satellites and other space projects, because of their high cost. In the early 70s the 

oil crisis in the Middle East led to serious considerations of using photovoltaic cells 
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as an alternative source of energy. As a result, a significant research effort was 

devoted to the development of solar cells for both: (1) improving their efficiencies 

and (2) reducing their costs. This scientific endeavour resulted in the price drop 

from A$200 per peak watt in 1960 to less than A$20 in the late 70s, which made 

solar cells economical for many more applications, particularly where electricity 

from "mains" power supply was unavailable or too expensive, e.g. powering 

navigational lights at sea. However due to the kind of technology involved in 

producing crystalline solar cells, it is not possible to reduce their cost so much 

that they can be useful for domestic applications. Other alternative technologies 

for producing solar cells had to be invented. 

In 1976 the first amorphous silicon (a-Si:H) solar cells were fabricated by 

Carlson and Wronski at RCA Laboratories, USA [2,3]. The initial efficiency of 

a-Si:H solar cells was found to be 2.4% for a cell of size 5 x io cm2 , and 1.1% 

for larger cells of area 3.5 cm2. In 1979, Kuwano and his coworkers indicated the 

importance of a glass substrate. They put together several sub-cells on a glass 

plate, and, arranging these serially, realised a single chip integrated solar cell. 

Although RCA began the development of solar cells, Sanyo in Japan was the first 

company to market the device. They realised that even quite low efficiency cells 

could power small calculators and watches. In fact the efficiency of a-Si:H solar 

cells is larger under fluorescent light compared to sunlight, so that the calculators 

work well in an office environment. This was the key to successful production of 

a-Si:H solar cells 

Around the same time another material, GaAs, appeared very promising for 

photovoltaic (PV) cells, which are relatively expensive. GaAs solar cells have 

high efficiency and are very reliable, and hence they are primarily used for space 



projects. The first GaAs solar cells were used successfully on a few Russian 

satellites. 

Amorphous silicon can be deposited in the form of thin films rather easily 

and hence more economically. Moreover, as the absorption coefficient of a-Si:H is 

relatively high in the appropriate (visible) spectral range, only a very thin film of 

the material (< 1im) is required to gain the same absorption as a thicker layer 

of crystalline silicon. This is the reason why in the 80s a-Si:H was viewed as 

the "only" suitable thin film PV material. However, by the end of the decade 

and in the early 90s, the view had changed. It was found that amorphous silicon 

cells degrade in their efficiency after exposure to radiation, known as the Staebler 

Wronski effect [4]. Since then, despite the problem of degradation, amorphous 

silicon technology has advanced significantly to achieve the initial efficiency of 

single junction a-Si:H solar cells of more than 13% [5]. 

Now a-Si:H based solar cell technology has become a leading candidate for 

the low cost photovoltaic applications. Another advantage of a-Si:H solar cells is 

that it is possible to fabricate them on different types of substrates. This allows 

one to use a-Si:H solar cells for a wide range of applications, e.g. they can be 

integrated into roof tiles or deposited on flexible plastic films [6]. 

1.2 Objective 

In spite of many recent technological improvements in the thin film deposi-

tion technology and device fabrication, thin film amorphous silicon solar cells pose 

special challenges in understanding their structural, electronic and optical proper-

ties as well as the influence of these properties on their photovoltaic characteris-

tics. For a photovoltaic device, it is very important to study optical and electronic 
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properties of its various layers. Optical properties like reflectance, transmittance 

and absorbance can be studied using the admittance analysis method, which is 

a simple method to apply. In this thesis, extending the work of Zhu [7], the 

admittance method is used to calculate and maximise the absorbance in intrinsic 

layers (i-layers) of thin film amorphous silicon solar cells. 

The absorbance in the i-layer does not only depend on the thickness of the 

i-layer but also on the thicknesses and optical properties of all other layers in 

a device. For instance the photovoltaic performance of a cell depends on the 

thickness of an additional TCO in between n-layer and the rear metal electrode. 

The combined influence of a bottom TCO and the material of rear metal electrode 

on the absorbance in the i-layer is studied to determine the influence of such an 

additional TCO on the photovoltaic performance of a single junction a-SI:H solar 

cell. The objective of the project is also to study the effect of refractive index of 

the glass substrate on performance of the solar cell. 

The design of a solar cell is supposed to be very important prior to its 

fabrication. One of the aims of the thesis is also to create easily applicable models 

for designing a-Si:H solar cells, both single junction and tandem structure for their 

optimal photovoltaic performance. As technological developments in a-Si:H solar 

cells have recently been focusing on tandem solar cells, it is aimed at developing 

models of tandem structures connected in series applying the current matching 

condition. 

In all a-Si:H devices the presence of defects is inevitable, and therefore it is 

very important to have quantitative estimates of the influence of defects on the 

performance of a device. The objective of the thesis is also to take into account 

the influence of dangling bonds (defects) on the collection efficiency of a cell. The 



objective of this part of the project is to study the performance of solar cells as 

a function of the defect density. It is expected that the work of this project will 

provide leading information about performance and stability of a-Si:H solar cells 

prior to their fabrication. 

Most Commercial cells produced nowadays use textured TCO and anti-

reflecting coating to enhance light absorption. Much work has been done in 

studying the textured films and anti-reflection coating [8,9], and therefore these 

topics are not included in this thesis. Although, more works need to be done in 

these areas. Such a study would require extensive theoretical and numerical work 

sufficient to be contents of another thesis. 

1.3 Organisation of the thesis 

In this thesis the admittance analysis method is applied to design a-Si:H 

solar cells, which here onward will be referred to as optical modeling. 

In chapter 2, the review of photovoltaic technologies is provided with special 

focus on a-Si:H solar cells and on a-Si:H material. The chapter deals also with the 

basic principles of a-Si:H solar cells, and with recent progress in the development 

of tandem structure solar cells. 

For calculating the photo-current generated in a solar cell, the first thing one 

needs, is to calculate absorbance in various layers of the device. For calculating 

the optical properties like absorbance, transmittance and reflectance, the admit-

tance analysis method, first applied to solar cells by Zhu [7] is used. The method 

is in detail described in chapter 3. 
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In chapter 4, optical modeling is used to design a single junction solar cell, 

with an additional bottom TCO in between the n-layer and rear metal electrode 

(reflector). The performance of such an innovative design is compared with that 

of the traditional structure p-i-n cells with only top layer of TCO. The dependence 

of the performance on the properties of glass substrate is also described. 

In chapter 5, optical modeling is first applied to design a single junction 

solar cell and then extended to design a tandem of two solar cells connected 

in series. The implementation of the current matching condition in designing 

tandem structure is also described. The method is also extended to design a 

tandem of three solar cells. 

In chapter 6, the design of a tandem of two cells is presented using the 

formulas for light and dark currents to incorporate the influence of defects, and 

current matching condition. The photovoltaic characteristics of tandem cells are 

calculated to determine their optimal design. 

In chapter 7, the collection efficiency, which takes into account the recom-

bination of charge carrier on defects present in a-Si:H, is derived. Using the 

collection efficiency thus derived, the short circuit current, (J8),  in a single junc-

tion cell is calculated as a function of the defect density, which determine s the 

optimal thickness of the i-layer. The photovoltaic characteristics of such an op-

timal design of a single junction cell is studied. The method is then extended to 

design a tandem of two cells using the current matching condition. 

In chapter 8, a new approach for calculating the collection efficiency is de-

veloped. Instead of assuming a constant generation rate of the photo-carriers in 

the i-layer, the absorption profile of the i-layer is obtained, which is then used 

in calculating the collection efficiency. The collection is then used to study the 

short circuit current, (J8),  in a similar way as done in chapter 7. 

Concluding results obtained from this study are presented in chapter 9. 
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II. SOLAR CELLS AND AMORPHOUS SILICON 

In this chapter, general features of solar cells and their materials are re-

viewed. Although properties of various types of solar cells are mentioned for 

comparison, the main focus of this review is on amorphous silicon (a-Si:H) solar 

cells. Amorphous silicon is a major solar cell material, and represent the fastest 

growing segment of the photovoltaic market. 

2.1 Types of solar cells 

Many types of solar cells have been developed since the first cell was prepared 

in 1954, which was made of crystalline silicon (c-Si). A brief account of some of 

the popular solar cells is given below. 

2.1.1 Crystalline silicon solar cells 

One of the most popular solar cells used in the commercial arrays are es-

sentially p-n junction made from crystalline silicon (c-Si). These cells exhibit an 

efficiency of more than 20% and are very stable. However the processes of grow-

ing and cutting c-Si are quite expensive. Usually c-Si is grown using Czochralski 

method, which is a high electricity consumption process. In this process a high 

purity polycrystalline silicon is melted and a monocrystal is pulled out from the 

melt. For fabricating a p-n junction, the starting material is usually a p-type. 

During the crystal growth a small amount of boron is incorporated into the 
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crystal lattice. This way one gets long cylinder shape ingots from which silicon 

wafers 300 im thick are then cut and polished. In order to make the top of 

such wafers n-type, more phosphorus atoms are incorporated into the top layer 

of the wafer than there are boron atoms. To accomplish this, these days there 

are two processes commonly used: 1) diffusion method and 2) ion implantation. 

In the diffusion process, wafers are placed in a diffusion furnace and heated to a 

high temperature in the presence of phosphine gas. The phosphorus atoms from 

phosphine that strike the surface diffuse slowly into the bulk of the material and 

form n-type layer. In ion implantation method, an ion implanter shoots mdi-

vidual ions at the surface of the wafer. The depth to which the ions penetrate 

can be controlled by changing the speed at which the ions hit the surface, so 

the thickness and doping characteristics of the top layer of the cell can be con-

trolled. As in the ion implantation the energy of ions can be controlled precisely, 

this method can provide any desirable level of doping concentration and profile. 

Once p-n junction is thus formed, electrodes are then attached through thermal 

evaporation of a metal through a mask or photo-resist, and then a thicker metal 

layer is electroplated on top. Thus fabricated wafers are finally coated with anti 

reflection films by vacuum evaporation or sputtering [1]. 

The efficiency of crystalline cells fabricated as described above, has been 

rapidly growing since 80s. In 1984 the research team at the University of New 

South Wales (UNSW), Australia fabricated 19% efficient solar cells which was the 

world record at that time in this category. UNSW still holds the world record 

in fabricating the most efficient c-Si solar cells with 24% efficiency [2]. Despite 

the high efficiency c-Si solar cells are very costly to produce and the fabricating 

process is energy intensive, compared with the other types of silicon solar cells. 
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2.1.2 Polycrystalline silicon solar cells 

Another popular type of silicon solar cells are polycrystalline silicon cells. 

Molten silicon is poured into a square shaped crucible at the bottom of which 

is a seed crystal. Heat is released from the underside of the crucible to cool it 

down. This casting method is known as the "Heat Exchange Method" (HEM) 

and produces ingots 95% monocrystalline silicon [3]. The polycrystalline ingot 

is then cut. However a significant amount of silicon gets wasted in the cutting 

process. In order to avoid such wastage, an alternative process is to pull out 

silicon ribbons directly from the molten state instead of first solidifying and then 

cutting it. The cells produced in this way are cheaper, but have lower efficiency 

of about 12-15%. 

SHARP Corporation has recently developed a new photovoltaic system for 

residential use. The system uses so called unidirectional solidification of melt sili-

con. The technology yields crystal grains of diameters as much as 30 times larger 

than conventional technologies. Uniformity of the crystal orientation also has 

been increased. The efficiency of the cells produced by this technology is rivaling 

that of single crystal silicon solar cells, with a maximum conversion efficiency 

15.3%, averaging 15%. The price of the photovoltaic system giving maximal 

power output 3.1kW with a DC/AC converter is around 2,850,000 Y per watt [4]. 

This is about US$21,321 or AU$32,430*. 

* According to 1U5$=133.67 and 1AU$=87.88. This exchange rate was published by that The 
Bank of Montreal's Treasury Group and printed in Canada's National Newspaper, The Globe 
and Mail on 3th  of April 1998. These are mid-market rates. 
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2.1.3 GaAs Solar Cells 

Theoretical analysis of the performance of various semiconductor materials, 

under ideal condition, indicates that GaAs solar cells should exhibit the highest 

efficiency, and indeed the efficiency of GaAs solar cells has reached over 25% (for 

multij unction cells) [5]. 

However these cells are very expensive, therefore they are used mainly for 

space applications. GaAs is inherently more radiation and heat resistant than 

c-Si and is therefore the better choice for solar cells intended for use in space, 

where reliable and stable output over months or years is an essential requirement. 

For terrestrial application of solar cells, cost is an important consideration, 

and a strategy for keeping power generation costs low in spite of high solar cell 

costs is that of incorporating a light concentration system. High light concen-

tration factors can cause the cell temperature to become excessive, and forced 

cooling becomes essential. However GaAs is particularly heat resistant and even 

at a concentration ratio of lOOx, a conversion efficiency of better than 25% can 

be achieved. Although GaAs is clearly a superior material, particularly where 

the efficiency enhancement is concerned, there is little prospect of it replacing Si 

completely because Ga resources are limited. 

2.1.4 Thin film solar cells 

These are several types of thin film solar cells currently being fabricated. 

Some of them are described below. 
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2.1.4. a Amorphous silicon solar cells 

The first thin film solar cells developed were made of a-Si:H. Amorphous sili-

con, unlike crystalline silicon does not have a regular crystal structure and can be 

produced in a series of automated steps. Therefore, the production is easier and 

cheaper. However as the thin film deposition is usually done in vacuum chambers, 

the process of deposition is rather slow. Although it is not considered to be a 

serious problem at present, because of the cost effectiveness, future concerns may 

not be ruled out. The conventional glow discharge method is still to be optimised 

to give the fastest possible rate of deposition without losing the quality of the 

film. Recently a new technique of the deposition of a-Si:H, called hot wire (HW) 

deposition technique, has been developed, which is expected to be 10 times or 

more faster than the existing glow discharge method. 

Although a-Si:H solar cells are less efficient, it is not the lower efficiency that 

is of a major concern at present. As mentioned above, the initial efficiency of 

a-Si:H solar cells degrades when they are exposed to solar radiation. This degra-

dation problem, commonly known as the Staebler Wronski effect [6], is one of the 

main reasons for researchers to drift away from a-Si:H solar cells. In spite of the 

various advances in the deposition technology of a-Si:H, two problems still remain 

unsolved: 1)10w efficiency and 2) degradation or instability. Both problems are 

regarded as the intrinsic properties of amorphous silicon. However amorphous 

silicon technology has made a good progress by developing very sophisticated 

solutions to many of problems. 

Some of the problems have been tackled at least partially, by developing 

multi-junction a-Si:H solar cells. The multi-junction cells are fabricated by stack-

ing two or more p-i-n cells one on the top of the other one and connecting them 
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in series. The top cell has an intrinsic layer of a wider energy band gap, whereas 

the lower cells have narrower band gaps. Thus the incident photons which do not 

get absorbed in the top cell can get absorbed in the lower cells. This is called 

spectrum splitting feature of a tandem or multi-junction cell. In these cells the 

degradation problem gets suppressed to a certain extent, and because of the spec-

trum splitting mechanism, the conversion efficiency is enhanced. A tandem of up 

to three cells, has been fabricated with an efficiency of up to 13% [7]. Therefore, 

nowadays focus is on using multi-junction designs to make more efficient and 

stable modules. United Solar System Corporation manufactures triple junction 

solar cells. The cells are manufactured in an unique continuous roll-to-roll depo-

sition processes. Each of the nine thin-film semiconductor layers (p, i, and n in 

each cell) that comprise the cell is sequentially deposited in separate dynamically 

isolated, plasma enhanced chemical vapour deposition (PECVD) chambers, as 

the stainless steel substrate progress through the chambers. The United Solar 

is able to produce 5 MW of a-Si:H solar cells per annum. In addition, Amoco's 

Solarex thin film division, a pioneer in a-Si:H technology, has established a joint 

venture with Enron Corporation of Houston, Texas to build a 10 MW thin film 

PV-module manufacturing facility, which has been in operation since 1997. 

The focus of near term research in a-Si:H technology is on improving the 

stabilised cell efficiency, either by improving the quality of the multi-junction 

designs or by the development of a new a-Si:H technology to produce more stable 

a-Si:H solar cells. As mentioned above, one of such recently discovered techniques 

is the hot wire deposition method, although the hot wire deposition method does 

not produce more stable cells or higher efficiency cells, but appears to be more 

versatile and could allow higher deposition rates without loss of quality. 
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There are other reasons for the popularity of amorphous silicon; firstly, there 

is an established a-Si:H industry that commands more than 5% of the PV market. 

The production capacity has increased substantially in the last decade and it is 

still growing. The industry has achieved an exceptionally high manufacturing 

yield. Secondly, the success in producing large area modules has already been 

demonstrated with 3700 cm2  (4 ft2 ) monolithic solar cells on steel substrates 

and 1.16 m2  (12.5 ft2 ) on glass substrates. Finally, there is still potential for 

improvement, because theoretically predicted efficiency is over 15%. It is a great 

challenge to achieve this, and it would require the usage of the maximum fraction 

of the solar spectrum. For this purpose tandem of two or three cells must be 

used with the top and bottom cells usually incorporating alloy materials such 

as amorphous silicon carbide (a-SiC:H) and amorphous silicon germanium (a-

SiGe:H), respectively. 

The future of thin film technology looks quite bright. Despite serious oh-

stacles, amorphous silicon has established itself as a viable competitor for wafer 

based crystalline silicon devices. Once established in the marketplace, amorphous 

silicon is likely to make a good progress and could even come to dominate the 

world PV market. 

2.1.4.1) Cadmium Telluride (CdTe) solar cells 

The thin film technology next closest to commercialisation is based on cad-

mitim telluride (CdTe). Two US companies Golden Photon Inc. and Solar Cells 

Inc. have announced the establishment of their manufacturing plant, and also 

BP Solar has started a new facility in California. The CdTe cells' efficiency is rel-

atively high and has reached over 15% in the laboratory, but commercial modules 
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have much lower efficiency, usually in the range of 6-8%. The problem with CdTe 

cells is somewhat different than that with a-Si:H solar cells, primarily because 

the technology of producing CdTe cells is not yet matured. Although the CdTe 

technology is still at the building stage, its low capital cost seems to be of a great 

advantage. However, many of these potential advantages are yet to be tested in 

the actual manufacturing process. 

One of the major problems is that CdTe modules are much less efficient in 

comparison with CdTe cells. In fact there are very few groups who are able to 

produce CdTe cells with an efficiency of 15% of higher. One of such groups is at 

the University of South Florida. 

Two other problem areas are of concern: stability and cadmium. Many CdTe 

cells and modules have been made with good stability but many more with poor 

stability. This shows that stability can be achieved but because many devices 

are unstable it deserves better understanding of the whole process. Another 

issue is cadmium; very little cadmium is used in CdTe modules, but enough to 

be of concern to health officials and policy makers. It is yet unknown whether 

commercial CdTe modules will be classified as hazardous waste. In summary: 

although a concern exists about cadmium in CdTe modules, it is viewed as a 

manageable problem, especially because of its lower cost. 

In conclusion, cadmium telluride technology has to solve the stability prob-

lem and must raise efficiency of modules close to that attained by the best cells. 

If these problems can be eradicated over the next 10 years, CdTe technology 

has a very good chance of achieving the long-term goal in cost, performance and 

stability as required by consumers{8]. 
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2.1.4.c Copper Indium Diselenide (CIS) solar cells 

Copper indium diselenide (CIS) thin film cells have reached almost 18% ef-

ficiency in the laboratory conditions. This means that the best CIS cells are 

approaching the best efficiency of polycrystalline silicon cells. This is a strong 

proof that thin films can perform well. However, as CIS cells are new and tech-

nology is not matured, their mass production is still at a preliminary stage. 

In 1988, ARCO Solar (now Siemens Solar) made 1 ft2  (900 cm2) module of 

CIS cells with efficiency of 11%. Now, ten years later it still belongs among the 

most efficient thin film modules. One of the problems with CIS cells is that they 

are complex in structure and therefore their manufacturing is more difficult. Cells 

are fabricated by several relatively slow vacuum processes. The manufacturing 

of CIS cells is seen as being on the costly side among the thin films. However, 

CIS cells are relatively more stable even in outdoor conditions. In the long term, 

therefore, the technology looks as promising as any other thin film technology. 

It is also likely that the existing manufacturing problems will be resolved in the 

near future. 

2.1.4.d Graetzel cells 

A Swiss scientist, Michael Graetzel is known for discovering an electrochem-

ical device sometimes called Graetzel cell, which is possibly the most elegant 

and simple PV device. It was also one of the few really unique and promising 

technologies to emerge as a viable PV competitor over the last decade. Using 

titanium dioxide and a long lasting dye, a thin film cell is made that has been 

reported to have a reasonably high (11%) efficiency. Initial commercialisation 

of these cells began by Sustainable Technologies Australia (STA), Queanbeyan. 
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These cells perform very well under non-ideal light conditions. STA are able to 

fabricate cells with efficiency of 8-11% in small devices (area less than 1 cm2 ) and 

5-6% in 100 cm2  modules [9]. Achieving higher efficiencies, with stability, and 

demonstrating low cost in the actual manufacturing process are barriers that are 

familiar to all thin film solar cells, including Graetzel cells. 

2.2 Properties of a-Si:H material 

Amorphous silicon (without hydrogen) has been known since the early 60's, 

but because of many structural defects and high density of dangling bonds it was 

not considered earlier as an useful material for electronic devices. It was then 

prepared mainly by sputtering or thermal evaporation. The presence of large 

number of defects in the material prevented its doping, reduced its photoconduc-

tivity and other desirable characteristics of a useful semiconductor material. In 

1969 Chittick e. al. in the UK first produced hydrogenated amorphous silicon 

through glow discharge in silane (SiB4) [10]. The hydrogenation of pure a-Si 

saturates many of the dangling bonds and makes it a more suitable fabrication 

material for semiconductor devices. It has now been established that a-Si:H has 

high absorption coefficient and good electrical transport properties with a fairly 

high carrier mobility resulting from the low defect density. Hydrogen in a-Si does 

not only fill the localised states, but also it relaxes the local strains and preserves 

the short range order in the material. In 1975 Spear and LeComber reported 

that a-Si:H prepared by the glow discharge can be n- and p- doped by adding 

phosphine and diborane, respectively, into silane during the glow discharge de-

position [11]. The subsequent years saw a period of rapidly increasing research 

interests in amorphous silicon grown from glow discharge. 
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The presence of disorder in the structure of a-Si:H is the main feature which 

distinguishes it from crystalline material. Therefore, a-Si:H lacks translational 

symmetry, which is a central concept to the theory of crystalline serniconduc-

tors. The energy band structure of crystalline solid is derived using the Bloch's 

theorem, which is a direct consequence of the periodicity. 

From the word amorphous, one gets the impression that Si atoms must be 

located randomly in a-Si:H structure. However this is not true, because in a solid, 

individual Si atoms must be linked covalently with the other nearby atoms. The 

number of bonds (coordination number), the bond angles, bond lengths etc. of 

a-Si:H are known to be similar to those of crystalline Si. However, over several 

tens of atoms, periodicity is not preserved in a-Si:H, which is commonly expressed 

as: "Amorphous Si has only the short range periodicity, but long range regularity 

is not preserved." 

Crystal Amorphous material 
(a) (b) 

 

thnation 

Interstitial 

 

Fig. 2.1 An illustration of different types of simple defects in (a) crystalline and 
(b) amorphous network 

Both real crystals and amorphous solids have defects, but the defects are 

different—see Fig. 2.1. The crystal contains defects such as vacancies, interstitials 
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Fig. 2.2 Schematic density of states for an amorphous semiconductor showing 
the bands, the band tails and the defect states in the bandgap. The 
dashed curves are the equivalent density of states in a crystal. 

and dislocations. The continuous network of amorphous material also contains 

defects, but the definition of a defect has to be modified. Any atom which is 

out of place in a crystal is a defect - the simplest of these defects are vacancies 

and interstitials. The only specific structural feature of a random network is 

the coordination of an atom to its neighbours. Thus the elementary defect of an 

amorphous semiconductor is the coordination defect, when an atom has too many 

or too few bonds. The ability of the disordered network to adapt to any atomic 

coordination allows an isolated coordination defect, which is not possible in a 

crystal. This structural difference in amorphous material from crystals results 

in different electronic properties. The absence of an ordered atomic structure in 

amorphous semiconductors necessitates a different theoretical approach. 

Although a-Si:H has a short range regularity, it is nevertheless in amorphous 

state, which means that it has slight fluctuations in the Si-Si bond lengths and 

bond angles. The result of this is that the forbidden bandgap is slightly different 

at different points within the material. However, viewing this from outside of 

an amorphous network, the result is that the energy band tails off at its edges. 

Consequently, the extent of the forbidden bandgap can not be determined in the 

same way as in the case of crystalline silicon. 
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The abrupt band edges in a crystalline material are replaced by a broadened 

band tails at the edges extending into the forbidden gap in amorphous silicon 

as shown in Fig. 2.2, which originate from the deviation of the bond lengths 

and mainly angles from those corresponding to the translationally symmetry of 

crystals. The band tails are the most important features of amorphous semicon-

ductors because the electronic transport occurs at the band edges. In addition 

to the band tails, electronic states deep within the band gap arise because of 

the coordination defects i.e. presence of (langling bonds. These defect states act 

as trapping and reconibination centers and hence influence the carrier transport 

properties of a-Si:H. Thus the electronic structure of an amorphous semiconduc-

tor comprises the bands, the band tails of valence and conduction bands and the 

defect states in the gap. 

From the optical point of view, the lack of long range order makes a-Si:H 

more efficient absorber of light than a crystalline solid of the same thickness. The 

structural differences between the amorphous and crystalline materials are such 

that a-Si:H has a melting temperature about 250 K lower than c-Si, which melts 

at 1693 K. 

Thermodynamically a-Si:H is in a quasi-equilibrium state, as compared to 

crystalline silicon (c-Si), which is in a state of complete thermal equilibrium. An 

electronic excitation, caused by light illumination (photons) creates some rever-

sible structural changes of a-Si:H, which gives rise to metastable defect states. 

These states are also called the light induced metastable defect states (LIMD) and 

cause electronic devices (solar cells, transistors, sensors etc.) made of a-Si:H suffer 

from degradation when in operation. These metastable states can be reversed by 

annealing which is simply restoration of thermal equilibrium which was disturbed 
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by external excitation. The activation energy of a purely thermal process is EB, 

which is about 1 eV in a-Si:H and is associated with hydrogen motion. An external 

excitation provides a non-thermal source of energy to overcome the barrier the 

non-radiative recombination of excess carriers is often identified as the energy 

source. The recombination enhanced reaction rate has a lower activation energy 

of EB - ET , where E is energy provided by recombination. 

Barrier 

Configuration 

Fig. 2.3 Configurational coordinate diagram of the equilibrium between two 
states separated by a potential energy barrier. 

A good example of light induced defects is the reduction of the solar cell ef-

ficiency after prolonged illumination, which was first discovered by Staebler and 

Wronski [6]. They observed a decrease in the photo conductivity during illumi-

nation and a drop in the dark conductivity after illumination, and suggested that 

the both observations were due to creation of additional localised gap states. It is 

now established that LIMDs are the additional dangling bonds [12], created from 

light soaking. The rnetastable defect creation may be described by the potential 

barrier well model—see Fig. 2.3. The lower energy well may represent the fully 

coordinate network, and the higher energy well, a dangling bond defect. The 

energy difference Ud is the defect formation energy. The barrier EB is overcome 
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by recombination energy from the excited carriers, rather than thermally. The 

kinetics of defect creation, therefore, gives information about how the light ex-

citation creates defects, and how thermal annealing brings back the equilibrium 

state.Defects are created by the recombination of photo excited carriers, rather 

than by the optical absorption. The evidence for this is that defect creation 

also resrlts from charge injection without illumination and that defect creation 

by illumination is suppressed by a reverse bias across the sample which removes 

the excess carriers [13]. The defect creation is a self limiting process.As the de-

fect density increases, additional recombination occurs through the new states 

reducing the concentration of band edge carriers, which suppresses the creation 

mechanism. In the two well description of Fig. 2.3, excitation over the barrier in 

either direction can, in principle, be thermal or by an external excitation. The 

Staebler-Wronski effect corresponds to an external excitation over the barrier 

from the ground to excited state induced by carrier recombination, and its an-

nealing is thermal excitation in the reverse direction. The thermal equilibrium 

state occurs when illumination is kept on for a long enough time, so the forward 

and reverse processes balance and a steady state is reached. 

2.3 Structure of a-Si:H solar cells 

A schematic diagram of a conventional a-Si:H solar cell is shown in Fig. 2.4. 

It consists of 5 layers deposited on a substrate, which is usually glass, but it can 

also be other materials like silver (Ag), aluminium (Al), stainless steel or even 

plastic. First a thin film of transparent conductive oxide (TCO) is deposited on 

a glass substrate. The second thin film is of a-Si:H doped with boron to make 
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it a p-type semiconductor. This layer is 

followed by the deposition of an intrin-

sic layer (i-layer) of a-Si:H. The fourth 

layer is n-type silicon; a-Si:H doped with 

phosphorous and the fifth layer is the 

rear metal electrode, which is usually Ag 

or Al or combination of both. 

2.3.1 TCO layer 

glass 

TCO 
p 

n 
metal contact 

Fig. 2.4 Structure of an 
a-Si:H single junction solar cell 

The TCO acts as one of the dcc- 

trodes of the cell, and also its purpose is to allow maximum transmission of the 

solar radiation to reach the p-layer. Therefore an ideal TCO should have optimal 

both electrical and optical properties. Ideally it should be highly conductive with 

very low series resistance and also highly transparent because any light absorbed 

in TCO does not contribute to the electrical output. It should also allow least 

reflection of solar radiation from both glass/TCO and TCO/p-layer interfaces. A 

suitable choice of the refractive index of the TCO material can minimize the re-

flection from the both interfaces. TCO should be able to make an ohmic contact 

with the p-layer with the least possible resistance of the contact. 

Several materials have been successfully used as TCO. A very popular choice 

is indium tin oxide (ITO), but other materials like fluorine doped tin dioxide 

(Sn02:F), aluminium or boron doped zinc dioxide (Zn02:A1, Zn02:B), and alu-

miniiim doped titanium dioxide (Ti02:A1) are also used. TCO layer can be 

smooth planar or textured. Usually the former is an amorphous thin film layer 

and latter is a micro-crystalline structure. An ITO layer can be deposited through 

tliernial evaporation in vacuum, in practice it is usually RF sputtered. 
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2.3.2 p-layer 

This layer consist of a-Si:H doped with boron. It is expected that p-layer is 

non-absorbing, and for this purpose the material of this layer should have a wider 

energy band gap and the layer should be very thin. This is one of the reasons 

that a p-layer is also sometimes referred as the window of a cell. For widening the 

optical energy band gap one usually alloys a-Si:H with carbon to form a-SiC:H. 

Carbon increases the energy gap and thus makes the layer more transparent. 

A popular method of depositing a-Si:H layers is the glow discharge technique. 

For depositing the p-layer, silane (SiB4 ) gas is mixed with methane (CH4) and 

diborane (133  H6 ) in the presence of a radio frequency (RF) discharge in a vacuum 

chamber at pressure in the range of 13-133 Pa (0.1-1 Torr) [3]. 

2.3.3 i-layer 

As far as the photovoltaic performance is concerned, an 1-layer is the most 

important layer of a-Si:H solar cells, if more solar photons are absorbed in this 

layer, better the performance of a cell could be. It is this layer in which solar 

photons are absorbed to create charge carriers (electron—hole pairs) responsible 

for generating current in a cell. The layer is deposited using silane and hydrogen 

gases in the presence of a RF glow discharge. For maximising the absorption, 

this layer is usually thicker than all other layers. However, as optimising of the 

performance of a cell is one of the main objectives of this thesis, much more will 

be described on the design of a-Si:H solar cells in the later chapters. 
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2.3.4 n-layer 

The n-layer is the last a-Si:H layer of a cell, and it is doped with phosphorus. 

This layer is primarily used to create a built-in-field in conjunction with the p-

layer. Another function of the n-layer is that it has to transmit the unabsorbed 

photons in the i-layer to the rear metal layer, to be reflected back into the i-layer. 

For this purpose the n-layer should have the least absorption of photon and hence 

should not be thick. Sometimes the n-layer is made of micro-crystalline silicon 

to achieve high mobility and lower optical absorption. 

2.3.5 Rear metal contact 

The metal layer is deposited, after depositing the n-layer, as the back elec-

trode which also acts as a reflecting mirror for unabsorbed photon in the i-layer. 

Aluminium (Al) and silver (Ag) are frequently used for the rear metal electrode. 

Aluminium is cheap but its reflectivity is much lower than the reflectivity of silver. 

However silver can get oxidized easily, which makes it less stable. Therefore quite 

often a combined layer of Ag/Al is used so that silver gives the high reflectivity 

and aluminium protects silver from oxidizing. The metal electrodes are deposited 

using thermal evaporation or sputtering in vacuum. 

2.4 Principle of operation of a-Si:H solar cells 

Incident photons on TCO get transmitted to the p-, i- and n- layers, where 

they get absorbed. An absorbed photon with energy at least equal to the energy 

of the optical band gap can excite an electron from the valence to conduction 
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band and thus create a free electron - hole pair. Carriers generated in the p- and 

n- layers do not contribute to the photovoltaic performance of a cell. However 

the charge carriers generated by photons absorbed in the i-layer, get driven apart 

by the built-in electric field provided by the p- and n-layers, and get collected 

at their respective electrodes; holes go to the p-side and electrons to the n-side. 

Thus a solar cell, if connected to a load during illumination can supply electricity. 

The p- and n- layers should be relatively highly doped to get the Fermi 

energy level near the valence band in the p-layer and near the conduction band 

in the n-layer. This provides a high concentration of charge carriers and ensures 

a high open circuit voltage (V0 ) of a cell. As the p- and n-layers are highly 

doped, they contain many recombination centers for the photogenerated charge 

carriers. This means that the photo-generated carriers in the p- and n- layer get 

recombined, which makes these layers photovoltaic inactive layers. They mainly 

act as electrical load and reduce the number of photons which should be absorbed 

in the i-layer. 

The most important parameter defining the quality of a solar cell is its con-

version efficiency. The conversion efficiency is defined as the ratio of electrical 

output power to the optical input power. Since the output power is load de-

pendent, the maximum power point (with optimized load) of output is always 

used for determining the conversion efficiency. The efficiency also depends on the 

spectrum of illuminating light. However for standard laboratory measurement 

Air mass one and one half (AM1.5) with intensity 100 mW/cm2  is usually used. 

The air mass value m is defined as the path length of radiation through the at-

inosphere considering the vertical path at sea level as unity. m. = 1/ cos(z) where 

z is the zenith angle (angle between a vertical line and the sun direction). 
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Fig. 2.5 Typical V-I characteristic of an a-Si:H solar cell. 

Figure 2.5 shows a typical voltage-current characteristic of an a-Si:H solar cell 

under illumination. This characteristic is usually represented by several external 

parameters: The short circuit current I or short circuit current density J, 

(J J(v=o)), the open circuit voltage V0 , (V0  = the maximum power 

point is the point where the product of J = Jmax and V = Vmar  is maximal 

(PlnaT  = rnax(—V x J)), and the fill factor (FF = Such characteristics 

are often obtained from measurement under standard illumination conditions. 

The solar cell efficiencyrl is defined as the ratio of the electrical maximum output 

power over the optical radiation (17 = Pmax /Pj). 

2.5 Role of energy gap in solar cells 

The wavelength of solar radiation lies in the range of 200 urn to several tim. 

An incident solar photon of energy Jw greater than the energy of the optical 

gap Eg , can get absorbed by exciting an electron from the valence band to the 

conduction band and leaving an excited hole behind in the valence band. Such 

excited electrons relax immediately to the edge of the conduction band and the 
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Fig. 2.6 Relationship between the energy bandgap of semiconductors and con-
version efficiency of solar cells. (maximal theoretical value) 

excess energy is lost in the a-Si:H network in the form of heat. To minimise this 

loss a wide E. is required, because then the energy of higher energy photons will 

be utilised better in the photovoltaic effect. Also as the open circuit voltage, 

V0 , of a cell is related to the energy gap Eg , the choice of higher energy gap 

automatically gives a higher V0 . Thus on the one hand, with the wider energy 

gap, the photons of energy < Eg  cannot get absorbed, which will reduce the 

photogenerated current. On the other hand if the energy gap is narrow, more 

photons will be absorbed to give higher photogenerated current, but this will 

reduce V0 . As the performance of a cell depends on the product of V0  and 

J8  (short circuit current), which is related to the photogenerated current, and 

optimal value of E. is desired to get the optimal performance. The optimal 



energy gap for a single junction cell operating at AM1.O is found to be 1.5 eV 

[14] as shown in Fig. 2.6. However it is to be noted that the optimal value of Eg  

depends on the spectral profile of the used radiation. From Fig. 1.6 it can be seen 

that the usual energy gap of a-Si:H is about 1.7 eV which makes it reasonably 

suitable material for fabricating solar cells. 

As stated above, photons of energy less than 1.7 eV will not be absorbed by 

a-Si:H single junction cells. The loss of these photons can be avoided by using 

the technique of spectrum splitting, where two or more cells with different energy 

gaps are stacked, one on the top of the other, in such a way that the top cell 

facing the incident radiation has the widest energy gap and the bottom one has 

the narrowest band gap. By doing so the higher energy photons hw > Eg1 , are 

absorbed in the top cell, from the left over photons of energy > E92  are absorbed 

in the second cell and so on. A solar cell fabricated in this way is called a tandem 

or multijunction solar cell, which utilizes the solar radiation more efficiently, and 

hence such cells have better photovoltaic performance, as described below. 

2.6 Tandem solar cells 

The important feature that needs to be considered in fabricating a tandem 

structure solar cell is the choice of materials and their energy gaps. As far as the 

material is concerned amorphous silicon is very suitable to use, because it can 

be easily alloyed to get different energy band gaps, and different alloys can be 

combined together without any constraint imposed on the lattice matching. The 

roost commonly used tandem cells consist of two cells, one stacked on the top of 

the other and connected in series. 
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Fan et al. [14] have calculated the 

optimal combination of band gaps for a 

tandem of two cells connected in series. 

The optimal band gaps thus obtained are 

1.85 eV for the top cell and 1.35 eV for 

the bottom cell. The result of Fan's work 

are shown in Fig. 2.8. Such band gaps 

may be achieved by alloying a-Si:H with 

carbon (a-SiC:H) for the top cell and with 

germanium (a-SiGe:H) for the bottom cell 

in appropriate ratios. The advantage of a-Si:H tandem cells is not only that they 

are more efficient than single-junction cells, but also they are more stable. In 

the case of single-junction a-Si:H solar cell modules, with the initial efficiency 

around 7%, the degradation is about 20-40% after a few months of exposure to 

sunlight and then the performance levels off at an efficiency of about 4-5% [15]. 

With multijunction structures, the light-induced degradation can be reduced to 

less than 10%, and stabilised conversion efficiencies of about 10% have been 

demonstrated in the laboratory [16]. 

This is because the top cell is usually quite thin (of the order of 100 nrn 

or less), which is expected to be relatively more stable in comparison with the 

thicker i-layer as used in a single junction cell. This stability is due to the fact 

that thinner films have the stronger electric field which sweeps away the photo-

generated carriers before they get trapped at metastable defects via trapping or 

recombination centers - 
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tandem structure at 300K for AM1 

Another factor that contributes to the relative stability of a-Si:H based multi-

junction solar cells is that the bottom cell contains an i-layer of a-SiGe:H alloy, 

which exhibits very little light-induced degradation if the germanium content is 

greater than about 30% (or when the optical gap is less than about 1.5 eV). There-

fore tandem cells have improved stability for a niulti junction cells as compared 

to single-junction cells. 

Moreover, theoretical analysis indicates that there are considerable differ-

ences in the conversion efficiency between single and tandem solar cells. In lab-

oratory condition conversion efficiency of tandem solar cells reaches over 13% 

[17-18], whereas the commercial multijunction a-Si:H modules can be manufac-

tured with efficiency only about 7-9%. In spite of this low module efficiency 
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several companies (e.g. Solarex and United Solar System Corp.) plan to build 

10MW facilities in the near future. 
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III.ADMITTANCE ANALYSIS METHOD 

Optical admittance analysis method allows one to calculate the optical pro-

perties of any multilayer structure. Thin film solar cells consist of a few thin 

layers. In order to enhance the photovoltaic performance of a multilayer struc-

ture device, like for example a-Si:H solar cells, one has to increase absorbance in 

some layers and minimise it in the others as well as minimise reflectance from 

the top of the i-layer. Accordingly in a-Si:H solar cells we want to maximise 

absorbance in the i-layer and minimise in the other layers. One can calculate 

reflectance, transmittance and absorbance of any multilayer system using the 

admittance analysis method, which requires complex refractive indexes of all its 

layers. As the complex refractive index depends on the wavelength (A) of the 

incident radiation, the reflectance, transmittance and absorbance calculated in 

this way also depend on A. In addition, these optical properties depend on the 

thicknesses of all the layers in a structure as well. In optical admittance analysis 

method, one calculates the admittance of a multilayer structure as a function 

of the wavelength of incident radiation. The reflectance, transmittance and ab-

sorbance of the structure can then be expressed as function of the admittance. 

One can then vary thicknesses of various layers and study how does it influence 

absorbance in particular layer. It is established [1] that the admittance analysis 

approach for a multilayer structure is more appropriate than the multiple-wave 

technique approach. In this chapter the theory of admittance analysis method as 

it applies to multilayer devices is described. 
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3.1 Theory 

During the propagation of an electro-magnetic wave through a medium, the 

electric field, E, magnetic field, H, and unit vector, W, in the direction of propa-

gation are perpendicular to each other and form a right handed set and they are 

related by the following equation [2]: 

(3.1) 

where y defines admittance of the medium. 

light 

incident riedlurn 
01 

boundary o. 

NI I d actual, thickness 
of the fiLr 

boundary k, 

I (substrate) 

( Normal to the f Km boundaries ) 

Fig. 3.1 Schematic diagram of plane wave incident on a thin film 

For studying the optical properties of a thin film deposited on a substrate, 

one can consider it as a system consisting of two boundaries (a,b) and three 

media (incident, film and substrate). Using the boundary condition that the 

magnitude of the tangential components of electric (E) and magnetic () fields 

must be continuous across the boundaries, relationship between electric (Ea , Eb) 
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and magnetic field components (Ha , fib)  at the boundaries (a, b) can be expressed 

in a matrix representation as [2]: 

(Ea\ ( cos6 isin6 
Yi )() fia) \ iy1 5in6 co56 \Hb 

(3.2) 

where Yl  is the admittance of the film, and 6 is the angular phase difference 

expressed as: 

6 = NcosO (3.3) 

Here 0 is the angle of refraction at the boundary a (for normal incidence 0 is equal 

zero), d is film thickness, N is the complex refractive index N = P,  - ik, where P. 

is refractive index and k extinction coefficient, of the film. Eq. (3.2) enables one 

to express the tangential components of E and H at the incident boundary, a, 

as a function of those at the substrate boundary, b. If we denote as the effective 

optical admittance of the assembly, consisting of the incident medium, thin film 

and substrate by Yeff,  we can write: 

fla 
Ye!! = . (3.4) 

a 

Using Eq.(3.4), one can wite Eq.(3.2) as: 

Ea ( 1  ) ( cosö isinó 
yl 
 )(i) 

Yeff iy1 sin6 cos6 Y2 
' (3.5) 

where Y2  is the admittance of the substrate (fib = y24). which can be expressed 

as: 

Ys = N5 y° [Siemens] , (3.6) 

where N3  is complex refractive index of the substrate and y°  = Siemens is 

the admittance of the vacuum. In general admittance y of a layer can be express 

as: 

Y = Ny° , (3.7) 
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where N is the complex refractive index of the layer. Eq.(3.5) can also be written 

as: 

(B) ( cos 6 sin S 
yl 

 ) iy i sinö cos6 (2) 
(3.8) 

where B and C are functions of E and H. The matrix in Eq.(3.8) is known as 

the characteristic matrix of the assembly. From Eq.(3.8) one can determine Yeff 

as: 

Yef f 
C 

(3.9) 

The above theory can easily be extended to a multilayer system, consisting 

of rn. layers deposited on a substrate and then the corresponding characteristic 

matrix equation can be written as 

(B )
C i yj  sin Cos 

Cos 6 - L~ ) .7 Yj;] Qs) 
' (3.10) 

where j = 1,... , rn. denotes the layers and 6J  and yJ  are the corresponding angular 

phase difference and admittance, respectively. 

A solar cell can be characterised by complex refractive indexes N = ri- - ik 

of its individual layers and their thicknesses d, and usually both ri and k are 

function of wavelength ) of the incident electromagnetic radiation. 

The matrix equation Eq. (3.10) takes into account the effect of the multiple 

reflections at the boundaries in a multi-layer structure. Using Eqs. (3.10) and 

(3.9) one can calculate the reflectance R\), using equation: 

R() = r . (Yair - Yeff)/(Yair + Yeff) , (3.11) 

where Yair = Nai r \)yü, is the admittance of air and Nair (A) is the complex 

refractive index of the medium (air or glass) above the top boundary of the assembly. 
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Total transmittance T(X) can be expressed as: 

T(A) = [1— R()] fi (3.12) 

where is the ratio of the time average numerical magnitude of the Poynting's 

vector at the j°  and  ( l)th boundaries, given by [3,4]: 

Re(y i ) 
Re(y cosö + Yj+i sin ö/N 2 

(3.13) 

where Re(y]+l)  and Re(y ] ) represent real parts of the effective admittance for 

(j + i)tb and j1h  layers, respectively. 

The total absorbance A(A) of the multilayer system can then be calculated 

as: 

A(\) = 1 - T(A) - R) (3.14) 

However, in most cases one is not interested in the total absorbance of the whole 

structure, instead one requires only the absorbance in a particular layer in a 

muitilayer structure. The absorbance in 1th  layer Ai(A) can be written as: 

1-1 

A1() = [1— R()][1— 01,()]fl (3.15) 

and transmittance through the first / layers, T1 (.\), can be expressed as: 

1. 

T1() = [1— R()] [J , (3.16) 

Using the incident flux of solar radiation, F(\), (Wrn 2nrn 1), the normalised 

integrated reflectance R, normalised integrated transmittance through / layer, I 

and normalised integrated absorbance A1  in the 1th  layer can be expressed as: 

- fR(A) F() d 
(3.17a) R= fF()dA 

T
- 

1= 

 fT1 (A)F()d 
(3.17b) 

fF(A)dA 
- fA1()F()d 

(3.17c) 
fF()dA 

- 38 - 



respectively. The integrated quantities R, T1  and A1  are functions of the thick-

nesses of individual layers. 

After obtaining the net absorbance in the 111i  layer, one can determine the 

number of photons, P1 (A), absorbed in that layer as: 

P1 (s) = A1() F() 
c (3.18) 

where /i and c are Plank's constant and speed of light, respectively. For calcu-

lating P1 (\), one requires n(A), k(A) and thicknesses of every layer, d, as input 

data. 

3.2 Application to single junction solar cells 

The above theory of admittance analysis method can be easily applied to a-

Si:H solar cells with the structure TCO/p/i/n/rear contact. The intrinsic layer (i-

layer) is the most important layer as it represents the photovoltaic active layer. In 

the photovoltaic process, photons are absorbed in the i-layer to generate electron-

hole pairs which are separated by the internal field provided by the p- and n-

layers, and collected at the electrodes (TCO & rear metal electrode). Therefore, 

the photo-generated current depends mainly on the light absorptions in the i-

layer. The p and n-layers are the photovoltaic non-active semiconductor layers, 

where carriers can recombine instead of being collected at electrodes. Assuming 

that each absorbed photon creates a pair of charge carriers (electron and hole), 

and using Eq. (3.18) one can express optically limited current generated in a 

p-i-n solar celL 

JOL = qf Pi_iayer(A) (] , (3.19) 
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where q is the electronic charge (1.602 x 10 19C) The short circuit current, J, 

in the cell can then be written as: 

j c A1 (A) F(X) d 
he 

' (3.20) 

where x is collection efficiency, which can have any value between 0 and 1 de-

pending on the thickness and quality of the material of i-layer. The collection 

efficiency of a-Si:H solar cells decreases with the increasing thickness of the i-

layer, because of the increase in recombination. J is usually measured under 

standard illumination condition (100 mW/cm2  at 1.5 AM global spectrum). The 

calculation of the collection efficiency will be described in Chapter VII. 
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IV. STUDY OF OPTIMAL DESIGN 
OF a-Si:H (p-i-n) SOLAR CELLS 

The optical admittance analysis method is applied to design a thin film a-

Si:H solar cell with the structure of glass/TCO/p-i-n/TCO/metal. The bottom 

transparent conducting oxide (TCO) layer between the n and rear metal electrode 

is introduced to study its effect on the photovoltaic performance of the cell. Using 

this innovative design, the thickness of both the top and bottom TCO layers are 

optimised for two types of rear metal electrodes (silver and aluminium). The 

results are discussed in the light of other similar works. The similar method is 

also used to study influence of refractive index of glass substrate. 

4.1 Introduction 

One of the ways of optimising the performance of an a-Si:H solar cell is 

to optimise the thicknesses of its various absorbing and non-absorbing layers. 

Such an optimisation can be done using both the electrical and optical properties 

of materials used. One of the techniques followed recently is to maximise the 

integrated absorbance of the incident radiation in the i-layer with respect to the 

thicknesses of various layers using the admittance analysis method [1,2]. Using 

this technique the optical design of a-Si:H solar cells of structure TCO/p-i-n/rear 

metal contact has already been suggested [3,4]. 

Following Zhu et.ai. [3-5], the effect of the introduction of another TCO 

(transparent conducting oxide) layer between the n-layer and rear metal contact 
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in an a-Si:H solar cell with the structure of TCO/p-i-n/rear metal contact has 

been studied. The thicknesses of other layers in the new design are optimised for 

a fixed thickness of 0.01 ,um for each of p and n layers. This is done because these 

layers contribute little to the photo current generation in a-Si:H solar cells. 

It is found that the effect of the bottom TCO depends on the optical pro-

perties of the rear metal contact. For aluminium (Al) as the rear metal contact, 

for example, the effect of the bottom TCO is found to increase the overall absor-

bance in the i-layer, but little effect is found for silver (Ag) as rear metal contact. 

Although the method followed here is similar to that used by Zhu el,.ai. [5], the 

results obtained for Ag as rear metal contact has not been discussed before. In 

addition the thickness of the i-layer used in the work of Zhu et. al. is relatively 

large which could contribute significantly to the recombination loss. Here, also 

the effect of using a top glass cover of high refractive index on the performance 

of a solar cell is discussed. 

4.2 Additional bottom TCO layer 

Applying the admittance method, described in the preceeding chapter, we 

have designed a thin film a-Si:H solar cell with structural configuration glass/ 

TCO/p-i-n/TCO/metal. In this calculation, the normal incidence, (8 = 0), of 

solar radiation on a-Si:H solar cell is assumed. In addition to being used as an 

electrode, the purpose of the top TCO layer is also to reduce the reflection of 

the incident radiation. The bottom TCO layer is chosen such that the reflection 

from the rear metal contact is enhanced to get the radiation transmitted through 

the n-layer for reabsorption in the i-layer. Another purpose of the bottom TCO 
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is to prevent the possible inter-diffusion of atoms at the interface of the n-layer 

and metal electrode. It may improve the quality and stability of a thin film solar 

cell. 

The optical properties of a-Si:H solar cells with Al and Ag as the rear contacts 

are calculated. The optical constants of Ag and Al used in the calculations are 

taken from American Institute Handbook [6] and Handbook of Optical Constant 

[7]. Silver is chosen, because a p-i-n cell, with Ag as the rear contact, is known 

to have the maximum absorbance [1,3] in its i-layer due to high reflectivity of 

silver. However deposition of Ag is more expensive and it oxidises easily on 

air. Therefore Al as the rear contact may be preferred, especially for industrial 

production. Moreover Al has advantage that the bottom TCO can be deposited 

directly on a polished Al substrate. 

In our calculation we have assumed that TCO material (for both top and 

bottom layers) is made of ITO (indium-tin oxide). In some thin film a-Si:H solar 

cells, ZnO or Sn02  or other transparent conducting oxides have been used. The 

optical constant of the ITO, p, i and n-layers used in the calculation are taken 

from Eskenas and Miller [8]. It should be noted, that the optical properties of 

thin films are also dependant on the condition of actual deposition. 

The integrated transmittance, T, of the first 1 layers of a multilayer structure 

can be obtained by using the following relation: 

++ T, = 1 (4.1) 

where A, R are integrated absorbance in the first 1 layers from the top and 

reflectance of a multilayer structure, respectively, as described earlier in chapter 

III. 
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4.3 Results 

An innovative design of single junction a-Si:H cells is considered with an 

additional TCO layer introduced between the n-layer and the back electrode. 

The thickness of both top and bottom TCOs are optimised. 

0.55 
Al substrate 

o 0.50 - 

/ 

045 
- --.- ----.J_....... . 

2 0.40  

., ... 

0.30 I 0.25 

0.35  
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 

0.1 Am Thickness of top ITO (gm) 
- I BoTtom IT0=0.05m 

0.4gm Thickness of i—layer 
0.5gm 
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Fig. 4.1 TJTo as a function of thickness of the top ITO for a few thicknesses of 

the i-layer and Al substrate 

Using Eq. (4.1) the integrated transmittance of the top ITO as a function 

of its thickness at different thicknesses of the i-layer (0.1m-0.6im) is calculated 

and the results are shown in Figs. 4.1 and 4.2 for Al and Ag as rear contact 

metals, respectively. Integration limits for all integrals over wavelength .\ in this 

calculation are used from 0.4 jim to 1.1 pm. The results of (Figs. 4.1 and 

4.2) show that the position of the maximum of every integrated transmittance 

curve depends only slightly on the thickness of the i-layer. Also the thickness of 
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ITO corresponding to the maximum transmittance changes with the thickness 

of i-layer and it occurs at the thickness of the top ITO being in the range of 

0.043-0.048 jim. For example the maximum integrated transmittance from ITO 

occurs at a thickness of 0.043 jim when the thickness of i-layer is 0.1 jim, but it 

shifts to 0.048 jim when the thickness of i-layer is 0.8 jim. It may, however, be 

practically difficult to deposit a homogeneous thin film with such a precision in 

thickness. 
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Fig. 4.2 TITQ as a function of thickness of the top ITO for a few thicknesses 
of the i-layer and Ag substrate 

One of the most important optical parameters of a solar cell is the absorbance 

in the i-layer, because the generated charge carrier current is directly dependent 

on the amount of energy absorbed in this layer. Therefore we have calculated 

the integrated absorbance in the i-layer as a function of the thickness of the top 
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ITO. In Figs. 4.3 and 4.4 are shown the integrated absorbances in the i-layer as 

a function of the thickness of the top ITO for Al and Ag as rear contact metals, 

respectively. The maximum absorbance in the i-layer occurs for the ITO thickness 

in the range of 0.044-0.048 tim, which can be expected because in this range of 

ITO thicknesses the transmittance of the top ITO is also maximum. Thus one 

finds that for a thicker i-layer one requires thicker ITO in the above range of 

thicknesses (0.044-0.048 tim) to get the maximum absorbance in the i-layer. For 

example for an i-layer of thickness 0.6 pm one requires the ITO layer of 0.048 

pm to get maximum absorbance in the i-layer, whereas for 0.1 pm thick i-layer 

the required thickness of ITO is 0.044 urn. As it can be seen from Figs. 4.1, 
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4.2, 4.3 and 4.4, the optimal thickness of ITO at which the calculated integrated 

absorbance in the i-layer and transmittance of the ITO are found to be maximal 

for Ag as the rear contacts are nearly the same as those found for Al as the rear 

metal contact. This means that the optimal thickness of top ITO is independent 
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Fig. 4.4 Ai_iayer as a function of thickness of the top ITO for a few thicknesses 
of the i-layer for Ag substrate 

Having determined the optimal thickness of the top ITO one needs to deter-

mine also the optimal thickness of the bottom ITO in between the n-layer and 

rear metal contact. For this purpose one calculates the absorbance in the i-layer 

as a function of the thickness of the bottom ITO, keeping the thickness of the 

top ITO constant within the optimal thickness range determined earlier. This 

has been done for Ag as well as Al as rear metal contacts. 
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For Al as a rear metal contact we have calculated the integrated absorbance 

in the i-layer as a function of the thickness of the bottom ITO. The results of 

our calculations are shown in Fig. 4.5, which illustrates that the absorbance in 

the i-layer get enhanced, when the thickness of the bottom ITO is in the range 

of 0.06 to 0.075 pm. 
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The results of the effect of the bottom TCO for a cell with Ag as rear 

metal contact are shown in Fig. 4.6. In contrast with the results for Al as the 

rear electrode, the integrated absorbance in the i-layer is little affected by the 

presence of the bottom ITO when Ag is used as the rear metal electrode. Such a 

difference between cells with Al and Ag as rear metal contacts is apparently due 
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to relatively higher reflectivity of silver. However, it is expected that the bottom 

ITO can improve the electronic properties of a cell by separating the rear metal 

from semiconductor layers and thus avoiding the interdifflision of atoms [5]. 
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Fig. 4.6 Ai_iayer  as a function of thickness of the bottom ITO for a few thick-
nesses of the i-layer for Al substrate 

For a comparison between solar cells with silver and aluminium as rear con-

tacts, we have shown in Fig. 4.7 the integrated absorbance as a function of the 

thickness of the bottom ITO in both types of cells keeping the thickness of the 

i-layer at 0.2 ftm. For a cell with aluminium as the rear metal contact, we find 

that the integrated absorbance is relatively higher in comparison with that in 

a cell without the bottom ITO (thickness of the bottom ITO = 0), when the 
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thickness of the bottom ITO is up to 0.1 /tm. However, for Ag as the rear metal 

contact such an increase in absorbance is not apparent. When the thickness of 

the bottom ITO increases beyond 0.1 ,um, the integrated absorbance in the i-

layer decreases and it becomes even less than that obtained in a cell without the 

bottom ITO for both the rear metal contacts. Therefore a bottom ITO with a 

thickness bigger than 0.1 im is not desirable for high photovoltaic performance. 
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We have also calculated the integrated absorbance in the i-layer as a function 

of its thickness with and without the bottom ITO layer for both Al and Ag as 

rear contacts as shown in Fig. 4.8. Our results show that for aluminium the 
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integrated absorbance increases with the introduction of the bottom ITO and 

the difference between the integrated absorbance in cells with and without the 

bottom ITO increases with the thickness of the i-layer. 

In the Table - 4.1 we have given the percentage increase in the integrated 

absorbance of a cell with Al as the rear metal contact due to the bottom ITO. In 

the first column of the Table -4.1, we have listed the thicknesses of the i-layer for a 

cell with the bottom ITO and in the third column we have given the corresponding 

thickness of the i-layer for a cell without the bottom ITO. The second column 

shows the percentage increase in the absorbance in the i-layer caused by adding 

the bottom ITO layer. Thus one requires a thinner i-layer if the bottom ITO is 
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Table - 4.1 

Thickness of the i-layer Increase of absorp- Equivalent thickness of the 
with bottom ITO tion in the i-layer i-layer without bottom ITO 

0.288 tm 2.423 % 0.336 ,um 
0.432 ,um 3.125 % 0.517 im 
0.582 tm 3.256 % 0.731 m 

used in a cell with Al as rear metal contact. A cell is expected to suffer the least 

recombination loss when its i-layer depletes completely at zero bias. Therefore, 

a thinner i-layer suffers less from recombination loss [9], consequently a cell with 

bottom ITO is expected to give a better photovoltaic performance. Moreover, as 

it uses less material, it is also more economical to deposit a thinner layer. 
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- - - - Al substrate without bottom ITO lop IT00.05 im 
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Fig. 4.9 R as a function of thickness of the i-layer for a cell with and without 
the bottom ITO for Ag and Al substrates 
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The reflectance of a cell with and without the bottom ITO is also calculated 

and shown in Fig. 4.9. As expected we have found that the integrated reflectance 

of both cells, with and without the bottom ITO decreases with the thickness of 

the i-layer. It is obvious from Fig. 4.9, that with the introduction of the bottom 

ITO in a cell with aluminium as rear contact, the integrated reflectance increases. 

However with silver as rear metal contact no significant change is found. This 

result is in agreement with Tao [11], where the bottom TCO is found to have 

relatively less effect on the performance of the cells with Ag as the rear metal 

contact. 
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In addition the influence of the glass cover on the performance of a solar 

cell is also studied. In Fig. 4.10, the integrated absorbance in the i-layer as a 
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function of the refractive index of the glass cover is plotted. It is found that 

the integrated absorbance increases and reflectance (not shown here) decreases 

if a glass of higher refractive index was used. Some glasses like heaviest flint or 

SFS06 from Jenaer Glasswerk Schott&Geb have a refractive index close to 2.0 

[6,10]. Using these special glasses, one can increase the absorbance by 0.5% and 

hence the efficiency of a cell. Although a glass with high refractive index is more 

expensive, if there was a choice a glass with higher refractive index would be more 

desirable. 

4.4 Conclusion 

The optical properties of solar cells with the conventional structures of glass/ 

ITO/p-i-n/metal and modified structure like glass/ITO /p-i-n/ITO/metal for Ag 

and Al as rear metal contacts are studied. The influence of introducing the 

additional ITO in between the n layer and rear metal contact on the photovoltaic 

performance of a single p-i-n type of a-Si:H solar cell is demonstrated. The 

optimal thicknesses of the top and bottom ITO are also determined, and the 

effect of using different types of glass covers for a-Si:H solar cell is studied. 
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V. OPTICAL MODELLING 
OF a-Si:H SOLAR CELLS 

Using the admittance analysis method, the optimal design of a single junction 

a-Si:H solar cell is suggested and its photovoltaic parameters are calculated. The 

technique is then extended to design a tandem structure of two cells stacked one 

on the top of the other and connected in series. The top cell is considered of 

a-Si:H and bottom of a-SiGe:H alloy and the condition of current matching is 

applied to determine the tandem's optimal design. The theoretical efficiency of 

the single junction cell with the optimal design is predicted to be 13.1% and that 

of the tandem cell with the perfect current matching is 20.8%. The results of our 

calculations are discussed in the light of the recent experimental results. 

5.1 Introduction 

The design of a single junction p-i-n type a-Si:H solar cell has been described 

in the previous chapter, to study the influence of an additional TCO layer on 

the photovoltaic performance. The results of the above study suggest that an 

additional TCO layer in between the n and rear metal electrode makes little 

effect if silver is used as the metal electrode. This study was done mainly on the 

basis of calculating the absorbance in the i-layer. 

In this chapter the design of a p-i-n type single junction cell is extended 

further to calculate its V-I characteristics. A p-i-n type cell with Ag as rear 

metal contact will be designed here. Therefore, the second TCO layer in between 
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the n-layer and rear metal contact will not be considered here onward in this 

thesis. All major photovoltaic parameters can be calculated and compared with 

the corresponding experimental results. 

In addition in this chapter the admittance analysis method will be extended 

to design tandem structure cells as well. It has been demonstrated [1] that the 

photo-degradation problem due to Staebler-Wronski effect is fairly suppressed 

in tandem cells as compared to that in conventional single junction solar cells 

with the same i-layer thickness. The i-layer thickness of a tandem cell is defined 

here as the sum of the thicknesses of the top and bottom i-layers. In addition, 

as stated in section 2.6, the most significant property of tandem cells is their 

spectrum splitting feature due to which a broader energy range of the incident 

solar radiation gets absorbed in such structures. 

There has been a rapid growth in the research interest in tandem structure 

solar cells recently. Firstly because these cells show higher efficiency than single 

junction cells [2], and secondly as stated above, the tandem cells suffer less from 

the Staebler-Wronski effect [1]. Earlier theoretical work [3] on tandem solar cells 

has concentrated on calculating the conversion efficiency only by optimising the 

combination of the optical energy gaps of upper and lower cells in a two tandem 

structure. However, it is well known that the maximum conversion efficiency in 

tandem cells can only be achieved when both the top and bottom cells, connected 

in series, have the same amount of generated current by the solar radiation [4]. To 

the author's knowledge such a current matching condition has not been applied 

in any of the earlier theoretical models. 

The method of optical admittance analysis is applied to design a tandem 

of two cells and to optimise the conversion efficiency using the current matching 
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condition. We have considered here a tandem structure of two cells with the 

configuration of: glass/ITO/p (a-SiC:H)/ii  (a-Si:H)/n (a-Si:H)/p (a-SiC:H)/i2  

(a-SiGe:H)/n (a-Si:H)/Ag, which is similar to that used experimentally [5,6]. In 

this structure, a film of indium tin oxide (ITO) is considered as the transparent 

conducting layer. The p-layer is of a-SiC:H to provide wider optical energy band 

gap, and it acts as a spectral window. It also provides a higher built-in potential 

to reduce the optical energy loss. The i-layer in the top cell is of a-Si:H with an 

optical energy gap of 1.7 eV. In the bottom cell the i-layer consists of amorphous 

hydrogenated silicon-germanium (a-SiGe:H) alloy which has a narrower band gap 

of 1.43 eV. 

The model allows one to calculate all main parameters of a tandem solar cell 

including J71.  and Vm,, current and voltage at maximum power point respectively. 

It is a well known fact that by varying the thicknesses of individual layers in a cell 

its collection efficiency gets changed and therefore the generated current is also 

changed. For this reason in designing a tandem cell with optimal performance 

one can meet the condition of current matching by varying the thicknesses of its 

i-layers. In this way one can ensure to have the same current generated in both 

the top and bottom cells, so that the opposite charge carriers generated in the 

two cells can recombine at their p-n interface without creating any type of excess 

charge carriers at the junction. Here we first choose a particular thickness of the 

top i-layer and calculate the corresponding Jm1.  Then by varying the thickness 

of the lower i-layer, Jrn.2  is varied till it matches with Jm 1 . 
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5.2 Calculation of photovoltaic parameters 

In this section, the technique of calculating various photovoltaic parame-

ters is described. A p-i-n type a-Si:H solar cell is considered to have structure 

TCO/p-i-n/rear metal contact. Only the i-layer is considered to be the active 

layer, because the light absorbed in this layer contributes to the current gener-

ation. Other layers can be regarded as 'dead' layers. Therefore, the maximal 

photocurrent density generated in the solar cell (J8)  can be written as: 

jsc  qxf_iayer()d , (5.1) 

where Pj_iayer  is the number of photons absorbed in the 1-layer. Eq. (5.1) is 

actually only a different form of Eq. (3.20) from chapter 3. As our model structure 

consists only of thin films, it is assumed that the recombination and trapping can 

be neglected, i.e. x = 1. However, a detail calculation of x will be described later 

in the next chapter. 

The open circuit voltage V0  is usually written as [7-11]: 

voc - - 
QkT

In  ( + , (5.2) 
C 

where Q is the diode factor, k Boltzmann's constant, T temperature and Jo 

reverse saturation current density measured in the dark. Many authors have 

recently used Eq. (5.2) for a-Si:H solar cells [7-11] and shown that its use even 

for modules introduces an error of only up to 1% in V0  [11]. Typical value of J0  

for p-i-n a-Si:H solar cells is 10_12  A/cm2  [9], and that for a-SiGe:H is expected 

to be about 100 times more and therefore here it is taken to be 10— 10  A/cm2. 

The output power density W can be written as [7]: 

r 7" 1 
W = JV = Joy e ( 

eV  
QkT) - - Jsc v , (5.3) L  
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Using 

OW 
(5.4) 

the power output can be maximised and then one obtains: 

(CVm 
(CV 

m Jsc 1eV0\ exP
Qh7t

) 
[ A 
1+-

Qkt
) _+ l exP QkT ) (5.5) 

where Vm, is the voltage corresponding to the maximum power output of a cell 

and it can be determined by solving Eq. (5.5) numerically. The maximum power 

output is then obtained as: 

Wm Vm Jm  1 (5.6) 

where J, is current corresponding to the voltage Vm at maximum power point. 

Using Eq. (5.3) at maximum power point and Eq.(5.5), one can determine the 

magnitude of Jm, as: 

e 
Jm. = (J3  + Jo) Vm / (QkT) 

(5.7) 
1 + eVm /(Qkt) 

The fill factor for a solar cell is defined as: 

Jrn Vm  FF (5.8) 

and its efficiency is given by: 

J8CVOC FF JrnVm  
77= (5.9) 

where W, is the total incident power from the sun on the earth surface and it 

can be calculated from the solar flux data as: 

W, 
= I F()d . (5.10) 
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Here we have used solar flux at AM1.5, with integral irradiance 100 mW/cm2 . 

Using Eqs. (5.1)-(5.10) one can calculate the photovoltaic parameters of a cell. 

It is to be noted that the photovoltaic parameters calculated here are obtained 

for a cell of 1 cm2  area. 

5.3 Application to tandem solar cells 

Here we consider a tandem structure of two cells stacked one on the top of 

the other as TCO/pi-i i-n i /p2-i2-n2 /rear metal contact. Only the two i-layers (i1  

and 12 ) contribute to the current generation, where the subscripts 1 and 2 refer 

to the top and bottom cells, respectively. Therefore photocurrent generated in 

the top and bottom cells (J 1 , J5 2 ) can be written as: 

J1c1  - qxfPii _ iayer ()d , (5.11a) 

J112  = qxJPi2 _iayer ()dA , (5.11b) 

respectively 

For calculating the efficiency of a tandem structure, one has to start with the 

individual cells, top and bottom, and determine the corresponding parameters. 

First J 21  17 and V02  are calculated. Then Vm1  and V12  are determined 

numerically from Eq. (5.5), and the corresponding Jm,1  and Jm,2  are obtained 

from Eq. (5.7). The condition of current matching requires that Jm,1 

which is obtained by calculating the difference in currents, J,,, = Jrn j  - Jrn2 , 

in the top and bottom cells as a function of the thicknesses of both i-layers. 

Thus the thicknesses of the two i-layers corresponding to J,,, = 0 satisfy the 
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condition of current matching. The conversion efficiency for a tandem, 17tandem, 

can be calculated from: 

Tltandem = 
Jrn(Vm i  + Vrn 2 ) 

Will 
(5.12) 

It may be noted that for a tandem structure, J8  is taken as the lowest of 

the currents, JSC1  and J 2 . The open circuit voltage is V0 V01  + l/ 2  and 

the voltage at maximum power point Vm  = Vrni  + V1,2  for a tandem. Numerical 

values used in the calculations are given in the Table - 5.1 

Table - 5.1 

Parameter Value Source [Ref.] 

Optical energy gap of a-Si:H in the 1.7 eV [2,12-14] 
i-layer E0  pt  

Optical energy gap of a-SiGei_ 1.41 eV [15] 
alloy x=0.80; Si rich 

Temperature T 300 K [2,12,16] 

Diode factor Q 1.5 [17] 

Thickness of the p and n layers 10 nm [2,12,18-20] 

Thickness of the ITO layer 50 nm  

Refractive index of Ag electrode n(A), k(.\)  

Refractive index of the a-Si:H p, i, n\), k(A)  
n layers 

Refractive index of the a-SiGe alloy n(.\), k(A) [15] 

Refractive index of the a-SiC:H n\), k(\)  
layer 

Light spectrum used AM1,AM1.5 [7] 

Light intensity used 100 mW/cm2  
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5.4 Results 

5.4.1 Single junction p-i-n cells 

Using the admittance analysis method, described in chapter 3, first a single 

junction p-i-n type solar cell with structure TCO/p-i-n/rear metal contact is 

designed. For applying the admittance analysis method one needs refractive 

indexes, n\), and extinction coefficients, k(\), for all the layers as functions of 

the wavelength of incident radiation, which depends strongly on the condition of 

sample preparation. For p, i and n layers of a-Si:H the values of n(A) and k(\) 

used in calculation are measured by Eskenas and Miller [22]. 
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Fig. 5.1 Absorbance in the i-layer, total absorbance in a cell and reflectance 
from a single junction solar cell plotted as a function of wavelength A. 
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In this design, ITO is used as TCO of thickness 0.05 pm, which is the optimal 

thickness of TCO for a single junction cell calculated earlier [20]. The thickness 

of both p and n layers are used as 0.01 pm [2,12] with silver as the rear metal 

contact, which is known to give the optimum performance [24]. Using the above 

thicknesses for ITO, p and n layers, the absorbance in the i-layer, and total 

absorbance in the whole single junction solar cell are calculated as functions of 

the wavelength of incident radiation, as shown in Fig. 5.1. The reflectance as a 

function of the wavelength is also plotted in Fig. 5.1 for a single junction solar 

cell. Fig. 5.1 illustrates that as the reflectance from a cell increases, the total 

absorbance decreases in accordance with T + I? + A = 1, where T is integrated 

transmittance of a cell. 
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Fig. 5.2 Absorbance and efficiency of a cell as a function of thickness of the 
i-layer. 
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It is also clear from Fig. 5.1 that most of the absorbance takes place in the 

i-layer, as the total absorbance is only slightly higher than the absorbance in the 

i-layer. This is because absorbance in the other layers (ITO,p,n) is very small. 

The integrated absorbance is calculated using Eq. (3.17c) in the p-i-n type 

solar cell as a function of the thickness of its i-layer as is shown in Fig. 5.2. 

Using Eq. (5.9) we have also calculated the conversion efficiency TI , of the above 

p-i-n cell as a function of the thickness of i-layer, which is also shown in Fig. 5.2 

together with the integrated absorbance. As it can be seen from Fig. 5.2, both 

the integrated absorbance and conversion efficiency ?j depend on the thickness of 

i-layer in a similar way. 

Fig. 5.3 Calculated V-I characteristic and efficiency obtained for an a-Si:H solar 
cell using Eq. (5.1)-(5.9) 

In Fig. 5.3, we have shown the V-I characteristic of a p-i-n solar cell as 

described above with a 0.6 trn thick i-layer. The choice of the thickness of the 
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i-layer is intutive, but it is also based on the fact that some of the experimental 

researchers [25] have used a similar thickness of the i-layer for achieving one of 

the highest efficiencies. From Fig. 5.3 we get the efficiency of a single junction 

cell as 13.1%. Fig.5.3 illustrates that V-I curve similar to the experimental one 

can be obtained for any cell from our method as well. The required photovoltaic 

parameters like J,  V0 , FF and ij can thus be calculated and compared with the 

corresponding experimental results for any cell easily. 

It may be emphasised here that the present method of optical design of a 

solar cell is based on the fact that the width of its i-layer should not exceed 

the width of the depletion layer [18] to minimise the effect of recombination and 

trapping of charge carriers, which will be addressed later in chapter 7. 

5.4.2 Tandem structure solar cells 

Here the design of a tandem of two cells stacked one on the top of the other 

is considered. In both the cells, top and bottom, the p-layer consists of doped 

a-SiC:H of thickness 0.01 im and the n-layer of a-Si:H of the same thickness as 

p-layer. The refractive index and extinction coefficient of a-SiC:H are taken from 

reference [23] and those for the n-layer are the same as in the single junction cell 

considered in section 5.4.1. The i-layer of the top cell consists of a-Si:H, whose 

refractive index and extinction coefficient are the same as those used for the single 

junction cell considered in section 5.4.1. The bottom cell is considered to have 

an i-layer of a-SiGe:H, whose refractive index and extinction coefficient depend 

on the ratio of the Si:Ge concentrations. The i-layer that we have chosen for this 

calculation has Si:Ge in the ratio of 80:20, whose refractive index and extinction 

coefficient are obtained from Stutzrnann [15]. 
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We have calculated the absorption characteristics of a tandem of two cells 

with the top i-layer of a-Si:H and bottom of a SiGe:H. In Fig. 5.4 we have 

plotted the absorbance in each cell as a function of the wavelength of the incident 

radiation. Fig. 5.4 also illustrates the total absorbance in the tandem structure 

and that as sum of the absorbance in the top and bottom i-layers. The latter 

is slightly less in comparison with the former one as expected, because of the 

absorbance in other non-active layers. 

total absorbance in the structure 

- absorbance in a—Si:H laye \ / (top cell) 
,_. . 7- absorbance in a—SiCe:H layer 

- \ . (bottom cell) 

/. 

/ \ 

T TT 
400 

Fig. 5.4 Absorbance in the top and bottom cells and in the whole tandem 
structure as functions of wavelength. 

Having studied the absorbance in the tandem structures, the application of 

the current matching condition will be presented now. Applying this condition at 

maximum power point we have determined the thicknesses of the top and bottom 

i-layers. The results of our calculations are shown in Fig. 5.5a, for a few selected 
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Wavelength (nm) 
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thicknesses of the top i-layer in the range of 0.15 Itm to 0.26 tm. We have plotted 

the difference in currents, AJ, between the top and bottom cells as a function 

of the thickness of the bottom layer for the selected thicknesses of the top i-layer. 

However, one can apply our method for any thicknesses of the top and bottom 

i-layers. 
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Fig. 5.5a Difference in current of a tandem cell as a function of the thicknesses 
of i-layers for AM 1.5. 

From Fig. 5.5a it is obvious that depending on the thickness of the top i-layer, 

there can be up to three different possible thicknesses of the bottom i-layer (i2 ), 

which will fulfill the condition of the current matching. For example when the 

thickness of the top i-layer is between 0.17 and 0.21 m, there are three possible 

values of the thicknesses of the bottom i-layer. However when the thickness of 

the top i-layer is selected as 0.24 1um, there is only one possible thickness of the 



bottom i-layer that satisfies the condition of the current matching. At a thickness 

of 0.26 jim or more of the top i-layer, our calculation suggests that a condition 

of the perfect current matching can not be satisfied. This is because a major 

portion of the incident light gets absorbed in the top cell and not much is left for 

the bottom cell to generate enough current. On the other hand if the thickness 

of the top i-layer is very thin then the current in the bottom cell becomes too 

large to match with that in the top cell. 
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Fig. 5.5b Difference in current of a tandem cell as a function of thicknesses of 
i-layers for AM 1.0. 

It is to be noted that the difference in the current .Jm,  between the top and 

bottom cells, shown in Fig. 5.5a fluctuates significantly at thicknesses < 0.15 jim, 

but it stabilises at larger thicknesses. It is believed that this fluctuation in AJ,, 
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is due to the interference effect in a multilayer structure. This will be discussed 

further in the next section. 

We have calculated the efficiency of the top, bottom and tandem cells and 

shown them in Fig. 5.6 at the current matching condition. The Fig. 5.6 also 

illustrates the dependence of the thickness of the bottom i-layer on that of the 

top i-layer and the resulting efficiency for the tandem cell at one of the points of 

current matching. 
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Fig. 5.6 Relationship between thicknesses of the top and bottom i-layers and 
efficiency of the tandem cell 

We have also calculated the photovoltaic parameters J, J., Vo1  

and V02  and plotted them in Fig. 5.7 as functions of thickness of the top i-layer. 

The thickness of the bottom i-layer can be determined from Figs. 5.5 or 5.6. 

From Fig. 5.7 we find that usually J, of the bottom cell, is larger than the 
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Fig. 5.7 Current (J5) and Voltage (V0 ) of a tandem cell as a function of 
thickness of the top i-layer. 

corresponding, J81, in the top cell. That means if one measures J of a tandem 

cell it will be restricted to be equivalent to J 1  of the top cell. 

In Fig. 5.8 we have shown the calculated V-I characteristics of a particular 

tandem cell with the top i-layer of 0.25 ,um and the corresponding bottom i-layer 

of 0.19 m  obtained after applying the current matching condition. 
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Fig. 5.8 V-I Characteristics of a tandem cell. The curve (1) is the V-I char-
acteristics of the bottom cell with the i-layer of a-SiGe:H, curve (2) 
is that of the top cell with the i-layer of a-Si:H and (3) is that of the 
resulting tandem structure. 

5.4.3 Triple junction solar cells 

The admittance analysis method described in chapter 3 can also be applied 

to a tandem of three cells also called triple junction cells. A cell of the type ITO/ 

p/i1  (a-Si:H) /n/p/i2  (a-Si8Ge2  :H)/n/p/i3  (a-Si6Ge4  :H)/n/rear metal contact, has 

been considered. The absorbance in the individual i-layers and that of the whole 

structure are shown in Fig. 5.9 as functions of the wavelength of incident ra-

diation. As it is clear from Fig. 5.9, in the triple junction cell the difference 

between the total cell absorbance and sum of that in all the three active i-layers 

is relatively bigger than that in a tandem of two cells shown in Fig. 5.4. This 

is expected, because in a triple junction cells has more p and n layers than a 

tandem of two cells, which absorb more radiation. 
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Fig. 5.9 Absorbance in a triple-junction cell as a function of the wavelength. 

It is much more difficult to find current matching in a triple junction cell 

than in a tandem cell, because a variation in the thickness of any 1-layer affects 

the absorbance in the other two i-layers. This is due to internal interference of 

the radiation in the structure. For finding the current matching in such a struc-

ture, one has to try many possible thicknesses of all three i-layers and for every 

such combination calculate the photovoltaic parameters. From the photovoltaic 

parameters one can determine whether there is current matching in the structure. 

A combination with such current matching at power point is obtained with the 

following thicknesses of the i-layers: d1=73 urn, d2 20 nm and d 3 63 nm. 

The resulting V-I characteristics of such a combination is shown in Fig. 

5.10. The resulting efficiency thus obtained is 71=12.6%, which is lower than the 

efficiency of our tandem cell. However it is only 1% less than the highest efficiency 
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Fig. 5.10 v-I characteristic for a triple-junction cell. The curve (1) is the V-I 
characteristic of the bottom cell with the i-layer of a-Si6Ge4 :H, curve 
(2) is that of the middle cell with the i-layer of a-Si8Ge2 :H, curve (3) 
is that of the top cell with the i-layer of a-Si:H and curve (4) is that 
of the resulting triple junction structure. 

of a similar cell achieved experimentally [6] Resulting V-I characteristic is plotted 

on Fig. 5.10. 

5.5 Discussion 

5.5.1 Single junction p-i-n cells 

Using the optical admittance analysis method we have first designed the 

single junction (p-i-n type) a-Si:H solar cells for their optimal photovoltaic per-

formances. We have also calculated the necessary photovoltaic parameters like 

Jsc, V0 , 1rn, 17m, FF and conversion efficiency r, for each of the designs. 
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The theory of admittance analysis is based on calculating the absorbance 

of solar radiation in each layer, particularly in the active i-layer of a cell. The 

dependence of the integrated absorbance and conversion efficiency of a single 

p-i-n cell on the thickness of i-layer, as shown in Fig. 5.1, suggests that both 

increase with the thickness of the i-layer. This is due to the fact that we have 

not taken into account the recombination and trapping processes involved in a-

Si:H thin films. However, it is reasonably well established that the recombination 

processes become important in i-layers of thicknesses larger than the depletion 

width of a cell [18,24]. Thus as the thickness of the i-layer increases beyond the 

depletion width, both recombination and absorption are enhanced, but the effect 

of enhanced recombination would be to decrease the conversion efficiency of a 

cell. 

It is hard to say precisely at what thickness of the i-layer the recombination 

becomes dominant, but it is expected that in a cell with i-layer of thickness larger 

than 0.6 im the recombination may not be negligible. This is also supported by 

the highest efficiency achieved in a cell with i-layer being 0.55 tim thick [25]. 

Schwartz [26] has also pointed out that increasing the thickness of i-layer larger 

than 0.7 tm does not increase the efficiency of a cell. In this view, our results of 

the integrated absorbance shown in Fig. 5.1 can be regarded to be valid at all 

thicknesses of the i-layer, but those of the conversion efficiency may be considered 

as overestimated at large thicknesses due to the omission of recombination and 

trapping of charge carriers. 

It is to be noted that both the absorbance and efficiency curves shown in 

Fig. 5.1, exhibit some fluctuations with the thickness of i-layer. Such fluctuations 
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particularly in the absorbance, have also been found in earlier works [18,24] and 

are expected to be due to the interference effect in a mtiltilayer structure. 

In Fig. 5.2 we have shown the V-I characteristic for a single p-i-n cell of i-layer 

d = 0.6jim, which gives the optimal conversion efficiency of 13.1%. Our method 

has resulted in an optimum efficiency of a cell similar to the highest efficiency 

achieved recently experimentally [25]. It may be noted that the quality of a thin 

film in our method is determined mainly by its refractive indexes and extinction 

coefficients, which are the most significant input parameters in the admittance 

analysis used here. For very precise calculations one should in principle deposit 

thin films and measure their refractive indexes and extinction coefficients, which 

then should be used in designing a solar cell. However in our case we have used 

the refractive indexes and extinction coefficients measured by other experimental 

groups [11,15]. 

For designing a single junction cell using our method it may be adequate to 

know the required refractive indexes and extinction coefficients, which can enable 

one to calculate the integrated absorbance in a cell. As the integrated absorbance 

and efficiency curves of a cell shown in Fig. 5.1 are similar, one can estimate the 

dependence of efficiency on the thickness of its i-layer from the absorbance curve. 

It may also be pointed out here that for calculating the efficiency of a solar 

cell thus designed one needs to know the other electronic parameters (J0 , Q 

etc.) as well. These parameters should also be measured for individual thin 

films before preparing a cell. Only then one may expect to achieve a better 

agreement between the photovoltaic performance estimated from our design and 

that obtained eventually experimentally from the cells thus deposited according 

to that design. Such agreements between theory and experiment may then be 
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used to estimate other parameters which are difficult to measure experimentally. 

For example the recombination factor may be found in this way and hence the 

quality of a thin film may also be determined. However one has to be reminded 

here that different a-Si:H films prepared even under identical conditions may not 

have identical electronic and optical properties [27]. 

5.5.2 Tandem structures 

In Fig. 5.4 are illustrated the absorbance characteristics of a tandem struc-

ture of two cells. It is obvious from Fig. 5.4 that the top cell has larger absorbance 

in the higher energy range and bottom cell in the lower energy range, which is a 

very well known result and is based on the combination of optical energy gaps of 

the two i-layers. 

In designing a tandem structure of two cells, the most important point to 

keep in mind is the condition of current matching. Our results suggest that if a top 

cell of a-Si:H has a thickness, d1  , of its i-layer such that 0.17 m < d1  < 0.25,um, 

one can find the perfect current matching at about 2-3 different values of the thick-

ness, d 2  , of the i-layer in the bottom cell of a-SiGe:H. For example, although for 

0.25 jim, one finds the condition of perfect current matching at three values 

of d 2 , with /Jm. < 0.2 mA ( 2% of J8)  one can satisfy the current matching 

condition for any d 2  > 0.161im. In Fig. 5.5 we have not calculated the behaviour 

of A J,, beyond d 2  = 0.25 jim, but it is expected that it will saturate and remain 

steady in the range d 2  > 0.25jim. However in view of the observed variation in 

the solar spectrum with the time of a day this point needs further elaboration. 

We consider the case of d1  = 0.17jim and corresponding d 2  = 0.06jim (see Fig. 
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5.5a) at the point of the current matching. A variation in the solar spectrum 

with time of the day will change the corresponding absorption in the top and 

bottom solar cells, leading to variation in the corresponding currents generated 

in the two cells, which will deviate from the condition of current matching. This 

point can be illustrated clearly by comparing the results in Figs. 5.5a and 5.5b 

which are obtained at AM1.5 and AM1.0 respectively. The Fig. 5.5a suggests 

that a combination of d1  = 0.25pm and d2  = 0.19jim can be considered as an 

optimal choice, because slight variation in d2  does not affect the current matching 

condition. However from Fig. 5.5b at AM1.0, the optimal combination of d1  and 

d2  is d1  = 0.22im and d2  = 0.17im, respectively. This is because the intensity 

of solar radiation at AM1.0 is relatively higher particularly in the blue region, 

which affects the absorption in the top cell more significantly. As a result, one 

requires a thicker d1  at AM1.5, but a change in d2  will not have any significant 

effect in the condition of current matching. 

In Fig. 5.6 we have illustrated the dependence of the conversion efficiency of 

the top and bottom cells individually in a tandem as well as that of the resulting 

tandem structure thus formed. For the thickness d1 , the corresponding d2  can be 

also found from Fig. 5.5. The efficiency varies nearly linearly and increases by 

about 2% when d 1  changes from 0.17 ,um to 0.26 um and d2  froni 0.065 m to 0.11 

im in the perfect current matching condition, except for the case of d1  = 0.26im 

where no perfect matching occurs as shown in Fig. 5.5a. The latter case of 

dl  = 0.26im shown in Fig. 5.6 has minimum value of /Jm. = 0.37 iiiA. 

In Fig. 5.7, are illustrated nine different types of combinations of d 1  and d 2  

including d1  = 0.261um. We have found that V0  remains nearly constant for all 

nine structures, but the current changes, as expected. 
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Fig. 5.8 presents the V-I characteristics for the tandem cell structure with 

d 1  = 0.25iim and d2  = 0.19im. As discussed earlier, this combination can be 

regarded as the optimal one for AM1.5 (see Fig. 5.5a) with a conversion efficiency 

of 20.8%, which is about 7% higher than the highest experimental value for a 

tandem cell. This discrepancy can be attributed to various factors, but we believe 

that it is not really meaningful to compare the results of two different a-Si:H solar 

cells for the reasons discussed earlier. However such a large discrepancy between 

the experimental and theoretical efficiencies, does indicate that there is more 

potential in the development of tandem structure cells in comparison with that 

in the single p-i-n a-Si:H solar cells. 

It may be pointed out here that our design of a tandem cell is not based on 

optimal values of the energy gaps of the top and bottom cells. Earlier workers 

have obtained optimum efficiency for a tandem of two a-Si:H solar cells connected 

in series at energy gaps of the top and bottom cells as 1.85 eV and 1.35 eV [3] 

respectively. As in the optical design method we do not only need the energy gaps, 

but also the corresponding refractive indexes and extinction coefficients, which 

are not available, we have used the energy gaps of materials with known n(X) and 

k(A). It may therefore be expected that by using (A) and k(.).) corresponding to 

the optimal combination of energy gaps our designs may be expected to predict 

even more enhanced photovoltaic performance. 

It may also be pointed out that the use of Eq. (5.2) for 1/ for a-Si:H may 

be regarded to be critical. However, as stated earlier it causes at the most an 

error of only 1% in V0  [11]. Moreover, in the present calculation the thickness 

of i-layer is small and close to the depletion layer so the effect of recombination 

can be regarded to be negligible. 
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5.5.2 Triple junction cells 

As it can be seen from Fig. 5.9 that the absorbance in the top cell of a 

triple junction structure is rather similar to that in a tandem of two cells shown 

in Fig. 5.4. However, the absorbance in the bottom two cells in a triple junction 

is quite different from that in the bottom cell of a tandem of two cells. The 

total absorbance of the whole cell shows that a triple junction cell has a higher 

absorbance in the long wavelength region (\ > 600 nm) in comparison with a 

tandem of two cells. This is expected, because of the presence of the third cell in 

a triple junction structure. The third cell has an i-layer with narrower band gap 

and therefore can absorb more radiation in the longer wavelength region. 

In Fig. 5.10 we present V-I characteristics for the triple junction solar cell. 

According to our calculation the triple junction cell has relatively lower efficiency 

than our tandem of two cells. This may be understood on the basis of the 

following: In the triple junction, J, which is the lowest of all three J's, is 

considerably lower than the J of a tandem of two cells, where also it is the 

lowest of the two J's. Other parameters like V0  and FF are not very much 

different in the two multi-junction structures as it can be seen from Fig. 5.8 and 

5.10. One can also see that the reduction in the efficiency of the triple junction 

cell in comparison with the tandem of two cells is nearly in the same ratio as the 

reduction in Therefore, it is conclusive that the lower efficiency in the triple 

junction cell is due to the lower J. 

The lower J,, in the triple junction cell is expected to be due to the fact 

that the current matching condition allows thinner i-layers in comparison with 

the i-layers in a tandem of two cells. Thinner i-layers automatically mean less 



absorbance in each layer and hence less photo-current generation. Although 

the total absorbance in both, the triple and double junction cells, is not very 

significantly different, the current matching condition allows smaller absorbance 

in the individual i-layers in the triple junction ( of the total absorbance per 

i-layer) than in the tandem of two cells ( of the total absorbance per i-layer). 

As a result the J in the former gets reduced. Moreover, as stated above, the 

total absorbance in both structures is similar, one can see that in a triple junction 

cell it gets distributed over three cells. That means each cell absorbs two third 

of the radiation that is absorbed in each cell of a tandem of two cells, which is 

roughly the same as the reduction in J i.e. J in a triple junction is two third 

of J in a tandem of two cells. Therefore the conversion efficiency of a triple 

junction cell is also reduced in the same ratio. 

On the other hand, as each i-layer in a triple junction has to absorb less, it 

can be thinner. This is quite clear from the results presented in Table - 5.2. The 

total thickness of all three i-layers in a triple junction is 156 nm which is less than 

half of the total thickness of the i-layers (440 urn) in a tandem of two cells at the 

current matching. Also the i-layer of a single junction has thickness of 600nm, 

which means a single junction cell has the highest J, which is indeed the result 

obtained here. 

Other important point about a triple junction cell is that because it has thin-

ncr i-layers, the light-induced defects do not influence its properties as much as 

they do in the case of cells with thicker i-layers. This point will be addressed later 

in chapter 7 in more detail. Therefore, the Staebler-Wronski effect is expected 

to be suppressed more in a triple junction cell than in a tandem of two or single 

junction cell. It will be shown in chapter 7 that the recombination is enhanced 
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with increasing i-layer thickness. We have not taken recombination into account 

in the design in this chapter. However, as the i-layers are thinner in the triple 

junction, this structure may be regarded more realistic because it is expected to 

be least influenced by the recombination of charge carriers. 

The conversion efficiencies obtained here, particularly from the design of a 

triple junction cell, may be regarded to be low specially when higher efficiency 

cells have been produce in laboratory. However, it is to be noted that among other 

reasons of discrepancies, as disused above, the influence of textured films and anti-

reflection coating is also not taken into account in this work. The inclusion of 

these is expected to enhance the efficiency of our design considerably. 

5.6 Conclusion 

Using the admittance analysis method, both single junction and tandem 

structure of two cells have been designed and their photovoltaic performances 

have been calculated. The thicknesses of various layers in the optimal designs 

of single and tandem structure cells as found from our calculations are given in 

Table - 5.2 (next page). 



Table - 5.2 

Material of the layer Thickness (tm) 

Single junction cell 

TCO (ITO) 0.05 
p (a-SiC:H) 0.01 
i (a-Si:H) 0.6 
n (a-Si:H) 0.01 
Rear metal contact Silver 
Efficiency ij 13.1% 

Tandem. cell 

TCO(ITO) 0.05 
p (a-SiC:H) 0.01 
i1  (a-Si:H) 0.25 
n (a-Si:H) 0.01 
p (a-SiC:H) 0.01 
i2  (a-Si8oGe2o :H) 0.19 
n (a-Si:H) 0.01 
Rear metal contact Silver 
Efficiency 7/ 20.8% 

Triple junction cell 

TCO(ITO) 0.05 
p (a-SiC:H) 0.01 
i t (a-Si:H) 0.063 
n (a-Si:H) 0.01 
p (a-SiC:H) 0.01 
12  (a-Si80Ge20 :H) 0.02 
n (a-Si:H) 0.01 
ii (a-Si:H) 0.01 
p (a-SiC:H) 0.01 

(a_Si60Ge4o:H) 0.073 
n (a-Si:H) 0.01 
Rear metal contact Silver 
Efficiency 7/ 12.6% 
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VI. MODELLING OF TANDEM STRUCTURE 

SOLAR CELLS INCORPORATING 

INFLUENCE OF DEFECTS 

The technique of designing a tandem of two cells used here is similar to the 

one described in the previous chapter. However here we use Crandall's formula 

[1] for light current derived by solving the continuity and Poisson equations. The 

admittance analysis method is also used here to calculate the absorbance in the 

i-layers and then by varying the thicknesses of the i-layers in the top and bottom 

cells the current matching condition is found, which enables one to design a 

tandem of two cells for its optimal photovoltaic performance. 

6.1 Introduction 

In chapter 5 the admittance analysis method is applied to design a-Si:H solar 

cells for their optimal photovoltaic performance, without taking into account the 

influence of defects resulting into loss of charge carriers in the design. This 

is based on the assumption that at small thicknesses such an influence can be 

regarded as negligible. However, as the light-induced defects are inevitable in 

any a-Si:H thin film, it is rather desirable to study the influence of such defects 

on the performance of a-Si:H solar cells. 

In this chapter, therefore an alternative approach is followed to derive the 

photocurrent [1,2] generated in a-Si:H solar cells using the Poisson and continuity 



equations. A similar approach has been applied by Hegedus and Phillips [2] to 

analyse the current-voltage characteristic of a single junction a-Si:H solar cell 

prepared by plasma CVD technique. Although Hegedus and Phillips have not 

designed single junction a-Si:H solar cells, because their objective was mainly to 

determine some of the photovoltaic parameters of their samples, their technique 

can easily be used in designing single junction solar cells. Therefore, in this 

chapter we have considered designing only tandem structure solar cells. 

It is well established that the mobility (ii) and life-time ('r) of charge carri-

ers play a very important role in the performance of a solar cell. The product 

of mobility and life-time of carriers is a function of the defect density which con-

sequently is used in calculating the photogenerated current. It is assumed here 

that the dangling bonds are the only type of defects present in a-Si:H thin films. 

Thus the influence of dangling bonds on the performance of a cell is taken into 

account through its effect on the photogenerated current. In our modelling of 

a tandem structure of two cells we have considered the following configuration: 

glass/ITO/p /i1  (a-Si:H)/n /p /i2  (a-SiGe:H)/n /Ag, similar to that used ex-

perimentally [3]. This structure is the same as considered in chapter 5. The 

top i-layer (i i ) of a-Si:H has an optical energy gap of 1.7 eV and the bottom 

i-layer (i2 ) of silicon-germanium (a-SiGe:H) alloy has a band gap of 1.43 eV. For 

calculating the optically limited current in the cell, admittance analysis method 

is used, and the current matching condition is applied at the maximum power 

point. The inclusion of the influence of the defects reduces the conversion effi-

ciency, as expected. As a result, from the V-I characteristics of the tandem of 

two cells design obtained here, we get an efficiency of 15.2%, which is a more 

realistic value than the efficiency obtained in chapter 5 without including the 
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effect of recombination. The results are compared and discussed in the light of 

experimental works. 

6.2 Theory 

The current in a solar cell is obtained by solving the continuity equations for 

electrons and holes. These equations, along with the Poisson equation, monitor 

the response of a cell to the incident radiation, temperature and applied voltage. 

The general solution of these coupled equations is usually obtained numerically. 

However, using the regional approximation for solution of these differential equa-

tions, Crandall [1] has derived an expression for the photocurrent, which has also 

been used recently by Hegedus [2]. For calculating the photocurrent in a cell at 

a reverse bias, one requires to know the optically limited current density, JOL, 

which can be obtained using the admittance analysis method through Eq. (3.20) 

or Eq. (5.1) as: 

JOL = qfAi _ iayer (A)F()dA 
he (6.1) 

where x = 1 is used and F(.).) is the solar flux at AM1.5 with integrated intensity 

of 100 mW/cm2. The photocurrent at reverse bias is then given by [1,2]: 

JL(V) = JOL X• [i - exp ()1 (6.2) 

where parameter X is given by: 

= (") . (i - (6.3) 
V  ) 

and L is the collection length, which can be written as: 

LC = . (6.4) 



Here Vb is the built-in voltage and d thickness of the i-layer(s). For determining L 

from Eq.(6.4) we have used the fact that the product of mobility i, lifetime 'r and 

the defect (dangling bonds) density is a constant [4] a0  = pTNd , and therefore L 

and consequently JL  become defect density dependent. For our calculation we 

have used r obtained for neutral defects because the i-layer is not doped. For 

these defects the value of the constant a°  =/i'rNd = 4 x 10 cm'V' [4]. The 

number of defects was taken to be 5 1015  cm 3  for a-Si:H and 5• 1016  cm 3  for 

silicon-germanium alloy (a-SiGe:H). The product of mobility and life-time can 

then be express as: 

1L7 = . (6.5) N(  

The dark current JD  is obtained from the modified diode equation as: 

I'  V—JR3  
JD(V) A{exp q 

QkT ) - , (6.6) 

where Q is the diode factor, J0  reverse saturation current density and R3  is 

series resistance of the cell. J is the current passing through the device which is 

calculated from the difference between JL  and JD  as: 

J(V)=JD(V)—JL(V) . (6.7) 

A typical value of Jo for a p-i-n a-Si:H solar cell is 10_12  A/cm2  [4,5], and that 

-10 2 for a-SiCe:H is taken to be 10 A/cm . Using Eq.(6.7) we have calculated the 

V-I characteristics of solar cells numerically. A slightly different method has 

been successfully used by Hegedus and Phillips [2] to fit the V-I characteristics 

of several single junction a-Si:H solar cells. 

Using Eq. (6.7) first the V-I characteristics of individual cells are calculated 

separately. Then the following procedure is used, as also described in chapter 5, 



for plotting the V-I characteristics of the resulting tandem structure: (1) starting 

from V = 0, as the J's of the two cells are usually different, we take the lower 

J (limiting current) as the J of the tandem. (2) For determining other points 

on the V-I curve of a tandem cell we take the same current in both the cells 

for meeting the current matching condition and then the corresponding voltages 

from individual V-I characteristics are added to get the voltage of the tandem. 

Although, by applying the above method one can get the V-I characteristics 

of a tandem, it does not ensure the current matching between two cells at the 

maximum power point, which means it does not optimise the photovoltaic per-

formance of the tandem. Therefore, for achieving the current matching at the 

maximum power point, first we select a particular thickness of the i-layer in one 

cell and then we vary the thickness of the other i-layer till the current matching 

is achieved at maximum power point. Once the thickness of the two i-layers are 

thus determined, the V-I characteristics of the individual cells and those of the 

tandem can be plotted using the procedure given above. 

6.3 Results and discussion 

In designing a tandem of two cells, we have considered that the p and n 

layers are of the same thickness, each of 10 nm. As stated above, using the defect 

density in a-Si:H is 5 x 10 5  cm 3  and that in a-SiGe:H as ten times higher, we 

have calculated the V-I characteristics of individual cells in the tandem using Eq. 

(6.7). The difference in the currents of the top and bottom cells, at the maximum 

power point, = Jm,2  - Jm 1 , is then plotted as a function of the thickness of 

the bottom i-layer for several selected thicknesses of the top i-layer in Fig. 6.1. In 
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Fig. 6.1 Plot of 'J,  the difference between the currents at maximum power 
points in top and bottom i-layers, as a function of the thickness of the 
bottom i-layer for a few selected thicknesses of the top i-layer. 

comparison with the result of 'Jm , shown in Fig. 5.4 in chapter 5, for a constant 

thickness of the top i-layer, it is found here that AJ,,  first increases with the 

thickness of the bottom i-layer and then starts decreasing at large thicknesses. 

As the thickness of i1  is constant, the current Jm.1  is almost constant and therefore 

the initial increase in represents an increase in Jm2  due to the enhanced 

absorption in the bottom cell, because of the increase in the thickness of the i2-

layer. Such an increase in AJ,,  is similar to that obtained in Fig. 5.4. However, 

at larger thicknesses of the i2-layer, /.Jm,  decreases, which is in contrast with 

the result in Fig. 5.4, where AJ,, first increases and then it gets saturated. 
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As we have considered here the influence of defects on the photocurrent, the 

decrease in LJm  at large thicknesses indicates relatively more recombination 

that reduces Jm2.  Although the absorbance and recombination both increase 

with the increase in the thickness of 12-layer, the absorbance is relatively higher 

in the lower thickness region and recombination becomes dominant in the larger 

thickness region, which reduces the current. 

From the results shown in Fig. 6.1 we have found that the corresponding to a 

particular thickness of the top i-layer (ii)  there are sometimes up to four possible 

thicknesses of the i2-layer at which the perfect current matching (/Jm, 0) 

occurs. However, the lowest possible thickness of the bottom i-layer is too thin to 

be considered from the experimental point of view, which leaves only up to three 

possible thicknesses of the bottom i-layer. As it can be seen from Fig. 6.1, for d 1  

up to 150 nm thick, we get only one realistic thickness of i2 , but at d 1  = 200 nm 

one gets about three thicknesses of i2  at the perfect current matching. However, 

for a thicknesses of ii > 300 nm, Fig. 6.1 suggests that no current matching can 

be obtained. This is because relatively too much light gets absorbed in the top 

cell to provide matching absorption in the bottom cell. 

It is to be noted in Fig. 6.1 that in the region of thinner 12-layer (d 2  < 

150nm), we have obtained more than one thickness of i2  for certain thicknesses 

(150 nm < d 1  < 300 nm) of 11, to satisfy the current matching condition. The 

important thing here to note is, that /.IJrn  has an oscillatory behaviour for d 2  < 

150 nm at all selected values of d 1 . As the thickness of i2  is rather small such an 

effect is attributed to the internal interference, which is regarded to be significant 

particularly in the lower thickness region. 
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In Fig. 6.2, AJ,, is plotted as a function of the thickness of i1  for several 

thicknesses of i2  at maximum power point. In contrast with the results shown in 

Fig. 6.1, we have found only one thickness of i1  corresponding to a particular d 2  

to fulfill the condition of the perfect current matching at maximum power point. 

The results of Figs. 6.1 and 6.2 can be expressed to determine the thicknesses 

of i1  and 12  at the current matching condition. The thicknesses of i1  and i2  thus 

obtained are shown in Fig. 6.3, which clearly shows that for a particular thickness 

of i1  there may be more than one thickness of i2  but for a particular d 2  there is 

only one thickness of i1 . 

- - - - a—SlOe layer d=300 nm 
, - - - 

a—SlOe layer d=200 nm 
a—SiGe layer d=1 00 nm 

\ 
\ 
\ 

—10 I- 
0 50 100 150 200 250 300 350 400 

Thickness of the top i—layer (nm) 

10 

— 6 

—: 

C') 
~-) .3 

4-4 

 

Fig. 6.2 Plot of the AJ,, as a function of the thickness of the top i-layer (d 1 ) 
for a few selected thicknesses of the bottom i-layer (d 2 ). 
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Fig. 6.3 Relation between the thickness of the 11  and i2  at current matching 
point (Jm, - 0). 

On the basis of the results shown in Figs. 6.1-6.3, we have selected a tandem 

of two cells with the thickness of i1  = 210 nm and i2  = 100 nm, which apparently 

gives the optimal photovoltaic performance, which means applying the current 

matching condition at maximum power point. Following the method described 

earlier, we have constructed V-I characteristics of the top and bottom cells and 

then combine them into resulting V-I characteristics of the tandem. The V-I 

characteristic of the tandem cell are plotted in Fig. 6.4, which gives V0  = 1.58V, 

= 13.8mA/cm2 , FF = 0.69 and the resulting conversion efficiency 'i = 15.2%, 

in comparison with V0  = 1.64V, J = 11.9mA/cm2 , FF = 0.67 and ij = 13.0%, 

obtained experimentally [3] for a similar tandem cell. However, it is about 5% 

less than the efficiency obtained for the same structure of a tandem cell used 

in chapter 5 without incorporating the effect of defects. It is obvious from the 
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above results that the main reason for getting a 2.2% higher efficiency through 

our model in comparison with the experimental results is due to a higher J. 

This discrepancy in J,, may be attributed to the fact that we have not taken 

into account the series resistance of the p-n junction and contact resistance of 

the cell, which may be expected to affect the V0  as well. If our model is used 

for designing an actual tandem cell, the final V-I characteristics can be easily 

adjusted by adding a resistance. This resistance will have no influence on the 

design and current matching of the tandem cells. 
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Fig. 6.4 V-I characteristics of a tandem of two cells. The characteristics of 
individual single cells of the tandem are also shown. 

It may be noticed, from Fig. 6.4, that the efficiency of the tandem cell 

is nearly the same as the sum of the efficiencies of the individual single cells 

used in the tandem. However in practice this is not usually the case. This 

may be attributed to several reasons, but we believe that the main ones are: 
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(1) the perfect current matching may not be achieved experimentally and (2) 

the resistance across the p-n junction between the cells reduces the combined 

efficiency. 

It may be desirable to mention here that the experimental data used in our 

calculations are the same as those used in chapter 5. They are obtained from 

different experimental groups [6,7]. However for a better agreement between 

theory and experiment one should first measure all the parameters required and 

then use them to design a tandem cell for its maximum performance. 

6.4 Conclusion 

Using the admittance analysis method, the design of a tandem of two cells is 

modelled for its optimal photovoltaic performance. The effect of dangling bonds 

as recombination centres is incorporated through their influence on the product 

of mobility and life-time. The conversion efficiency, thus obtained is close to the 

experimental result. 

Table - 6.1 

Material of the layer Thickness (nm) 

Tandem cell 

TCO(ITO) 50 
p (a-SiC:H) 10 
i1  (a-Si:H) 210 
ii (a-Si:H) 10 
p (a-SiC:H) 10 
i2  (a-Si8oGe2o :H) 100 
n (a-Si:H) 10 
Rear metal contact Silver 
Efficiency 'ij 15.2% 
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VII. INFLUENCE OF COLLECTION 

EFFICIENCY ON DESIGNS OF SINGLE 

AND TANDEM STRUCTURE 

a-Si:H SOLAR CELLS 

An analytical expression for the collection efficiency incorporating the effect 

of recombination at dangling bonds is derived as a function of the defect density 

and the thickness of the a-Si:H thin films. The dangling bonds are considered to 

be in three charged states D°, D and D+  representing neutral, negative charge 

and positive charge, respectively. Short circuit current, J is then calculated 

using optical admittance analysis method and collection efficiency thus obtained. 

Our method enables us to calculate the optimal thickness (the thickness at max-

imum J8)  of i-layer at a given defect density and hence helps designing a-Si:H 

solar cells for their optimal photovoltaic performance. 

The technique is then extended to design a tandem structure of two cells 

stacked one on the top of the other and connected in series. The top cell is con-

sidered to be made of a-Si:H and the bottom cell of a-SiGe:H, and the condition 

of current matching is applied to determine the tandem's optimal design. 

7.1. Introduction 

In this chapter an alternative model for designing single junction and tandem 

solar cells is presented. In the previous chapter, the influence of defects in an 



a-Si:H film was taken into account in the expression for light current derived by 

Crandall [1]. In this chapter we use a different approach to incorporate the effect 

of defects on the performance of a-Si:H solar cells. The defects considered here are 

the dangling bonds present in a-Si:H. The effect of such defects is considered here 

through the collection efficiency of charge carriers generated in the i-layer. We 

have calculated the collection efficiency, x using a recent analytical expression 

derived by Hubin and Shah [2]. This approach allows one to express the collection 

efficiency explicitly as a function of the defect density and film thickness, and thus 

enables one to get a quantitative estimate of the effect of recombination on the 

photocurrent. 

In Crandall's [1] approach, only a single defect centre type of two-state re-

combination is assumed, which is essentially the classical S ho ckley- Read- Hall 

(SRH) type of recombination. In a single type of two-state recombination centre, 

recombination occurs via a single recombination path only; thus the successive 

capture of one free hole and one free electron becomes a serial process. For such 

a serial process, it is evidently the slower of the two successive captures that con-

trols the recombination. It is to be remembered, that the carrier with the slower 

capture time possesses the longer drift length. Therefore the carrier with the 

longer drift length plays a dominant role in determining the collection efficiency. 

Thus in Crandall's model, which is based only on the serial process, the collection 

efficiency is determined by the longer drift length. 

On the other hand Hack and Shur [3] have used two different types of recom-

bination centres; donor like and acceptor like, where the recombination occurs 

through two parallel paths. In this situation, as explained below, it is the car- 
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Fig. 7.1 Schematic illustration of serial (a)(SRH) and parallel (b) (three state) 
recombination models processes based on single and two types recom-
bination centres, respectively. D+,  D°  and D represent positively, 
neutral and negatively charged dangling bond states, respectively. E 
and E represent the edges of the conduction and valence bands. 
and p  are densities of free electrons in the conduction band and free 
holes in the valence band, respectively. r, P (n or p), and are 
the capture times of a free electron on D+,  charge carrier (electron or 
hole) on D°, and hole on D dangling bonds. A single arrow denotes 
a path with low capture cross section for recombination, and double 
arrow signifies capture cross section of a path with high recombination. 

ncr with the shorter drift length that determines the collection efficiency. For 

example, in the intrinsic material, such a limiting carriers would be holes. 

In Fig. 7.1(a) the two arrows, symbolising the capture process through a 

single carrier recombination centre, are connected in series. In this case the 

recombination will be determined by the arrow which is associated with the lower 

capture probability, that means the collection will be governed by the carrier 

with the higher product or longer drift length. However, in Fig. 7.1(b), which 

illustrates the recombination through two recombination centres, donors (D) 

and acceptors (D+),  one finds that the paths of recombination are connected in 

parallel. 
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The capture times are inversely proportional to the corresponding capture 

cross sections. Using (i - P. or p), and to denote the capture times 

of a free electron on D+,  charge carrier (electron or hole) on D°, and hole on 

D dangling bonds, it is assumed here that i, r r and i, because the 

capture of a charge carrier on an oppositely charged dangling bond is expected to 

have a larger capture cross section. Therefore and are relatively very short. 

Thus the 'double arrow paths' are virtually 'short-circuits' and consequently, have 

little influence on the recombination processes. The recombination will be thus 

limited by the 'single arrow paths' associated with r and y. As these single 

arrow paths are connected 'in parallel', the recombination will be governed by the 

arrow (out of the two single arrows), which is associated with the smaller capture 

cross section (longer capture times), i.e. the collection efficiency will be governed 

by the carrier with the lower ,uy product, or in the other words the shorter drift 

length. 

Using Hubin and Shah's approach [2], the collection efficiency is derived in 

this chapter. Combining the absorbance [4] and collection efficiency thus derived 

as a function of the film thickness one can determine J also as a function of 

the thickness of the i-layer in a-Si:H solar cells. By optimising the J,, thus ob-

tained with respect to the thickness of the i-layer, one can determine the optimal 

thickness of the i-layer. 

Using the above approach we have designed both a single junction and tan-

dem structure of two cells, for the same structure and material of layers as used 

in the previous chapter. In the tandem structure, the top i-layer of a-Si:H has 

an optical energy gap of 1.7 eV and the bottom i-layer of silicon-germanium (a-

SiGe:H) alloy has a band gap of 1.43 eV as considered in the previous chapter. 

101 - 



Our designs predict an efficiency of 10.9% for a single junction cell at a defect 

density of 5 x 1015cm 3  in its i-layer, and 14.4% for a tandem cell where a-SiGe:H 

is assumed to have a defect concentration ten times higher than that in a-Si:H. 

7.2. Theory 

7.2.1 Derivation of collection efficiency with constant generation rate 

Collection efficiency, x in the i-layer can be written as: 

L 
f(G0  - R) dx 

G0L 

L 
G0L—fR(x)dx 

0 

G0L 
(7.1) 

where C0  is the constant uniform generation rate, L thickness and R recombina-

tion function of the i-layer. Assuming that the material is subject to high illumi-

nation intensity, and neglecting the thermal re-emission of carriers from dangling 

bonds, the recombination function, R, for dangling bonds has been derived by 

Hubin et. al. [2] as: 

R =- (0"  + P-') / ( P-f  T~ + I + 7P (7.2a) 
'T T flf )f T fi  

where flf and p.f  are the densities of free electron and holes,respectively. 'r and 

are the capture times of free electrons and free holes by neutral dangling bonds, 

respectively. T is the capture time of free holes by negatively ionised dangling 

bonds and is the capture time of free electrons by positively ionised dangling 

bonds. Here the subscript f  signifies 'free' carriers. We consider, that charge 

assisted capture is much more probable than neutral capture, thus: 

01,   T TflfT. 
, (7.2b) 

P P Pf 'TT 
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This condition is in agreement with work of Wyrsh and Shah [4] and it reduces 

the expression for R [Eq. (7.2a)] to a linear form given by: 

R - 
72j + 7) f  - n(x) + p(x) 

0 —  
77 To T, 

(7.2c) 

In the right hand side of the expression above, we have dropped the su- 

perscript 0  from 'r and , and subscript 
,' 

from n 1  and p.f  for convenience. 

Accordingly these superscripts and subscripts will not be used any more in this 

chapter. In order to solve Eq. (7.1) we need to express R as a function of the po-

sition, .'r, within the i-layer, measured from the p-i interface, as expressed in Eq. 

(7.2c). The quantities n(r) and p(x) can be obtained by solving the steady state 

continuity and transport equations. For deriving n(a) and p(x) we assume that 

the electric field, E0 , is constant across the i-layer. This is because the charge 

carriers in the localised states in the i-layer are expected to create only a small 

distortion to the total magnitude of the electric field, E0 , which can be neglected. 

We also assume that the diffusion currents are negligible compared with the drift 

currents. Thus we can write the steady state continuity equations as: 

o = C0  - R(x) - (7.3a) 

o = C0  - R(x) + (7.3b) 

and transport equations as: 

= qLn(x)Eo (7.4a) 

j p(X) =qup(r)Eo (7.4b) 

where q is the magnitude of electronic charge, ,u77  and p are band mobilities for 

free electrons and holes respectively. Using Eqs. (7.2c), (7.4a) and (7.4b) the 

Eqs. (7.3) can be written as: 

o = Go  - - 
- i7E0 d 

n(x) 
(7.5a) 

T7, 

o =Go  - 
p(:) 

- + . (7.5b) 
di- 
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Combining Eqs. (7.5a) and (7.5b) we get: 

dn(x) dp(x) O1tE0 +1tE0 dx 
 dx 

Differentiating Eq. (7.5a) with respect to x, we get: 

dp(x) i dn(x) d2n(x) 
- -- —/iTEo 2 7.7 

(1:1; dx dx 

which is then used in Eq. (7.6) to get: 

in,  _idndn
o , (7.8) dx dx 

where and i = [tpTp j Eoj are the drift lengths of free electrons and 

holes, respectively. Defining b as: 

-n  
b= i

t, , (7.9) 
n 1p 

one can solve Eq. (7.8)easily by writing it as: 

y'+by=O , (7.10a) 

where y and y' Eq. (7.10a) can be written in the form of: 

- (e  bx  y) =0 , (7.10b) 
dx 

to get: 

y . (7.10e) 

By integrating Eq. (7.10c) again with respect to x, we get: 

n(x) = —e + C2  
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where C1  and C2  are constants of integration. Applying the boundary condition 

n(x = 0) = 0 in Eq. (7.11), we can determine the constant C2  as: 

C2  — C1  
- 

. (7.12) 

Substituting (7.12) into (7.11), we get the final form for 71(x) as: 

n(x) = (7.13) 

In order to determine C1 , we use Eq. (7.13) in Eq. (7.5a) and obtain p(x) as: 

p(x) = Corp - (1 - e) - LnT pEoCie . (7.14) 

Applying then the second boundary condition that p(x = L) = 0 for x = L, we 

get from Eq. (7.14): 

o - C0r - (1 - e) - nr pEoCie , (7.15a) 
- rb 

which gives: 

C1 
 - 

COLJ)T, 
bL (7. 15b) 

- ip - InC— 

Now we can express n(x) by substituting - (Eq. (7.15b)) in Eq. (7.13) to get: 

'n(x) 
C0ir 

(1 - e) C3ir, (1 - e) , (7.16a) 
1 p - in e_bL 

defining 

Co 
—bL (7.16c) 

, 

which then gives: 

dn C0irb e 
C3irbe . (7.16b) 

dx - - bL 

Using Eqs. (7.16a) and (7.16c), in Eq (7.5), we can now determine p(x) as: 

p(x) = COT - + Tie_bx (r1) 
. (7.17) 
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Using then Eq. (7.15b) in Eq. (7.17) we get: 

() (e bx 
- e) C3 i (e - e) . (7.18) 

Having derived n(x) and p(x), we can now evaluate the integral in Eq. (7.1) as: 

/R(x)dx=fdx+fdx (7.19) 

Using Eqs. (7.16a) and (7.18), in Eq. (7.19) we get: 

/ dx [Lb - (1 - , (7.20) 

and 

/ dx = 
C3i [1 

- e_bL (1 + bL)] . (7.21) 

Using Eqs. (7.20) and (7.21) in Eq. (7.19) we get: 

j R(x) dx = C3 [ii(e_bL 
- 1) + L(i - ie)] . (7.22) 

Substituing C3  from Eq. (7.16b) we get: 
L 

/ R(x) dx 
—bL  Goii p (e— 1) + 

LC0 . (7.23) 

Using then Eq. (7.23) in Eq. (7.1) we finally get an expression for x as: 

1 11 (e - 1) 
. (7.24) 

- 

 

Defining L( , 2 one can express b as: 

b = - , (7.25) 

and then using Eq. (7.25) in Eq. (7.24) we get the expression for x as derived 

by Hubin and Shah [2]: 

(L ) L 
L i, exp() 

- 
i exp(—) exp 

- exp (-p)] . (7.26) 
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7.2.2 Application of collection efficiency in the design of solar cells 

For designing a p-i-n type single junction cell here again we assume that, the 

i-layer is the only active layer, so the short circuit current, J, can be written as: 

- x q f Ai_iayer (A) F() 
A  dA , (7.27) 
hc 

where the integral is the same as used in calculating J c  in Eqs. (3.20),(5.4) and 

(6.1). 

Many charge carriers may recombine before reaching the electrodes due to 

the presence of defects, which are an intrinsic part of a-Si:H. The product of i 

and 'r is inversely proportional to the defect density, ND, as [6]: 

1 
OND (7.28) 

where a is proportional to the capture cross section. Numerical values of sigma 

are:o 2.5 x i08  cmV' for the transition e—D0=D and a = 4 x i07  cmV' 

for hWO=D+ 

The electric field E0  can be expressed in term of the built in voltage, Vb,  as: 

E0 
= 

Vb 
, (7.29) 

which is obtained as [6]: 

qVb(V)=EM—EFN—EFP , (7.30) 

where EM is the mobility gap energy for a-Si:H, and EFN and EFP are the 

positions of Fermi energies in the n- and p-type layers, respectively, measured 

from the corresponding mobility edges. Here we have used of EM = 1.75 eV, 
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0.25 eV, and EFp = 0.40 eV [6] in Eq. (7.30) to get an estimated built-in 

voltage of 1.1 V under the short circuit condition. 

Using Eqs. (7.26) and (7.27) one can obtain J,,  as a function of the thickness 

of the i-layer. The optimal thickness can then be determined corresponding to the 

maximum J,, which thus depends on the density of defects. As both absorbance 

and recombination increase with thickness of the i-layer, x decreases with the 

increase of the thickness of the i-layer. 

Another important parameter used for evaluating the performance of a solar 

cell is the open circuit voltage V0 , which can be written as [6-10]: 

voe= 'n 
ill 

( JO  +1) 
, (7.31) 

q \\  

where Q is the diode factor, and J0  the saturation current. A typical value of J0  

for a p-i-n a-Si:H solar cell is 10-12 2  A/cm [11], and that for a-SiGe:H is taken 

to be 1010A/cm2  as in the previous chapter. 

Using J, and V0 , thus obtained we can calculate the V-I characteristic of 

a cell numerically. During this process we take into account the series resistance, 

R3 , and its effect on the terminal voltage given by: V = 1/ + R8  . J, where Y j  is 

the voltage across the junction, and in a p-i-n cell this means the voltage across 

the i-layer. For most cells the series resistance, R8 , is estimated to be around 2-4 

lcm2  [9], which can be obtained from a relation R V0 /4J8 . This relation is 

only based on getting a reasonable series resistance for a cell. It is not obtained 

from any rigorous theoretical approach. However, it can be easily applied to most 

cells for simple modelling. For calculating the current density, J, of an a-Si:H 

cell we have used the following relation [9]: 

( VI (7.32) 
k. 
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For each J and V thus obtained, the output power density, P = J - V, is calcu-

lated. Vm  and Jm,  are thus determined at the maximum power point to calculate 

the fill factor, FF, and conversion efficiency, i, of a cell [7,12]. 

The V-I characteristics for a tandem of two cells are calculated in a similar 

way as for a single junction solar cell, as also described in chapter 6. However, first 

one has to apply the current matching condition at the maximum power point to 

determine the corresponding thicknesses of the top and bottom i-layers. This is 

done by choosing first a pair of d 1  and d2  and calculating the corresponding Jm,1  

and 1m2  If J1,1  = J1,21 then d1  and d2  are selected, otherwise one selects another 

pair of d1  and d2 . The search is continued until the current matching condition 

is fulfilled at the maximum power point, which determines the thicknesses of the 

i-layers in the top and bottom cells. 

Having determined the optimal thicknesses of both the i-layers, J 1  and J 2  

of the top and bottom cells in the structure, respectively, are calculated to get 

the J of the tandem cell, as the lowest of the two. V01  and V02  

are also calculated in the same way as described above for the single junction 

cell, and then V0  of the tandem is obtained as: V0 tarjn  = V01  + V02 . Having 

determined '3CtaIj,,  and the other points on the V-I characteristic of 

the tandem structure are determined as follows. At any other J < , the 

corresponding voltages V1  and V2  are obtained from the V-I characteristics of the 

two cells such that V = Vi  + V2  gives the corresponding voltage of the tandem 

structure. Thus all points of the V-I curve of a tandem are determined. 

- 109 - 



7.3. Results and discussion 

7.3.1 Collection efficiency of a cell 

The collection efficiency, x is calculated using Eq. (7.26) at four different 

defect densities, and the results are plotted in Fig. 7.2 as a function of the 

thickness of the i-layer in a single junction a-Si:H solar cell. It is obvious from 

1.0 

16110.11 

I::: 
0 

0.6 

0.5  
0 

-4- 
C) Q) 0.4 
0 

lm 

0.1 

0.0 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Thickness of the i—layer (i.m) 
o Nd=3.0 E+1 5 
A Nd=1 .2 E+1 6 
o Nd4.8 E+1 6 
v Nd=1 .9 E+1 7 Nd = number of defects (per cm3) 

Fig. 7.2 Calculated collection efficiency, X, using Eq. (7.26), as a function of 
the thickness, d, of the i-layer for four different defect densities. 

Fig. 7.2 that x decreases as both, the defect concentration and thickness of the 

i-layer, increase. The results of Fig. 7.2 can also be used to study the effect of 

the light-induced defects created in a-Si:H thin films. For example, if the defect 

density increases in a sample from 3.0 x 1015  cm 3  to 4.8 x 1016  cm 3  due to 

- 110 



the light soaking, one can see from Fig. 7.2 that x reduces to approximately one 

third of its original value at a thickness 0.6[Lm (600 nm). Such a reduction in x 

will be projected in the value of J as well, as it can be seen from Eq. (7.27). 

However, at smaller thicknesses, say 200 nm, the reduction in x is not so drastic. 

This suggests that the use of thinner i-layer can reduce degradation of a-Si:H thin 

films due to light soaking. As in a tandem structure the i-layers are thinner, this 

provides a direct evidence that tandem cells are expected to suffer less from the 

degradation problem, which agrees well with the experimental results [13]. This 

point will be elaborated further in the results of calculating J8 , in the following 

section. 

7.3.2 Single junction p-i-n cell 

In the design of a p-i-n type solar cell, we have used ITO of thickness 50 nm 

[14], as the TCO, p and n layers each of thickness 10 nm [11,15], and silver as 

the rear metal contact [12,14,16], as also used in the previous chapters. These 

parameters are used for calculating the absorbance in the i-layer. 

In Fig. 7.3 we have shown the integrated absorbance, Ai layer,  and collection 

efficiency, x as a function of the thickness of the i-layer at a defect density of 

5 x 1015  cm 3. Using x and Ajiayer  thus obtained, then we have used Eq. (7.27) 

to calculate J, which is also plotted in Fig. 7.3 as a function of the thickness of 

the i-layer. The effect of X on J8  can be clearly illustrated by comparing J in 

Fig. 7.3 with that in Fig. 5.2, where x is assumed to be unity for all thicknesses. 

As x decreases and -'41-1ayer  increases with the thickness of the i-layer, one can 

see from Fig. 7.3 that J,, first increases to a maximum value at a particular 
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thickness of the i-layer and then it starts decreasing at larger thicknesses. For 

the set of parameters used here, maximum J is obtained at d = 446 nm, which 

can be regarded as the optimal thickness of the i-layer in our design. 

One also finds from Fig. 7.3, that J,,  has an oscillating behaviour partidu-

larly at small thicknesses of the i-layer. These fluctuations are attributed to the 

fluctuation in the absorbance, also shown in Fig. 7.3, which are expected to be 
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Fig. 7.3 Absorbance, Ai_iayer;  collection efficiency, x; and short circuit current, 
J, plotted as a function of the thickness of the i-layer for a single 
junction a-Si:H solar cell. 

due to the internal interference. The fluctuation in Ajia ycr  has also been obtained 

in the previous work [16] as discussed in the previous chapters, as well. 

However, using a different approach J, has also been calculated by Hack 

and Shur [3] as a function of the thickness of i-layer. In their calculations they 

have not found any oscillations in J with respect to the various thicknesses of the 

i-layer. This is because they considered only the reflection at the rear interface, 

and hence the multiple reflections got neglected. However in our calculation, 
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Fig. 7.4 The short circuit current, J, plotted as a function of the defect density, 
Nd for a-Si:H solar cells with the thickness of their i-layer as 680 nm, 
443 nm and 220 nm. 

as the interference of multiple reflections at the internal interfaces of a cell is 

included, oscillations are found in the absorbance and hence in J,, as well. 

In Fig. 7.4, we have plotted Jsc,  as a function of the defect density for three 

selected thicknesses of the i-layer. The purpose of Fig. 7.4 is to illustrate the 

dependence of J of a-Si:H solar cells on the material quality. In our model 

the material quality of the i-layer is determined by the defect density; more 

defects give low quality material. An increase in the defect density is used here 

to represent the photo-degradation of solar cells. For example, the cell of d = 680 

nm in Fig. 7.4, has the largest J initially at a defect density of 1015  cm 3  in 

comparison with the other two cells of smaller i-layer thicknesses. However as the 

defect density increases to 1017  cm 3, J of the cell with d = 680nrn decreases 

rapidly. The decrease is rather significant even if Nd increases by only an order 

of magnitude. On the other hand, if we consider a cell of d = 220 nm then 
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although the initial J at Nd = 1015 cm 3  is lower than J,, for d = 680 nm, 

it does not decrease as rapidly if Nd increases ten times, and it is roughly four 

times larger than J of d = 680 nm for an increase in Nd by 100 times. This 

means that a solar cell with a thicker i-layer is affected much more by the photo-

degradation than that with a thinner i-layer, which agrees with the experimental 

results obtained by P.Chaudhuri et. al [17]. 

If the exposure to radiation increases number of defects in the i-layer of a 

cell, one can see from Fig. 7.4 that the reduction in J,, due to photo-degradation 

(increase in defect density) is lower in a cell with a thinner i-layer than that with 

the thicker i-layer, which also agrees with the experimental results [12-15]. One 

should, therefore, choose a thinner i-layer to reduce the effect of such increases 

in defects. This provides a direct evidence, that a tandem structure cell with the 

thinner i-layers, can be expected to suffer less from Staebler Wronski effect [18], 

which is also known experimental result [13]. 

Both the optimal thickness of the i-layer and the corresponding efficiency of 

a cell depend on the defect density as shown in the Fig. 7.5. If the number of 

defects is low, one can have a thicker i-layer, which will have higher absorbance 

and consequently bigger J,, and efficiency. As it can be seen from Fig. 7.5, we 

can find two optimal i-layer thicknesses at some defect densities, which produce 

almost the same J. This occurrence is expected to be due to the interference 

effects at the interfaces, which causes J to oscillate with the i-layer thickness 

as shown in Fig. 7.3. A relation between the efficiency and defect density thus 

provides very useful information prior to the fabrication of cells. 

The results in Fig. 7.5 suggest that at low defect density one can have a 

thicker i-layer to get the higher absorbance, higher J and consequently higher 
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Fig. 7.5 The optimal thickness and corresponding conversion efficiency, 77, plot-
ted as a function of the defect density, Nd,  in p-i-n type a-Si:H solar 
cells. 

conversion efficiency, ij. From these results one can see that only a very good 

quality a-Si:H layers (with least possible defect density) may be used for fabri-

cating solar cells to get higher efficiency. As single junction cells have a thicker 

i-layer, they require much superior quality films of a-Si:H in comparison with the 

films used for tandem cells. We may also conclude that our approach allows us 

to determine the optimal thickness of i-layer for an a-Si:H solar cell as a function 

of the defect density. 

According to Fig. 7.3, we have obtained an optimal thickness of the i-layer 

as d = 446 nm. for this cell we have calculated the V-I characteristics and plotted 

it in Fig. 7.6 at a defect density in its i-layer Nd = 5x 1015  cm 3. Such a design 

of a single junction p-i-n solar cell can produce conversion efficiency of j = 10.9%, 

which is a very realistic value. Although, this result is obtained for a particular 
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Fig. 7.6 V-I characteristics of an a-Si:H p-i-n solar cell with an i-layer of thickness 
of 446 nm and defect density of 5>< 1015cm 3. 

Nd, the approach followed here is general and can be applied to any p-i-n type 

solar cells. 

7.3.3 Tandem structure 

Here we consider designing a tandem of two cells with similar thicknesses 

and material of TCO, p, n and rear metal electrode as considered in the previous 

chapters. We use the same defect density in 

a-Si:H (Nd = 5 x 10 5  cm 3 ) and that in a-SiGe:H (Nd  = 5 x 1016  cm 3 ), as 

in the previous chapter for designing a tandem structure. For determining the 

thicknesses of the i-layers corresponding to current matching in both cells, we 

have plotted in Fig. 7.7 the difference in currents at maximum power points 
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Fig. 7.7 AJ,  the difference between the currents at maximum power points in 
top and bottom i-layers, as a function of the thickness of the bottom 
i-layer for a few selected thicknesses of the top i-layer. 

LXJm, Jrn,2  - 1m.1  as a function of the thickness of the bottom i-layer for several 

selected thicknesses of the top i-layer. Although, the results of Fig. 7.7 are 

similar to those shown in Fig. 6.1, the effect of recombination is accounted here 

explicitly in the calculation of x which is different from the approach used in 

previous chapter. 

Here also we have found that corresponding to a particular thickness of the 

top i-layer (11 ) there are more than one thickness of the bottom i-layer at which the 

current matching occurs. However, some of the results are slightly different from 

those shown in Fig. 6.1 in chapter 6. For example, here no current matching 

is obtained for d 1  > 250 nm, which is slightly less than 350 nm obtained in 

chapter 6. 
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The calculated efficiency of the tandem cell is plotted as a function of the 

thickness of the bottom i-layer in Fig. 7.8. As stated above assuming that the 

defect concentration in a-SiGe:H is ten times higher than that in a-Si:H, we have 

found that there are two possible thicknesses of the a-SiGe:H layer at which the 

efficiency of the tandem has peak values. Such an occurrence is attributed to the 

interference effects. Although the two peak efficiencies differ only by a fraction of 

a percent, the corresponding thicknesses of the bottom i-layer differ significantly. 

The first peak efficiency occurs when the thickness of the bottom i-layer is in 

the range of 31-42 nm and the second one around 105 nm. On one hand in the 

view of the previous discussion in relation with the Stabler-Wronski effect, one 
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may favour the choice of a thinner i2-layer- On the other hand from a practical 

point of view it may be preferable to utilise the second peak, because it is rather 

difficult to deposit so thin homogenous film of a high quality over a larger area. 

Here a high quality is referred in a sense that in a very thin film diffusion at the 

interfaces can make a significant contribution to the defect density. It may also 

be noted that even slight deviation in film thickness around the first peak will 

result in a steep decrease in conversion efficiency, as it can be seen from Fig. 7.8. 

Thus the choice of either thinner or thicker i2-layer corresponding to the peak 

15 

14 

13 

It 
12 

> 
0 

11 
C) 

'4- 
9- 
uJ  10 

I 50 100 150 200 250 300 350 400 450 500 
Thickness of the top i—layer (nm) 

Thickness of the bottom i—layer 31 —42 nm 

Fig. 7.9 The efficiency, 'q, as a function of the thickness of the top i-layer. The 
maximum efficiency thus obtained corresponds to a thickness of the 
bottom i-layer in the range of 31-42 nm. 

efficiencies have their own merits and demerits. Since the efficiencies are not 

really different at the two thicknesses, we have presented below a detailed study 

of a tandem with the thinner optimal i2-layer. We get a similar results from the 

thicker i2-layer as well. 
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The dependence of efficiency on the thickness of the top i-layer is shown in 

Fig. 7.9 for a thickness of the bottom i-layer in the range of 31-42 nm. The 

maximum efficiency is found at a thickness d 1  = 240 urn of the top i-layer, 

which is about a half of the optimal thickness of a single junction cell with the 

same defect density. This is because the thickness in a tandem cell is restricted 

by the current matching condition. As described earlier, a thinner i-layer means 
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Fig. 7.10 IN characteristics of a tandem of two cells. 

that if the number of defects in the top i-layer increases due to the light soaking, 

it will have much less influence on the efficiency of the tandem cell in com-

parison with a single junction cell, which usually has a thicker i-layer. As stated 

above, therefore, this provides a direct evidence for the suppression of the Stabler-

Wronski effect [18] in a tandem cell as also observed experimentally [13]. 
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In Fig. 7.10 we have shown the calculated IN characteristics of a particular 

tandem cell with the top i-layer of 240 nm and the corresponding bottom i-layer 

of 37 nm. This combination can be regarded as an optimal one for AM1.5 with 

a conversion efficiency of 14.4%. For the other combination of thicknesses of i-

layers d 1  = 240 nm and d 2 = 105 nm, we get almost the same results as above 

with the conversion efficiency of 14.2%. These conversion efficiencies are about 

the same as achieved experimentally [19]. 

7.4. Conclusion 

We have incorporated the effect of recombination of photo-generated charge 

carriers on the trapping centres (dangling bonds) in deriving an expression for 

the collection efficiency, X, of a-Si:H solar cells. Using, x thus derived, and the 

admittance analysis method we have developed a simple method of calculating J 

in a-Si:H solar cells, which can be maximised with respect to the thickness of the 

i-layer and defect density. With this method the decrease in J,, due to increase 

in the defect density caused by the photo-degradation can easily be calculated. 

By optimising J,,  thus obtained, both single junction and tandem struc-

ture cells have been designed and their photovoltaic performances have been 

calculated. Our optimal design of a single junction p-i-n solar cell predicts an 

efficiency of 10.9%, and that of a tandem of two cells gives an efficiency of 14.4%. 

The present method can be used for designing any single or tandem of two a-

Si:H cells, particularly in overcoming specific difficulties of current matching in 

tandem cells. 
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The optimal design of both single and tandem structure cells obtained from 

the approach used in this chapter are summarised in Table - 7.1. 

Table - 7.1 

Material of the layer Thickness (nm) 

Single junction cell 

TCO (ITO) 50 
p (a-SiC:H) 10 
i (a-Si:H) 446 
n (a-Si:H) 10 
Rear metal contact Silver 
Efficiency T1 10.9 % 

Tandem cell Chapter 6 Chapter 7 

TCO(ITO) 50 50 
p (a-SiC:H) 10 10 
i1  (a-Si:H) 210 240 
n (a-Si:H) 10 10 
p (a-SiC:H) 10 10 
i2  (a-Si8oGe20 :H) 100 105 
II (a-Si:H) 10 10 
Rear metal contact Silver Silver 
Efficiency?] 15.2 % 14.2 % 

Comparing the optimal design of a tandem cell determined here and in chap-

ter 6, we find the following differences. The i-layers for the tandem cell designed 

in chapter 7 are slightly thicker and efficiency is 1% lower. These differences are 

primarily due to the fact that the approach used for incorporating the effect of 

recombination in chapter 7 is different from that used in chapter 6. 

The efficiency from the design of a single junction cell is less than that 

obtained recently experimentally [20]. This discrepancy can be attributed to the 

fact that the influence of light trapping due to textured films and anti-reflecting 

coating has not been taken into account. 
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VIII. CALCULATION OF COLLECTION 

EFFICIENCY FOR a-Si:H 

SOLAR CELLS 

A simple method for calculating the collection efficiency of p-i-n type single 

junction amorphous silicon (a-Si:H) solar cells is presented. Using a modified 

admittance analysis method, the absorption profile of the intrinsic layer (i-layer) 

of a cell is calculated to determine the recombination function, which is then used 

for calculating the collection efficiency. It is expected that the present results of 

the collection efficiency are more accurate in comparison with the previous ones 

calculated either using a constant generation rate or an empirical exponential 

function for the generation of charge carriers throughout the i-layer. The col-

lection efficiency thus calculated is used to obtain the short circuit current as a 

function of the thickness of the i-layer as done in chapter 7, which is then used 

to determine the optimal thickness of the i-layer of a cell. 

8.1. Introduction 

Usually all photons incident on the surface of a solar cell do not contribute 

to the generation of charge carriers and all generated charge carriers do not con-

tribute to the photovoltaic current. However it may be assumed that all absorbed 

photons contribute to the generation of charge carriers. Some photo-generated 

carriers can recombine at impurities or trapping centers before reaching the elec-

trodes and therefore cannot contribute to the photovoltaic current. The ratio of 
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the number of charge carriers contributing to the photovoltaic current to the total 

number of photogenerated charge carriers is defined as the collection efficiency 

of an amorphous silicon (a-Si:H) solar cell, which plays an important role in its 

photovoltaic performance. It is therefore desirable to study the collection effi-

ciency of a-Si:H cells with a view to assess its dependence on various photovoltaic 

parameters. 

Several models [1,2] have been proposed to calculate the collection efficiency 

of p-i-n type a-Si:H solar cells. Most of them, both numerical and analytical, have 

used the well known S ho ckley- Read- Hall (SRH) expression for recombination de-

rived for a two state recombination centers. However in a-Si:H, the recombination 

centers consist of three states (D+,  D and D°) which need to be appropriately 

accounted for. In the previous chapter we have followed a more recent model 

developed by Hubin and Shah [2], which takes into account defects (dangling 

bonds) as three state recombination centers for a constant generation rate, C0  of 

charge carriers throughout the i-layer. 

In this chapter, however, instead of assuming a constant generation rate of 

charge carriers throughout the i-layer as used by Hubin and Shah [2], we have 

considered that the generation rate depends on the position within the i-layer 

from p-i to i-n interfaces. As the original admittance analysis [3,4] method can 

only be used to calculate the integrated absorbance in a whole layer of a multilayer 

structure, we had to modify it to be able to calculate the absorption profile within 

any layer of a multilayer structure. The number of photons absorbed as a function 

of the distance from the top is defined as the absorption profile of a layer. For the 

i-layer of a p-i-n solar cell this translates into the number of photons absorbed as a 

function of the distance, x, within the layer from the p-i interface. The absorption 
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profile of the i-layer thus obtained is then used in solving the continuity equations. 

In doing so, we have assumed a constant electric field in the i-layer i.e. the effect 

of the electric charges in the localised states (dangling bonds and band tails) is 

neglected. 

The collection efficiency has been used for calculating the photogenerated 

current in a-Si:H solar cells by several research groups. Demichelis et. at [5-7] 

have evaluated the short circuit current (J3)  in an a-Si:H solar cell by calculating 

the absorbance in the individual layers and the corresponding non-recombination 

factor. Although our approach of calculating J,, in this paper is some what 

similar to that of Demichelis et.ai. [5-7], there are two very important differences: 

1) we have used the admittance analysis to calculate the absorbance in any layer of 

the structure, which is known to be simpler to apply [4], and 2) for calculating J 

we have used the absorbance only in the active i-layer. The latter is based on the 

assumption that only the absorbance in the i-layer contributes to the generation 

of the photocurrent [8]. Ellis et.ai. [9] have measured optical constants N(X), 

K(A), and also calculated the saturation current, Jsat,  by taking into account the 

absorbance only in the active layer. However, they have not taken into account 

the recombination loss in their approach. 

It is expected that the present approach to calculate the collection efficiency 

is simple to apply and it produces more realistic results than those obtained by 

other theories in which the generation rate is either assumed to be a constant, 

Go [2] or used as an empirical exponential form [10,11]. 
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8.2. Theory 

We consider here a single junction cell with structure glass/TCO/p-i-n/rear 

metal contact (Ag) for calculating its collection efficiency using the absorption 

profile of its i-layer. First we describe the modification of the admittance analysis 

method to be able to calculate the absorption profile of the i-layer. For this 

purpose we assume that the i-layer consists of two sublayers 11  and i2 , and both 

have the same refractive indexes. We then apply the admittance analysis method 

[4,12] to calculate the absorbance in both 11  and i2  layers. In our calculation we 

start with 11  being of a very small thickness, say d 1 . The thickness of 12  layer 

is d12  = di - d 1  , where di  is the total thickness of the i-layer. The thickness of 

11  is increased gradually (thickness of i2  decreases) in steps, until it covers the 

whole thickness of the i-layer, and absorbance is calculated in each pair of such 

thicknesses. It is to be noted that in the calculation of the absorption profile, 

one does not actually need to calculate the absorbance in the i2  sublayer. Here 

the absorbance in the i2  is used only to check the calculation, so that the total 

absorbance in the i-layer (A j_iayer  = A 1  + A 2 ) remains a constant at every step. 

Finally, the number of photons absorbed, n(d 1 ) in the thickness of i1  sublayer 

at the j  th step (j = 1, 2,. . . , N) can be written as: 

n(d1) 
= f F() A 1 (A) d 

he
' (8.1) 

where F(\) is the solar flux density at AM1.5 [21], with the integrated density of 

100 mW/cm2  and is the absorbance in i1  at the th  step and wavelength 

, calculated using the admittance method [4,12]. Using Eq. (8.1), then the 

number of photons absorbed in a slice d 1  - d 17 _ 1  is given by: 

n11 (j) = n(d11 ) - m(d11 _ i ) , (8.2) 
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with the boundary condition that n(d1o) = 0. Assuming that each photon 

absorbed can create a pair of electron and hole, Eq. (8.2) gives the generation 

rate of photogenerated charge carriers in the j' slice. In this way by choosing 

the slices to be very thin, we can calculate the generation rate, Go  at a distance 

x within the i-layer measured from the p-i interface. In our calculation the step 

of increasing the thickness of i1  is taken to be 5 nm. 

The advantage of our method is that it gives the generation rate, Go (x), as 

a function of .'t, and hence it takes a more accurate account of the absorption 

properties of the i-layer. In addition, as the admittance analysis method also 

takes into account the properties of other layers, our method is expected to take 

better account of the whole multilayer structure. 

The collection efficiency x,  of a p-i-n cell can then be calculated as: 

L 
f Co  (a) R(x) dc 
0 

L , (8.3) 
fC o (x)dx 
0 

where L is the total thickness of the i-layer, and R is the recombination function 

of charge carriers on dangling bonds given by [2]: 

R(x) 
n(x() + )) / (v( + 1+ , (8.4) 

'17? 'Ip n (x) T p (x) 'ri, 

where n(x) and p(x) are densities of free carriers, electrons and holes, at x, and 'r,-, 

and r are the corresponding capture times at the dangling bond states D°, and 

'r and are the capture times at D+  and D dangling bond states, respectively. 

Assuming that the capture cross-section of D+  and D—  states is relatively much 

higher than that of D° one gets the following relation [2]: 

(8.5) 
T '7p Tp 
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Using Eq.(8.5) in Eq.(8.4), as described in detail in chapter 7, we find that the 

latter reduces to: 

Tn T7 
(8.6) 

'rn, and 'r can be calculated as a function of the defect density Nd using [13]: 

Ndc --- , (8.7) 

where j is the mobility of charge carriers. The constant [1'rNd in Eq. (8.7) for the 

process e + ' D is taken to be 2.5 x 108  (cm'V') and for h + ' 

is 4x 107  (cm'V') [131.  Using then the constant values for ftn  and pp,  Tn and 

Tp  can be determined from Eq. (8.7) for a particular value of Nd. 

In order to calculate x in Eq. (8.3), we need to know the recombination 

function R, which is a function of n(x) and p(x) that can be obtained by solving 

the steady state continuity and transport equations given by: 

0 = Go (x) - R(:) + 
(8.8) 

0=Co (a) — R(x) — __j p (X) 

and 
j(x) =e  p. n(x)Eo  

(8.9) 

respectively, where e is the electronic charge , j current density and E0  constant 

electric field (E0 = -; Vb is built-in voltage). 

Using the boundary condition n(x =0) = p(x = L) = 0, we have solved Eqs. 

(8.8) and (8.9) analytically to get: 

x 

[c2  + EGo(0)]  [1— e] - 
e le b  -Go(.,r ) d ,(8.lOa) 

p() TT) Co(x) - + Tp[L. E0 
I d 

, (8.10b) 
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where i, and i are drift lengths given by: 

- fJY, I  E0  

p'i - , Eo I  
b is a parameter defined by: 

b , (8.11c) 

and 

L 
fe b x Go(x)dx 

G0(0)  
2 

An Al - i (i -  L -b L) 

Using Eqs. (8.6) and (8.10), in Eq. (8.3), the collection efficiency x can be 

calculated. The collection efficiency thus obtained is different from that used in 

chapter 7. However the rest of the calculation of J8  presented in this chapter is 

same as that in chapter 7. Also given in Eq. (7.27), the short circuit current, J 

is thus obtained as: 

qxJAi _ iayer ()F(A)dA 
hc 

(13) 

where Ai_1ayer(A) is the absorbance of the whole i-layer calculated from the ad-

mittance analysis method [12,14]. 

8.3. Results 

Using the modified admittance analysis method as described above we have 

calculated the absorption profile of the i-layer of a single junction a-Si:H solar cell 

with the structure glass/ITO/p-i-n/rear metal contact (Ag). Here the thickness 

of ITO, p and n layers are taken to be 50 nm [15], 10 nm and 10 nm [15,16], 

respectively. In applying the admittance analysis method one also needs refractive 
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Fig. 8.1 Absorption profile of the i-layer in a p-i-n a-Si:H solar cell. The number 
of photons absorbed at a distance x from the p-i interface plotted as 
a function of x for 3 cells with thicknesses of i-layers 300nm, 500nm, 
700nm. 

index N(\) and extinction coefficient K)) as a function of the wavelength of the 

incident radiation for the materials of all layers in the cell. The refractive indexes, 

N) and extinction coefficient K(A) of ITO are taken from Ref. [4,17], those of 

the semiconducting layers, p, i and n were measured by Eskenas and Miller [18] 

and those of silver are from Ref. [19]. 

For solar cells with the i-layer of thicknesses 300 nm, 500 nm and 700nm, 

the absorption profiles thus obtained are shown in Fig. 8.1. As expected, Fig. 

8.1 shows that the number of absorbed photons is higher near the p-i interface 

and decreases rapidly as .T increases, where x is the position within the i-layer, 

measured from the p-i interface. One finds some fluctuations in the absorption 

profile as x approaches the i-n interface, which is expected to be due to the 

internal interference with the reflected photons from the rear contact. 
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Fig. 8.2a Concentration of electrons, n(x) as a function of x, measured from the 
p-i interface, for the defect density of 1016  cm 3. The solid curve is 
obtained from the present work and broken one is obtained by taking 
Go as a constant given in Eq. (8.14) with x as an exponential function 
[2] 

In Fig. 8.2a, we have plotted the electron density n(x) as a function of x 

using Eq. (8.10a). Fig. 8.2a, shows that the electron density n(x) increases with 

increasing x. Likewise in Fig. 8.2b we have plotted the hole density p(x) as a 

function of x using Eq. (8.10b). We have also calculated n(x) and p(x) using the 

constant generation rate Go, as the average value of Go (x) given by: 

= fGo (x) dx (8.14) 

Thus n(x) and p(x) are calculated at constant generation rate using Eqs.(8.10) 

and (8.14) and taking in there G0 (0) = Go (x) = Go. n(x) and p(x) at constant 

generation rate are also plotted in Figs. 8.2a and 8.2b, respectively. In our calcu-

lation we have used ,u = 2 cm2V's', ft,, = 15 cm2  V's' and 17b = 1.2 V [10], 
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p-i interface, for the defect density of 1016  cm 3. The solid curve is 
obtained from the present work and broken one is obtained by taking 
Go as a constant given in Eq. (8.14) with x as an exponential function 
[2]. 

and used the same photon flux at AM1.5 as mentioned earlier. As it can be seen 

from Figs. 8.2a and 8.2b, n(.7;) increases, but p(x) decreases with increasing x. 

This is because electrons move towards the n- layer and holes towards the p-layer. 

Therefore n(x) is highest at i-n interface and p(x) at the p-i interface. 

In Fig. 8.3a, we have plotted the collection efficiency, x, calculated from 

Eq. (8.3) as a function of the thickness of the i-layer. The collection efficiency is 

expected to decrease with increasing thickness of the i-layer as found from Fig. 

8.3a as well. In Fig. 8.3b we have plotted the collection efficiency as a function 

of the defect density along with the results obtained using the constant G0, for 

several thicknesses. Here again as expected , the collection efficiency decreases 

with increasing defect density. 
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Fig. 8.3a Collection efficiency, x plotted as a function of the thickness of the 
i-layer for 5 different defect densities. The solid curves represent our 
work and the broken ones are obtained at the constant C0  given in Eq. 
(8.14). 

In Fig. 8.4, the short circuit current is calculated using Eq. (8.13) and is 

plotted as a function of the thickness of the i-layer for a few selected density of 

defects. In all the figures, except Fig. 8.1, we have also shown the corresponding 

results for the constant Co  [2] to compare them with our present results. 

8.4. Discussion 

We have presented a modified approach for calculating the collection effi-

cidncy of a p-i-n type single junction a-Si:H solar cell. Instead of considering 

a constant generation rate of charge carriers in the i-layer as done earlier [2], 

we have taken into account the fact that the generation rate depends on the 

absorption profile of photons in the i-layer. 
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Fig. 8.3b Collection efficiency, x, plotted as a function of the defect density of 
the i-layer for 5 different thicknesses of the i-layer. The solid curves 
represent our work and the broken ones are obtained at the constant 
Co  given in Eq. (8.14). 

The absorption profiles of single junction cells with three different thicknesses 

of their i-layers are shown in Fig. 8.1 and appear to be similar close to the p-i 

interface, but as we move towards the i-n interface, the absorption profiles exhibit 

fluctuations. The amplitude of these fluctuations depends on the thickness of 

the i-layer; which means, thicker the i-layer, smaller is the amplitude of the 

fluctuations. This is because in a cell with the thicker i-layer not many photons 

may reach the rear electrode to get reflected and cause the interference effect. 

Therefore fluctuations are small in cells with the thicker i-layer. 

The effect of internal interference, causing small fluctuations, can also be 

seen in the density of electrons, n(x) and holes p(x), for a cell with the i-layer 

thickness of 500 nm, shown in Figs. 8.2a and 8.2b, respectively. However, the 
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effect is not as profound as in the absorption profiles shown in Fig. 1. It is to be 

noted from Figs. 8.2a and 8.2b that the maximum value of density of holes p(r) 

is relatively higher than that of electrons n(x). As the hole mobility is about 

an order of magnitude lower than that of electron, it is expected that holes will 

spend relatively longer period in the i-layer than electrons and hence the density 

of holes is higher. It is clear from Figs. 8.2a and 8.2b that the present results 

are significantly different from those obtained for the constant Co in two aspects: 

1) small fluctuations are present in n(x) or p(x) due to the internal interference, 

and 2) results are quantitatively different. 

It is to be noted that in our calculation of n(x) and p(x), we have assumed 

that (1) the capture cross section of D+  and D-  states is much larger than 
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that of D°  state, and (2) the capture times T,,  and are constant through the 

thickness of the i-layer. The assumption (1) is supported by the fact that a charge 

assisted capture is much more probable than a neutral capture, which means the 

corresponding and are relatively very short and can be neglected as shown 

in Eq. (8.5). The assumption (2), however, may be regarded to be rather serious 

in principle, especially when we are considering the non-uniform generation rate 

throughout the i-layer. Nevertheless, it is expected that the error introduced by 

the assumption (2) is not going to affect the magnitude of n(x) and p(x) obtained 

here. 

The calculated collection efficiency x, shown as a function of the thickness 

of the i-layer plotted in Fig. 8.3a and as a function of defect density in Fig. 8.3b, 

decreases with increasing the thickness of the i-layer as well as with increasing 

defect density. The results of Figs. 8.3a and 8.3b show quite clearly that the 

collection efficiency obtained without the approximation that C0  is a constant, 

are quantitatively different. Also one can conclude from Figs. 8.3a and 8.3b 

that a cell with thinner i-layer has a collection efficiency that does not change 

much with the defect density, whereas in cells with thicker i-layers, the collection 

efficiency decreases with increasing defect density. It is also to be noted that 

only for thinner cells the constant Co  approximation may be considered to be 

applicable, because there is no significant difference between the two results. As 

the present method is rather simple to apply, one can easily calculate x without 

approximating C0  as a constant. 

The Fig. 8.4 shows that one can find an optimal thickness at which J 

would be maximum, and one can also estimate the degradation in J, as the 

defect density increases due to light soaking. For example, for a cell with an 
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i-layer of thickness 500 nm and an initial defect density of 5 x 1015  cm 3, we 

get 20mA/cm2  from Fig. 8.4, which can drop to 12 mA/cm2  if the defect 

density increases 10 times due to light soaking. It is therefore expected that such 

information will be quite useful in the fabrication of a-Si:H solar cells. 

It may be argued that J and the collection efficiency are not as important 

parameters as the fill factor and degradation in a-Si:H solar cells. However, as the 

conversion efficiency is directly related with J via the fill factor, we believe J is 

one of the most important parameters in governing the photovoltaic performance 

of a-Si:H solar cells, and as J,, depends on the collection efficiency of a cell the 

latter is also regarded as a very important quantity. As far as the degradation is 

concerned, one can see from Fig. 8.3b that the collection efficiency depends on 

the defect density in the i-layer, and therefore from Eq. (8.13) J depends on the 

defect density. That means any change in the defect density due to degradation 

can be assessed through J,  as this has been discussed elsewhere [20]. 

It is to be noted that we have not presented here the results of the conver-

sion efficiency in a-Si:H solar cells. The objective of this chapter is to develop 

a simple model for assessing the effect of light induced degradation (Staebler-

Wronski effect) on short circuit current, (J3),  of a solar cell and find out a way 

of minimising this effect. Having calculated J, the calculation of the conversion 

efficiency is similar to that presented in the previous chapters. Moreover, as the 

conversion efficiency is directly related with short circuit current [Eq. (5.9)] a 

similar effect of the light-induced degradation is expected to be on the conversion 

efficiency, (j), as well. In the view of the above, the calculation 'ri is nor repeated 

here, because it will not provide any further insight than that has already been 

achieved in the previous chapters. 
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8.5. Conclusion 

The absorption profile of the i-layer of a p-i-n a-Si:H solar cell is calculated 

by applying a modified admittance analysis method. The results are then used to 

solve the continuity and transport equations to obtain the charge carrier densities. 

The collection efficiency is subsequently calculated as a function of the thickness of 

the i-layer and defect density without the approximation of a constant generation 

rate, C0 . The results of the collection efficiency are then used to calculate the 

short circuit current of the cell, which can be optimised with respect to the 

thickness of the i-layer and defect density. The results of short circuit current, 

can be used to study the influence of the Staebler-Wronski effect in a-Si:H 

cells. 
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IX. CONCLUSIONS 

An optical model to design both single and tandem structure a-Si:H solar 

cells is developed in five progressive stages. It takes into account the various 

aspects of their photovoltaic performance. 

The method uses the admittance analysis method to calculate the absor-

bance, reflectance and transmittance of a multilayer structure device, such a 

solar cell. The absorbance in the individual layers of a device can be calculated 

and optimised with respect to their thicknesses. Using the absorbance one can 

determine the optoelectronic behaviour of a multilayer structure device. The 

optoelectronic properties studied here are photogenerated current, collection effi-

ciency and conversion efficiency of a-Si:H solar cells. Based on these studies, the 

optimal designs of both single and tandem structure solar cells are determined. 

The study of the optical properties of an a-Si:H solar cell with an additional 

TCO layer in between the n-layer and rear metal contact, in a p-i-n type solar cell, 

has reveal the following: 1) if the rear metal contact is aluminium (Al), the influ-

ence of the second TCO in a structure like glass/TCO/p-i-n/TCO/metal (Al), is 

noticeable. For a silver metal contact the second TCO makes little change in the 

optoelectronic properties of a cell. 2) It is also found that the glass with higher 

refractive index may enhance the absorbance hence the photovoltaic performance 

of a cell. 

At the second stage, using the admittance analysis method, both single junc-

tion and tandem structure of two cells have been designed and their photovoltaic 

performances have been calculated taking the collection efficiency as unity. The 
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thicknesses of various layers in their optimal designs are determined. The design 

of the tandem structure, based on fulfillment of the current matching condition 

is developed here. To the author's knowledge this is the first theoretical de-

sign model which provides a quantitative way of applying the current matching 

condition in designing tandem structure cells. 

At the third stage of the designing our model, the effect of dangling bonds as 

recombination centers is incorporated through their influence on the product of 

mobility and life-time. A tandem of two cells is thus design using the effect of re-

combination and current matching condition. The optimal design obtained in this 

way gives a conversion efficiency of 15%, which is very close to the experimental 

results obtained from a similar structure. 

In the next stage of the model development, an expression for the collec-

tion efficiency, x of a-Si:H solar cells is derived by incorporating the effect of 

recombination of photo-generated charge carriers on the trapping centres (dan-

gling bonds). Using, x thus derived, and the admittance analysis method we have 

developed a simple method of calculating J in a-Si:H solar cells is developed. 

J3 thus calculated, can be maximised with respect to the thickness of the i-layer 

and defect density. With this method the decrease in J,, due to increase in the 

defect density caused by the photo-degradation can easily be calculated. To the 

author's knowledge this is the first theoretical work that provides a quantitative 

relationship between the J and defect density. 

By optirnising J,, thus obtained, both single junction and tandem struc-

ture cells have been designed and their photovoltaic performances have been 

calculated. Our optimal design of a single junction p-i-n solar cell predicts an 

efficiency of 10.9%, and that of a tandem of two cells gives an efficiency of 14.2%. 

- 142 - 



The present method can be used to design any single or tandem of two a-Si:H 

cells, particularly in overcoming specific difficulties of current matching in tandem 

cells. 

The optimal designs of both single and tandem structure cells obtained from 

the approach used at the third and fourth stages of the design model development 

are summarised in the Table - 9.1. 

Table - 9.1 

Material of the layer Thickness (nm) 
Single junction cell 

TCO (ITO) 50 
p (a-SiC:H) 10 
i (a-Si:H) 446 
n (a-Si:H) 10 
Rear metal contact Silver 
Efficiency 7] 10.9 % 

Tandem cell Stage - 3 Stage -4 

TCO(ITO) 50 50 
p (a-SiC:H) 10 10 
ii (a-Si:H) 210 240 
II (a-Si:H) 10 10 
p (a-SiC:H) 10 10 
i2  (a-Si80Ge20 :H) 100 105 
II (a-Si:H) 10 10 
Rear metal contact Silver Silver 
Efficiency r 15.2 % 14.2 % 

Comparing the optimal design of a tandem cell determined by the fourth 

stage of the model development with that by the previous stage, it is found that 

the i-layers of the tandem cell designed using former are slightly thicker and the 

resulting conversion efficiency is 1% lower than those obtained at the previous 

stage. . These differences are primarily due to the fact that the approach used 

for incorporating the effect of recombination in stage 3 is different from that used 

in stage 4. 
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At the final stage of the model development, the absorption profile of the 

i-layer of a p-i-n a-Si:H solar cell is calculated by applying a modified admittance 

analysis method. The results are then used to solve the continuity and transport 

equations to obtain the charge carrier densities. The collection efficiency is subse-

quently calculated as a function of the thickness of the i-layer and defect density 

without the approximation of a constant generation rate, C0  as used in the pre-

ceeding stages.. The results of the collection efficiency are then used to calculate 

the short circuit current of the cell, as done in the previous stages. These results 

can be used to study the influence of the Staebler-Wronski effect in a-Si:H cells. 
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