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Abstract 
It is known that hydrogenated amorphous silicon (a-Si:H) thin films technology 

has some advantages compared to that of crystalline silicon (c-Si) such as; the 

fabrication low cost and the facility of deposition on a wide range of substrates. 

Moreover, the a-Si:H structure makes the electronic devices designed by it, such as 

the solar cells, more resistive and have a more considerable life time. The essential 

limitation compared to c-Si is the photo-degradation effect which reduces the a-Si:H 

solar cell conversion efficiency. Several technologies are used to improve the 

conversion efficiency such as the growth of the microcrystalline silicon ( c-Si:H) 

which exhibits a good conductivity and stability against the degradation, and the use 

of multi-junction design (double or triple junction devices) in order to cover a wide 

range of the solar spectrum, which enhances the optical absorption and so the 

conversion efficiency. The combination between a-Si:H and µc-Si:H, known as 

micromorph(a-Si:H/µc-Si:H) tandem cells, include both advantages of a-SiμH and c-

Si:H, they are less subject to light-induced degradation and show better stabilized 

efficiencies as compared to those attainable from a-Si:H devices.   

The aim of this work is about the study of a-Si:H and µc-Si:H silicon- based 

solar cells in different configurations; the single one , and the micromorph tandem cell 

with two terminal (2T) and four terminal (4T) electrical connections respectively. 

Using the simulation by Silvaco TCAD , we have extracted the external parameters of 

the studied solar cells such as; the characteristic current density –voltage (J-V) , the 

short circuit current density JSC, the open circuit voltage VOC and the conversion 

efficiency η, and we tried to physically understand and explain the photo-electric 

behavior of the solar cells, by analyzing the internal parameter profiles such as: the 

electric field, the charge carrier densities, and the recombination rates. This has been 

used to optimize the solar cell performance in single and tandem configurations, 

under various parameter effect such as the photo-degradation, i-layer thickness and 

mobilities, taking into account the experimental results of other researches. The 

optimal obtained efficiencies η are 9.07% at initial state (reduced to 7.66% at 
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degraded state) for the a-Si:H single cell, 9.06% for the µc-Si:H single cell, 12.01% at 

initial state (reduced to 10.40% at degraded state) for the 2T-micromorph tandem 

cell, and 12.27% at initial state (reduced to 11.39% at degraded state) for the 4T-

micromorph device. 

Key words: a-Si:H, µc-Si:H, solar cells, heterojunction, micromorph, simulation. 

Résumé 
Il est connu que la technologie des couches minces en silicium amorphe 

hydrogéné (a-Si:H) présente quelques avantages par rapport à celle en silicium 

cristallin (c-Si:H) tels que ; le faible cout de fabrication et la facilité de déposition sur 

une large gamme de substrats. De plus, la structure interne du (a-Si:H) rend les 

dispositifs électroniques conçus à sa base, telles que les cellules solaires, plus 

résistifs et ayant une durée de vie assez large. La limitation primordiale du a-Si:H par 

rapport au (c-Si) est l'effet de photodégradation qui réduit le rendement de la 

conversion photovoltaïque de la cellule solaire. Plusieurs technologies sont 

employées pour améliorer le rendement de la conversion telle que l‘élaboration du 

silicium microcristallin ( c-Si:H) qui  montre une bonnes conductivité et une stabilité 

contre la  dégradation, l'utilisation de la configuration de multi-jonction  (dispositifs 

doubles ou triples jonction) pour couvrir une large gamme du spectre solaire, ce qui 

augmente l'absorption optique et  ainsi le rendement de conversion. La combinaison 

entre le a-Si:H et le µc-Si:H, connus sous le nom de cellules solaires tandem 

micromorph(a-Si:H/µc-Si:H), comportent les deux avantages du a-Si:H et du c-Si:H, 

ils sont moins sensibles à la dégradation provoquée par la  lumière et montrent de 

meilleurs rendements et une bonne stabilité par rapport aux autres dispositifs  à base 

du a-Si:H.  

Le but de ce travail est l'étude des cellules solaires à base du a-Si:H et du µc-Si:H 

dans des configurations différentes; singulière, et la configuration de cellule tandem 

micromorph à deux terminales (2T) et quatre terminales (4T) respectivement. En 

utilisant la simulation par Silvaco TCAD, nous avons extrait les paramètres externes 

des cellules solaires étudiées comme; la caractéristique densité de courant-tension 

(J-V) , la densité de courant au court-circuit Jsc, la tension au circuit ouvert Voc et le 

rendement de la conversion η, et nous avons essayé de comprendre et expliquer le 

comportement photo-électrique de ces cellules solaires, en analysant les profils des 
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paramètres internes comme: le champ électrique, la densité des porteurs de charge, 

et les taux de  recombinaison. Ceci a été utilisé pour optimiser la cellule solaire dans 

les configurations singulière et tandem, sous l‘effet de plusieurs paramètres tel que la 

photodégradation, l'épaisseur de la couche intrinsèque (i) et les mobilités des 

porteurs de charge, en tenant compte des résultats expérimentaux d'autres 

recherches. Les meilleurs rendements  obtenus sont 9.07% à l'état initial (réduit à 

7.66% à l'état dégradé) pour la cellule a-Si:H singulière, 9.06% pour la  cellule de µc-

Si:H singulière, 12.01% à l'état initial (réduit à 10.40% à l'état dégradé) pour la cellule 

micromorphe tandem à 2T, et 12.27% à  l'état initial (réduit à 11.39% à l'état 

dégradé) pour la cellule micromorphe tandem à 4T. 

Mots clés: a-Si:H, c-Si:H, Cellules solaires, hétérojonction, micromorphe, 

simulation 

 ملخص
رن بت  ٌ م دٌ من المزا ر تم العد رٌ المتب درج غ ن الم كٌ ٌ لس ص ب ٌ الخ ج الطب الرق ل ف أن تكن من المعر

اس ع  ضعه ع مجم ل ت س ف اإعداد  ض تك ر مثل؛ انخف ن المتب كٌٌ لس ص ب ة ع الخ ند. عا ع من المس

ٌ لل  ن البن الداخ ، ف ٌ مدة   a-Si:Hذل تعط  ، م ٌ أكثر م ٌ الشمس ٌ مثل الخا ن تجعل من المركب اإلكتر

ل . أكثر مس   ةٌ أط رن مع    a-Si:Hح ءة  c-Siم قص كف د ال تن ٌ ء مم  تهٌ بسب الض ر بن ه تده

ل  رالتح ئالك ن استعم لتحس ؛ض ئعدة ت ض ر لٌ الك د التح درج  ؛ نٌ مرد ن الم كٌ مثل تنم الس

 ٌ ر جزئ ٌ  الشمس متعددة c-Si:H( المتب ل الخا ر،  استعم رار ضد التده دٌة  است ق  ج مٌت ن الذ   (

)  ذل لتغط  اكبر قدر  عف ا الثاث صا (المتض ص ال ٌ من امتص رٌفع قدر الخ ، م  فٌ الشمس ممكن من الط

لت ب ء  ن منالض ت ص د. ترك  عف ( a-Si:H  c-Si:H ل رفع المرد لخ المتض -aأ م تعرف ب

SiμH/ c-Si:H سن كل من ء   a-Si:H  c-Si:H) تتضمن ع مح لض لد ب ر المت تده س ل  ه أقل حس

د حسن  ر مرد ط من تظ ع ف زة المصن رن مع اأج ر م  . a-Si:H مست

ن من   ٌ المتك ٌ الشمس ع هذا البحث ع دراس الخا ض ٌ  a-Si:H   c-Si:Hسٌتند م د ف ؛اح بٌ مخت ف  ترك

اسط   ة الرق ةٌ ب ك دا ع المح . اعتم ال ئ ع الت رب ٌ ك نٌ  ذا اربع ن ت ص ذا ن ئ ال ص ، ثن ال

Silvaco TCAD  ر ف الت ٌ كث ص ٌ مثل خ خ ٌ ل رج ئص الخ ر الدارة  –تمكن من استخاص الخص ف ت د، كث ج

ر ص ح  Jscة ال د الدارة المفت ل Voc، ج د التح خ مثل ،  مرد ئط الداخ ل س ع ال ز .  عبر فحص ت

ل  ئالح رب ما  ،الك زٌ ح ،ترك ئاالتحمعدا  الشحن لن ف  شرح التصرف الض خا  -...ح ئ ل رب الك

.  الشمس

نٌ أداء الخ الشمس ف  لٌ تحس ئص المتع ف سب ف الخص رٌ مخت ث ، تم دراس ت ئ ص  الثن د ال ب أح الترك

هر ( ء  سم الطب الج لض ر ب لخ ،  مثل فعل التده ئج   )iب ر النت ن ااعتب ن بع ما الشحن آخذ  حرك ح

ل. ٌ ف هذا المج ٌ المتحصّل ع ب  التجر
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د   ئج المرد ن  ηاحسن نت ضع اابتدائ انخفض إل 9.07ك د 7.77% ف ال ٌ أح خ لنسب ل ر ب % بعد التده

ص من  ص من a-Si:H. . 9.06%ال د ال ٌ أح خ لنسب ل ضع اابتدائ  c-Si:H،  12.01%ب ف ال

نٌ  10.40انخفض ال  تٌ ص  ذا ن ئ ال ٌ ثن خ لنسب ل ر  ب ضع اابتدائ % ف12.27% بعد التده  ال

.11.39انخفض ال  ٌ ص ذا اربع ن ئ ال ٌ ثن خ لنسب ل ر  ب  % بعد التده

: المفتاحي ر جزئ ،   الكلما ن المتب ك ر ،  الس ر المتب درج غ ن الم ك ر الس صا غ خا شمس ، 

نس ة رقممتج ك ، مح
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General Introduction 

 

 

I.1) Solar photovoltaic energy 

Because of the development of industry, transport, means of communication and 

many other energetic fields, the world growth of the consumption of electricity 

observed these last decades still will be accentuated. The electric power is generally 

produced by combustion starting from nonrenewable resources (coal, oil, gas...) 

whose times of exhaustion are of a few decades. The energy obtained thanks to the 

photovoltaic cells is regarded more and more as an energy which can contribute to 

the world production of the electric power taking part effectively in the durable 

development [1].   

Indeed, the sector of photovoltaic has a very significant potential and could become 

one of the principal sources of long-term energy. Let us specify that energy that the 

sun sends to us represents an inexhaustible source, equivalent to more than 5000 

times the power consumption on ground [2].  As an example, the surface of the roofs 

directed towards the south would make it possible to cover the totality of the 

requirements in electricity for the continent. It is of course an image, because the 

continuous provisioning of energy must be multi-source (hydraulics, wind, biomass, 

geothermics...). Nevertheless, the field of photovoltaic has many advantages: solar 

energy is available on all the surface of the sphere and the maximum of photovoltaic 

production of electricity coincide with the peaks of consumption (day). Moreover 

devices require little maintenance, are reliable, flexible, not pollutants and silencer.  

The photovoltaic (PV) sector has been growing with a compounded annual growth 

rate of nearly 60% over the last ten years and it is still increasing until now as can be 

seen in  

Figure I.1 [3]. 

Historically, the United States had been the leader of installed photovoltaics for 

many years, and its total capacity amounted to 77 megawatts in 1996—more than 

any other country in the world at the time. Then, Japan stayed ahead as the world's 

leader of produced solar electricity until 2005, when Germany took the lead [4]. The 

country is currently approaching the 40,000 megawatt mark [3]. China is expected to 

continue its rapid growth and to triple its PV capacity to 70,000 megawatts by 2017, 

becoming the world's largest producer of photovoltaic power any time soon [5, 6]. 

https://en.wikipedia.org/wiki/Solar_power_in_the_United_States
https://en.wikipedia.org/wiki/Nameplate_capacity
https://en.wikipedia.org/wiki/Megawatt
https://en.wikipedia.org/wiki/Solar_power_in_Japan
https://en.wikipedia.org/wiki/Solar_power_in_Germany
https://en.wikipedia.org/wiki/Solar_power_in_China
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Figure I.1: Global cumulative PV capacity in MW since 1992 [7]. 
 

 

By the end of 2014, cumulative photovoltaic capacity reached at least 178 giga 

watts (GW), sufficient to supply 1 percent of global electricity demands. Solar now 

contributes 7.9 % and 7.0 % to the respective annual domestic consumption in Italy 

and Germany [8]. For 2015, worldwide deployment of about 55 GW is being 

forecasted, and installed capacity is projected to more than double or even triple 

beyond 500 GW between now and 2020 [4]. By 2050, solar power is anticipated to 

become the world's largest source of electricity, with solar photovoltaic and 

concentrated solar power contributing 16 and 11 %, respectively [4]. This will require 

PV capacity to grow to 4,600 GW, of which more than half is forecasted to be 

deployed in China and India [9]. 

The growth of photovoltaic would probably not have been so fast without the 

introduction of subsidies by certain countries. Nevertheless, the massive 

industrialization of the sector of these ten last year‘s made it possible to appreciably 

decrease the price of the photovoltaic panels, which did not achieve the discounted 

goal yet [7].   

https://en.wikipedia.org/wiki/Gigawatt
https://en.wikipedia.org/wiki/Gigawatt
https://en.wikipedia.org/wiki/Solar_power_in_Italy
https://en.wikipedia.org/w/index.php?title=Growth_of_photovoltaics&printable=yes#Forecast
https://en.wikipedia.org/w/index.php?title=Growth_of_photovoltaics&printable=yes#Forecast
https://en.wikipedia.org/wiki/Solar_power
https://en.wikipedia.org/wiki/Concentrated_solar_power
https://en.wikipedia.org/wiki/Solar_power_in_India
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Figure .2: Cumulative capacity in megawatts peak [MWp] grouped by region [7]. 

 

 

Figure  .3: Price decline of c-Si solar cells [7]. 

I

I
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Despite tremendous progress in all aspects of production of Si-based solar cells and 

the rapid decrease of production cost for PV modules [10] from 10 $/Wp at the 

beginning of the nineties to 0.3 $/Wp in 2014, the cost/kWh is still too high to 

compete with other sources of electricity generation [11]. 

Photovoltaic industry rests primarily on the use of silicon like basic material (~93%) 

[12]. This semiconductor has indeed various advantages: it is abundant on the 

surface of the sphere, it is not toxic and its technology is well controlled thanks to the 

development of micro-electronics. This material is used in various forms:  single-

crystal, polycrystalline, amorphous or in the form of ribbons. Polycrystalline silicon is 

of worse quality than its alternative single-crystal, but makes it possible to reach 

relatively high outputs of conversion at largely less manufacturing costs. Thus, this 

type of silicon currently occupies the most significant share of the production [13].   

More specifically, 36% of the 2013 production is based on single-crystal Si but the 

main part is based on c-Si cells substrates and ribbons (55 %). The remainder is 

based on thin-film solar cell technologies and consists of 2% based on thin-film 

amorphous Si solar cells and 7% on polycrystalline compound solar cells based on 

CdTe and CIGS (Figure  .4,Figure  .5) [13]. 

 

Figure  .4: Global market share by PV technology from 1990 to 2013 [7]. 

 
 

 

 II 

 I
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Figure  .5: Global PV market by technology in 2013 [7]. 

 
Algeria in particular and the Maghreb countries have a raised solar potential. The 

solar burn-up rates carried out by satellites by the German Space Agency 

(Deutsches Zentrum für Luft-und Raumfahrt: DLR), show exceptional levels of 

sunning of about 1200 kWh/m2/year in the North of the Large Sahara. On the other 

hand, the best solar burn-up rates in Europe is about 800 kWh/m2/year and are 

limited to the southern part of Europe. Following an evaluation by satellites, the 

German Space Agency (DLR) concluded, that Algeria  represents the solar potential 

most significant of all the  Mediterranean basin, that is to say:  169.000 TWh/year for 

solar  thermic, 13,9 TWh/year for the solar photovoltaic one and 35 TWh/year for  the 

wind one [14].   

This renewable energy presents at the present time a response to the environmental 

problems and the gas emissions at effect of greenhouse which threatens whole 

planet and a durable solution with the current crisis of energy, which places 

renewable energies, RNE, (hydraulics, wind, photovoltaic, solar thermal, geothermic, 

biomass, biogas and fuel cell), in the center of the debates carrying on the 

environment, and more generally the durable development [14].   

The Algerian group, specialized in electronics, Condor, communicated the price of 

the photovoltaic panels manufactured in its unit solar energy. The average cost of the 

announced Watt, in net of tax, is of 95 DA [15], which is very expensive compared 

the price of the conventional sources of electricity. 

 I
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Figure  .6: The annual solar potential of the world [16]. 

Side of research, one observes a race with the high outputs through  several tracks 

such as the introduction of new photosensitive materials, the improvement of the 

optical containment of the light  penetrating in the component, the combination of 

several layers of semiconductor materials (multi-junctions) to cover the luminous  

spectrum broadest. Currently, the technology of crystalline silicon is in a majority on 

the market of photovoltaic energy in spite of its technological complexity and whose 

output is hardly acceptable [13].   

Due to the initially very high production costs and efforts, crystalline silicon solar cells 

were first only used in extraterrestrial application but the call for cheaper fabrication 

led to the use of advanced technologies and investigations on new materials. In 

1975, Spear et al. [17] had successfully shown that it is possible to dope thin-film 

hydrogenated amorphous silicon (a-Si:H), deposited from a gas-mixture of silane and 

hydrogen [17]. This finding paved the way for the development of amorphous thin-film 

solar cells using layer thicknesses ~ 100 times thinner than wafer-based solar cells. 

The first p-i-n solar cell with a-Si:H as absorber material, presented in 1976, had an 

efficiency of 2.4% [18]. Unfortunately, amorphous silicon exhibits light-induced 

degradation, which means that sun light creates dangling bonds that act as 

recombination centers and lead to a reduced solar cell performance [19]. One 

possibility to increase the stability against degradation is the combination of 

amorphous silicon-based materials with identical or different band gaps to 

multijunction solar cells. The individual layers can be deposited much thinner which 

 I
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reduces the consequences of degradation, and, in case of different band gaps, the 

solar spectrum is used more efficiently. A stabilized efficiency up to 13.7% was 

achieved by a triple junction cell made of a-Si:H and a-SiGe:H [20]. 

Microcrystalline silicon ( c-Si:H) was first deposited by Veprek and Marecek and 

describes material having small crystallites with a size of a few ten nanometers 

embedded in amorphous phase [21]. Because of its higher doping efficiency and 

conductivity, c-Si:H was initially used as doped layer material in amorphous silicon 

devices [22]. It was not until 1994 that microcrystalline silicon was used also as 

absorber material in single junction solar cells [23]. The better absorption behavior is 

in the infrared wavelength region compared to amorphous silicon, and a negligible 

degradation made c-Si:H a suitable candidate for bottom cell intrinsic material in 

tandem cells as an alternative to a-SiGe:H [24]. Triple junction solar cells with an    a-

Si:H/ c-Si:H/ c-Si:H structure are also possible and achieved 15% on lab scale [25]. 

A big advantage of the silicon-based thin-film technology is its possibility to deposit 

on large areas. At present (2015), a-SiμH/ c-Si:H modules achieve up to 10% (total 

area) efficiency on            size, and just recently Oerlikon Solar reported on 

efficiencies of 10.0% in mass production on substrates sizes of            [26].  

I.2) Modelling 

Modeling is a very important aspect of research on solar cells and materials used 

in making solar cells. Using numerical computer modeling or simulations enables 

researchers to investigate properties of materials that cannot be investigated by 

means of practical measurements. Most if not all simulators used for solar cells are 

built on the bases of the Poisson equation and the continuity equations. In solar cells, 

there are two main properties we look at in order to determine the solar cell 

functionality and efficiency, these are the optical and the electrical properties. These 

properties can be investigated using simulations. In this work; this will be done using 

the SILVACO TCAD simulator which will be described later on.  

I.3) Motivation and objectives of thesis 

Hydrogenated Microcrystalline silicon (µc-Si:H) is a new material whose research  

carries out thorough studies. It is a mixed-phase material, consisting of a crystalline 

phase, an amorphous phase and some voids [27]. This complex structure makes the 

experimental study of c-Si:H a challenge. To overcome some of these challenges in 

the study of c-Si:H, optical and electrical modeling and simulations are being 
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employed to study the film properties and their impact on the performance of the 

solar cell [28-30]. Modeling and simulations has the advantage of investigating 

properties with experimental limitations, this is done in very little time. 

This work is aimed at understanding the operation of amorphous and microcrystalline 

silicon- based solar cells (a-Si:H and µc-Si:H respectively) in view of optimizing its 

performance by modeling in order to create a better micromorph (a-Si:H/µc-Si:H) 

tandem solar cell. The electrical characteristics of the a-Si:H and µc-Si:H solar cells 

in single configuration, and in a micromorph tandem configuration with two-terminal 

(2T) and four-terminal (4T) electrical connections, will be investigated by modeling 

with the aim to extract their output photovoltaic parameters for a better performance. 

For the simulations carried out in this work, we will make use of Atlas simulator which 

is a module in Silvaco Tcad. ATLAS is a physically-based two and three dimensional 

device simulator. It predicts the electrical and optical behavior of specified 

semiconductor structures and devices, and provides insight into the internal physical 

mechanisms associated with device operation. 

I.4) Outline of the thesis 

Chapter 1 is a general literature review, a brief introduction of solar photovoltaic 

energy around the world and Algeria in special case, to thin-film silicon-based solar 

cells, and works done on typical cells based on a-Si:H and µc-Si:H materials, and on 

(a-Si:H/µc-Si:H) hetero-junction in multi-junction (tandem, triple) configurations. 

Chapter 2 describes the structural, electrical and optical properties of a-Si:H and    

µc-Si:H as materials, including also the defect model and the a-Si:H films 

degradation (light soaking effect) as they are exposed to solar irradiation. Additionally 

is presented, the deposition process, usually used to produce a-Si:H and µc-Si:H as 

thin-layers in solar cells. Chapter 3 presents the solar cell basics and methods of 

improving the conversion efficiency of typical solar cells based on a-Si:H and µc-Si:H 

materials, and process of achieving better micromorph tandem solar cell with 2T and 

4T terminals, respectively. Chapter 4 is dedicated to the explanation of SILVACO 

TCAD simulator and the physical models that cover the electrical behavior of a 

semiconductor device such as the solar cell, and allow to study its electrical 

properties under illumination, which can include the external parameters such as the 

current-voltage (   ) characteristics, the spectral response and the quantum 

efficiency vs. wavelength, and internal quantities like the  recombination rates,  the 

charge carrier densities, the potential and field distributions. Finally Chapter 5 
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presents and discusses the main results investigated on a-Si:H and µc-Si:H-based 

solar cells in single configuration, and in a micromorph tandem configuration with 2T 

and 4T electrical connections. In view of optimizing the solar cell output parameters 

in single and tandem configurations, the study is carried out by analyzing the effect of 

the main solar cell parameters such as: the light-induced defect density according to 

the Staebler-Wronski effect, the absorber intrinsic (i)-layer thickness and the free 

carrier mobilities. 
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II.1) Introduction 

Silicon thin-film solar cells are a particularly attractive option for the photovoltaic 

technology. Among the various options, the technology of hydrogenated amorphous 

silicon, a-Si:H, is certainly the most advanced. Various companies manufacture 

modules with efficiencies of 6-8% [31]. Crystalline silicon, in principle, has the 

potential for higher cell efficiency. The various approaches may be ordered in the 

sequence of the process temperatures used. Below a growth temperature of          , microcrystalline silicon (µc-Si:H) can be made using the same deposition 

techniques as for a-Si:H, namely plasma enhanced chemical vapor deposition 

(PECVD) or hot-wire deposition (HW). Characteristic of these materials is the 

incorporation of hydrogen which enables very effective in-situ passivation [32]. In 

1976 D. E. Carlson and C. R. Wronski were the first to produce a hydrogenated 

amorphous silicon (a-Si:H) solar cell [18]. A year later it was shown that the material 

itself degrades during light exposure [19] leading to a declining solar cell efficiency 

(so called Staebler-Wronski effect). As a consequence a lot of research related to a-

Si:H has been focusing on understanding and minimizing the degradation loss [33]. 

In the mid-1990s research groups started to intensify their efforts on hydrogenated 

microcrystalline silicon ( c-Si:H) [23, 34]. Contrary to hydrogenated amorphous 

silicon c-Si:H is not prone to degradation, which makes it very interesting for an 

application in solar cells. But there are more advantages for using hydrogenated 

microcrystalline silicon. First, the material can be grown with the same equipment as 

a-Si:H by adjusting the process parameters. Second, the combination of a-Si:H and 

c-Si:H in a tandem solar cell enables higher efficiencies compared to single-junction 

a-Si:H or c-Si:H solar cells. Third, because of the particular band gaps of a-Si:H and 

c-Si:H the tandem solar cell is ideally suited for the solar spectrum [35]. 

This chapter describes the basic material properties of a-SiμH and c-Si:H, such 

as the structural, electrical and optical properties. Also is presented the defect model, 

the transport, recombination processes, metastability phenomenon and degradation 

in a-Si:H. Then, a description of the deposition process, used to produce thin-film 

silicon, is finally presented.   

II.2) Hydrogenated amorphous silicon 

II.2.1) Structure: 

Hydrogenated amorphous silicon is a semiconductor material which has a 

tetrahedral structure. It was discovered in 1960 when it was deposited by chittick[36], 
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after that the researches was started by Carlson and Wronski with the development 

of the photovoltaic devices. A disordered or amorphous structure obviously means 

there is no long-range order. However, it exist a short-range order. Recently, 

measurements using novel microscopy methods have shown that the structure of 

amorphous semiconductors presents also a medium range order (MRO), linked with 

the correlation between atom positions in the range of few nanometers. Different 

models are nowadays developed to explain the MRO in the amorphous structure. 

The covalent bonds between the silicon atoms are much the same as in the 

crystalline silicon, with the same number of neighbors and the same average bond 

lengths and bond angles. The amorphous material has the same short range order 

as crystal but lacks the long range order. The first few nearest neighbor distances are 

separately distinguished, but the correlation between atom pairs loses structure after 

a few interatomic spacings (see Figure  II.1). 

To determine the structure of amorphous silicon through experiments only is so 

difficult, because of the long range disorder. The modeling of amorphous networks is 

important to try more understanding its structure. Zachariasen first proposed in 1932 

a Continuous Random Network (CRN) to explain the atomic arrangement in an 

amorphous network [37]. The model introduces a homogeneous disorder which is on 

average the same for each atom. The random network has the property of easily 

incorporating atoms of different coordination, and elementary defects are defined as 

coordination defects, when an atom has too many or too few bonds. The Si-Si 

bonding distortion present in amorphous silicon induces bond strains which can result 

in broken Si-Si bonds, forming dangling bonds. The dangling bonds are in high 

concentration in pure amorphous silicon, but they can also occupied by hydrogen. 
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Figure  II.1: The atomic arrangement in a-Si:H network. 

 

These dangling bonds are the main recombination centers. Carrier collection in p-n 

type solar cells are obtained by minority carrier diffusion within the p and n layers. 

Given that diffusion lengths in crystalline solar cells are sufficiently high to ensure 

pretty good carrier collection. However, in a-Si:H, minority carrier diffusion lengths 

are extremely small, making it not possible to base minority carrier collection of photo 

generated carriers on diffusion alone. Therefore, p-i-n diodes are always used for     

a-Si:H solar cells. In this p-i-n structure, the main part of the absorption takes place in 

the intrinsic (i) layer, also called absorber layer. Amorphous silicon solar cell has 

proven to be an attractive device for both the present and the future; however it 

suffers from the light induced degradation effect known as the Staebler-Wronski 

effect and stabilizes only at lower efficiency values from the original efficiency value 

after being exposed for a certain length of time [36]. 

II.2.2) Electric states 

The periodicity of the lattice greatly simplifies the theory for the electronic 

properties in the crystalline silicon. The periodic potential energy arising from the 

atomic structure of ordered crystals leads to the Bloch‘s solutions of the Schrödinger 

equation. Electrons and holes are described by the wave functions extended through 
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the entire crystal, with defined momentum  . The energy bands are then described 

by the function     . In the amorphous silicon, the potential energy is not periodic. 

Bloch‘s solutions for the wave functions cannot be applied. There is a need for the 

different theoretical approach to represent the electronic properties of amorphous 

silicon. 

The feature of amorphous silicon bonding structure is the fluctuation in the length and 

the angle in the Si-Si bonds. These spatial fluctuations create weak bonds, which 

lead to create a new energy states. The induced energy states are well separated in 

the lattice site so they became localized, for which no conduction is expected to 

occur when excited electrons occupy them. The extended states corresponding to 

the coordinated covalent bonds are delocalized, and the transitions from one state to 

another are easy [37]. 

 

Figure  II.2: The standard density of states distribution in a-Si:H. 

 

The boundaries between the defined localized states and the extended states of the 

valence and the conduction bands are called the mobility edges (   and   ), and the 

region between these two energies defines the gap called the mobility gap. The 

localized states in the mobility gap originating from spatial bonding fluctuations are 

called band tails (see Figure  II.2). 
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The exact behavior of the properties of the density of states near the mobility edges 

and the localized to the extended transition are still nowadays not well understood 

and characterized. The distribution of the density of states in the band tails can be 

approximated by the function     : 
                ⁄  (II.1) 

There is no symmetry between the valence band tail (VBT) and the conduction band 

tail (CBT). The (VBT) has more states than the (CBT) because the (CBT) are less 

sensitive to the bond angles and lengths disorder. The slope of the tail is described 

by the characteristic temperature  , for the amorphous silicon, (   =45 to 55 meV) 

for the VBT and (   =20 to 30 meV) for the CBT [38]. 

II.2.3) Defect pool model 

Around the middle of the 'gap', there is a significant density of energy states 

related to defects that exist, and which depend on the conditions under which the 

material was produced. Extensive works on the defects in the a-Si:H show that the 

centers can be observed by measurements of electron spin resonance, and are 

usually identified as dangling bonds which are the predominant defect centers. The 

total defect density can be as large as 1019cm-3 in amorphous silicon. A high 

reduction of the defect density is obtained by adding hydrogen, for hydrogenated 

amorphous silicon the defect density can be about 1015 to 1016 cm-3. 

The remaining dangling bond defects   have an amphoteric character: They can be 

neutral (  ) with single electron occupancy, empty with positively charged (  ) and 

negatively charged (  ) with double electron occupancy.    defects have two 

electrons localized in the dangling bond. The two electrons repel each other with 

coulomb interaction, and hence the energy level of (  ) states is raised by the 

energy   called the correlation energy. Basing on experimental measurements in 

hydrogenated amorphous silicon, Spear and Lecomber [38] found that the energy 

position of (  ) may vary between 0.9 to 1.3 eV below   .For the correlation energy   is assumed to be constant and between 0.2 and 0.4 eV [36]. 

There is now considerable experimental evidence that the density of states in 

amorphous silicon is dominated by amphoteric silicon dangling-bond states and that 

the density of these states is determined by a chemical equilibrium process. The 
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model for the defect-forming reaction involves the breaking of Si-Si bonds, which are 

generally thought to be stabilized by diffusive hydrogen motion through breaking and 

reforming Si-H bonds, although microscopic models that do not require hydrogen 

have been proposed. The equilibrium density of dangling-bond states depends on 

the Fermi energy, which leads to a higher density of dangling bonds in doped 

amorphous silicon than undoped amorphous silicon. When the energy of the 

dangling-bond state can takes a range of values, due to the disorder of the network, 

then, proper consideration of the chemical equilibrium model leads to an energy shift 

of the peak of the formed defects, due to the minimization of free energy. 

Furthermore, this energy shift is different for defects formed in the different charge 

states        . This is the so-called defect pool model [39, 40]. For a sufficiently 

wide pool, the model leads to negatively charged defects in n-type amorphous silicon 

having a lower energy than positively charged defects in p-type amorphous silicon, 

even when the correlation energy is positive, a previously puzzling result found in 

many experiments. 

The defect pool model is a theoretical model that has been highlighted by numerous 

experimental results [15]. It was developed to describe the chemical equilibrium 

process established by the diffusion of hydrogen (H) through the various sites of the 

structure, between the ordinary weak bonds (SiSi), the doubly hydrogenated bonds 

denoted SiHHSi, and the created dangling bonds (SiHD). The distribution of the 

density of states was determined by applying the mass effect law to the two reactions 

                   And              (II.2) 

 
These reactions translate the conversion process of the  weak bonds of the valence 

band tails (VBT), assumed exponential, in dangling bonds SiHD taking place around 

the center of the gap, where these SiHD defects are formed with a Gaussian 

probability      The density of the states calculated within the framework of this 

model is:   

                    ⁄           (II.3) 

 

                 ⁄                                   (II.4) 
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  is the pool width and    is the most probable energy in the distribution of available 

sites for defect formation.   is the density of tail states extrapolated to the valence 

band mobility edge.     is the characteristic energy of the exponential.    is the 

equilibrium temperature (freeze-in temperature) for which the density of states is 

maintained.   and      , are respectively, the hydrogen and electrons concentration 

in the material.       is the probability of the defect SiHD being neutral    (charged 

with one electron). 

As we mentioned, before the defects can be in three different states: 

 Positively charged   , when the defect SiHD is occupied by no electrons. 

 Neutral   , when the defect SiHD is occupied by one electron. 

 Negatively charged   , when the defect SiHD is occupied by two electrons. 

The density of the three states is given by: 

                                                               

(II.5) 

 

                  Where                    are the probabilities of the SiHD defect being in the states          respectively. 

             ([    ]    ⁄ )     ([        ]    ⁄ ) 
           ([    ]    ⁄ )      ([    ]    ⁄ )    ([        ]    ⁄ )        (II.6) 

         ([        ]    ⁄ )      ([    ]    ⁄ )     ([        ]    ⁄ ) 
where U is the defect electron correlation energy and   .is the Fermi level at thermal 

equilibrium. 

Figure II.3 shows the total distribution of the density of states, including the dangling 

bond density,       calculated by the defect pool model [41], and the valence and 
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conduction band tail densities             respectively. The parameters used to 

plot this distribution are extracted from literature [42] and are listed in table II.1.          

 

Figure II.3: The total Density of state including band tail and dangling bond states 
[41]. 

 

It is possible to replace this density of the states by an equivalent density        of 

monovalent states of which the probability of occupation is related to Fermi-Dirac 

function.  The interest of this equivalence comes owing to the fact that the states 

detected by the majority of the spectroscopic techniques are considered 

monovalents.         is given by the expression:   

                                 (II.7) 

 
where the       term comes from the spin degeneracy of the singly occupied state. 

This is not exact, but it is a very good approximation, leading only to a small error of 

about             in the density. The total density of state including band tail 

states and dangling bond states is then: 

                           (II.8) 
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Parameters                                                                           Values       

 σ eV                                                                          0.19 

 pE eV                                                                        1.27 

 c vE - E eV                                                                  1.90 

 FiE eV                                                                        0.98 

 -3 -1

cG cm eV                                                               1021 

 -3 -1

vG cm eV                                                               1021 

 -3H cm                                                                       51021 

 -3

sisiN cm                                                                    21023 

 U eV                                                                          0.2 

Table II-1: Density of states parameters [41]. 
 

II.2.4) Recombination 

Radiation can generate excess carriers in a-Si:H, which then populates the 

conduction and the valence bands. The induced conductivity depends on the 

trapping in the band tail states, and on recombination rate. The carriers excited to the 

extended states or to the band tails lose energy by non radiative thermalisation 

process, the excitation energy being converted into phonons. Carriers in extended 

states lose energy by the emission of single phonon as they scatter from one state to 

another. Between the localized states of the band tails, thermalisation occurs at low 

temperatures by direct tunneling, and becomes slow as the carriers move deeper into 

the band tail. At higher temperatures (above 200K) [36], the multiple trapping 

mechanism of sequential excitation and trapping dominates tunneling. The two 

dominants recombination mechanisms in a-Si:H are radiative transitions  between 

band  tails states and non radiative transitions from band edges to defect states (see 

Figure  II.4). 
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Figure II.4: Illustration of the electron-hole recombination, 1: multiple trapping, 2(3): 

radiative recombination in conduction (valence) band state, 4: non 

radiative recombination at a defect state. 

 

The radiative recombination in the tail states tends to dominate at low temperatures 

(<100 K). Its transition rate is slow but there is a large density of band tail states at 

which recombination can occur.     is the quasi Fermi level for the trapped 

electrons: the states above this energy preferably act as traps (thermal emission of 

the electrons is higher), and states below this energy act as recombination centers 

(capture of a holes is higher). The same concept can be applied for holes with the 

definition of    . 

At temperatures higher than about 100 K, carriers diffuse rapidly from site to site, and 

the faster transition rate at the defect dominates the recombination. The defect 

recombination is predominantly non radiative. There are four possible trapping 

transitions of electrons and holes into dangling bond defects. In undoped a-Si:H, the 

defects are neutral (  ) and can capture either an electron (resulting a    in 

dangling bond state) or a hole (resulting a    in dangling bond state). In doped       

a-Si:H, the defects are charged; the negative defect (dominant in n-doped material) 

can only capture holes, and the positive defect (dominant in p-doped material) can 

only capture electrons (see Figure  II.5).  
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Figure II.5: The four possible transitions for electrons and holes to a defect 

recombination center.  

 

II.2.5) Optical absorption 

Optical absorption in tetrahedral crystalline semiconductors such as Si shows 

variations with energy corresponding to variations in the bonds and the details of the 

density of states obtained from the energy-momentum relationships. The lowest 

energy absorption derives primarily from transitions from p to s orbitals on adjacent 

atoms in common semiconductors. The distortions in bond angles modify the 

energies of absorption edges and maxima somewhat. Loss of organization at longer 

ranges blurs peaks in the absorption spectrum. As bond distortions cause states to 

move from the band edges into the gap, the effective gap for optical absorption 

generally increases.  

Absorption coefficient data and various contributing mechanisms of a typical 

amorphous semiconductor are shown in Figure  II.6 [42].  
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Figure II.6: Optical absorption data for two a-Si:H films deposited by Rf-PECVD 

using SiH4source gas. Solid circles indicates as-deposited film results while open 

circles show the effect of annealing at 500°C for 30 min [44]. 

There are three primary regions. The high absorption region I corresponds to 

absorption due to electron transitions across the mobility gap from extended states to 

other extended states. Region II is absorption from extended states to band tail 

states or band tail to band tail transitions where the density of states is still rather 

high. In this region the absorption coefficient is typically falling exponentially. Region 

III is due to transitions to, from, or among localized states in the mobility gap and 

absorption is roughly constant [43]. 

For a free-electron system the band density of states decreases parabolically. The 

same parabolic decrease is also generally found in amorphous semiconductors. An 

absorption edge can be defined based on fitting this portion of the absorption 

spectrum based on the function 
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                (II.9) 

 

Where    is the absorption edge energy,    is the photon energy, and   is a 

constant. Equation (II.9) assumes free-electron band edges. The true bands in 

amorphous semiconductors are not exactly parabolic and may distort this behavior. 

In all semiconductors and particularly in amorphous materials there are states in the 

energy gap that decrease in density roughly exponentially as one move into the gap. 

These are the band tails described earlier. The resulting absorption coefficient 

decreasing exponentially below the energy    of Equation (II.9) can be written 

approximately as [42]: 

                           (II.10) 

 

Where    is the photon energy,     is the same as the parabolic energy edge and    is the characteristic width of the dominant band edge, typically < 0.1 eV. The 

wider band edge will set the apparent band-tail width and determine the absorption 

coefficient behavior. Which edge this is depends upon the details of the 

semiconductor involved. In amorphous silicon, the band tails will be relatively 

symmetrical with differences primarily resulting from the effective masses of the 

bands. Various models have been proposed to explain the source of equation (II.10) 

and can be found in Connell [43].It is sufficient here to assume that the behavior is 

due to distorted localized bonds in the structure. 

The optical gap (related to the mobility gap) in amorphous Si and other amorphous 

semiconductors exhibits temperature-dependent behaviors that are qualitatively 

similar to the temperature-dependences of crystalline materials. For example, a-Si:H 

shows a decrease in optical gap as temperature increases, as one would expect. 

Unlike the case for crystalline materials, the temperature dependence of a-Si:H is 

primarily related to changes in phonon-electron interactions. Thus, rather than a 

linear-quadratic relationship to the temperature, one finds a change in optical gap of 

[42]: 

                       (II.11) 

Where    is the electron-phonon interaction strength,   is the effective temperature 

of phonons in the solid,       is the gap at initial state and   is the temperature. 
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The effect of pressure on the optical gap in amorphous semiconductors also differs 

from the behavior of crystalline materials. In indirect-gap semiconductors we found a 

negative change in gap with increasing pressure in Si and some other materials due 

to increasing angular dependence of bonds at short distances. Direct gaps were all 

found to increase with increasing pressure due to greater orbital overlaps at shorter 

bond lengths. In amorphous semiconductors one finds an increasing gap with 

increasing pressure as expected for direct-gap materials. However, there can also be 

structural changes induced by increasing pressure that can lower the gap. 

II.2.6) Transport and mobility 

Free carrier movement in a-Si:H, and to an even greater extent in other 

amorphous semiconductors, is difficult because there are a large number of defect 

states in the material into which a free carrier might fall. Once trapped in a defect 

state, the carrier has several possibilities for further motion as illustrated in 

Figure  II.7.  

First, it can gain energy from the heat in the system sufficient to carry it into the 

extended states, in which it is free to move as a carrier in a crystalline material would, 

although with much higher scattering rate. While it lasts, the mobility of such a carrier 

is not dramatically different from that of a normal crystalline semiconductor. However, 

after a short time this carrier is trapped again and becomes effectively immobile. 

Carriers are excited to the mobility edge mostly from states at or near the Fermi level 

energy.  

The number of carriers,   for electrons, excited above the mobility edge is therefore 

given approximately as [43]:  

           (            ) (II.12) 

Where    is the conduction band mobility edge energy,       is the effective 

density of states at the mobility edge, and    is the Fermi energy. Derived a 

relationship for mobility corresponding to this carrier behavior and having the 

functional form [45]: 

      (II.13) 

Where   is a constant and   is the temperature. 
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Figure II.7: Electron conduction mechanism in a-Si:H, conduction in the extended 

states, hopping conduction in localized states, multiple trapping in 

localized states. 

Different treatments have derived different forms for the constant but all agree upon 

the inverse temperature dependence. The models yield typical room temperature 

mobilities for a-Si:H of the order of 1-10 cm2 V-1s-1. Taken together with (II.12) this 

model suggests an essentially simple exponential temperature dependence of the 

conductivity by this mechanism. It also shows that this type of conduction freezes out 

rapidly as the temperature decreases, especially when, as is typical, the Fermi 

energy is far from a mobility edge. Band-like conduction is generally only significant 

at high temperatures or when the material contains a relatively low density of states 

in the mobility gap.  

Conduction can also operate in the band tails below the mobility edge when such 

tails are wide and have a sufficiently high density of states to allow rapid hopping of a 

carrier from one site to another via thermally-activated processes. In this case, the 

mobility of a carrier depends exponentially upon the amount of energy it must gain to 

leave a given state and hop to the next. Thus, it was proposed that the mobility will 

have the form [46] :  

                      (II.14) 
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Where     is the average phonon vibrational frequency of the structure,   is the 

electron charge,   is the hopping distance in an average hop, and   is the energy 

gain necessary for the average hop. The net mobility is a weighted average over all 

states and the weighting factor is determined by the effective density of states at a 

given energy. The density of states typically falls rapidly (exponentially) below the 

mobility edge, while the probability for the energy gain decreases exponentially as 

the barrier for the hop becomes larger.  

The final conduction pathway is phonon assisted tunneling. This requires states 

sufficiently close in energy and momentum and physically close enough in the solid 

for tunneling from one to the next to occur. The farther the carrier energy is from the 

mobility edge the slower this process, in general, due to the lower density of states 

and the higher tunneling barrier. However, in some cases tunneling may be faster 

than for the mechanisms discussed above. In particular, if there is a relatively high 

density of states at the Fermi energy, then this mechanism can operate relatively 

easily. Such a situation is typical when the Fermi energy lies at the energy of 

dangling bond states and when there are many dangling bonds present in the 

material. As with hopping in band tails, the phonon-assisted tunneling mechanism 

conduction has a highly path-dependent effective mobility. Carriers that tunnel 

between states that are very close to one another in the solid move rapidly and have 

a higher effective mobility. More widely spaced states result in extremely small 

effective mobilities. The jumping rate,  , is given by [47]: 

                  (II.15) 

Where tunneling yields the exponential dependence of rate on jump length  ,   is 

the characteristic decay length of the integrated overlap of the wave functions of the 

two states, and   represents an effective energy barrier. In this case,   is assumed 

to be modest. From Equation Erreur ! Source du renvoi introuvable. an effective mobility 

can be estimated as [47]: 

                                (II.16) 

Which is obtained by noting that the diffusivity is        , and using the Einstein 

relation,         . Equation (II.16) is nearly identical to equation (II.14), with the 

exception of the addition of the exponential tunneling term and includes the same 
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inverse temperature dependence as in previous formulae (II.14). This would be 

convenient if it were not for a much more complex behavior in the average jump 

distance  . Furthermore, the necessity to weight the probability of each jump for the 

likelihood of occurrence of a given configuration of states of a given type causes very 

different net temperature dependence. More derivations may be found in Mott [47]. A 

properly averaged jumping rate gives a term of the form [42]: 

               (II.17) 

A temperature dependence of the conductivity scaling as an exponential of       is 

a standard signature of variable-range phonon-assisted tunneling conduction.  

II.2.7)  Metastability 

Inherent to a-Si:H are changes in its electronic properties under light exposure. 

This is known today as the Staebler–Wronski effect (SWE)  [48], discovered in 1977 

by David L. Staebler and Christopher R. Wronski. Since the observation of the SW 

effect, a large effort has been put into obtaining an understanding of the processes 

that cause the light induced structural and optoelectronic changes in a-Si:H. 

 

The Staebler-Wronski effect was described as a significant decrease in dark 

conductivity and photoconductivity as a result of prolonged light soaking (LS) of       

a-Si:H material. The schematic figure of this experimental result is reproduced in 

Figure  II.8. 

Moreover, it was observed that these effects were metastables, i.e. reversible, as the 

process of thermal annealing caused recovery of conductivity in the amorphous 

material [48]. Thermal annealing (TA) is a process where a material is heated at a 

given temperature for a given amount of time. There exists a thermal threshold above 

which the thermal annealing is effective in a-Si:H, and temperatures above 100 °C 

are a standard practice [49]. 
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Figure  II.8: Conductivity as a function of time before, during, and after exposure to    

~ 200 m W / cm2 of light in the wavelength range 6000-9000 °A [48]. 

 

At standard test conditions (STC), the degradation process stabilizes after about 

1000 hours of light soaking, after which the performance level of the solar cell 

stabilizes [1]. In a-Si:H solar cells, the Staebler-Wronski effect causes reductions in 

efficiency of 10%-30% [49]. As such, the SWE is one of the major obstacles of using 

a-Si:H in production of high efficiency photovoltaic devices. 

While the true cause of the effect continues to elude the scientific community, it has 

been shown that the concentration of defects in the amorphous material increases by 

up to two orders of magnitude before stabilization, reaching levels of 1017 cm-3, as 

depicted in Figure  II.9 [19]. 
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Figure  II.9: Dependence of the defect density measured by constant photocurrent 

method (CPM) on the illumination time using high intensity light [50]. 

 

Crystalline silicon is not prone to the SWE, and even microcrystalline material is 

almost completely resistant to the effect. As the outcome of SWE is a higher defect 

density, much attention is given to uncovering the nature of the defects within the 

amorphous material. Nearly 40 years‘ worth of research exists on the 

characterization of defect creation dynamics and defect characteristics within a-Si:H. 

Although a complete and coherent model for the degradation process is lacking, it is 

common consensus that the presence of hydrogen within the a-Si:H structure plays a 

large role in the creation mechanisms of metastable defects. It has been shown that 

hydrogen bonding configurations change as a result of Light Soaking [51]. Because 

hydrogen atoms within the amorphous silicon material pacify the dangling bonds 

(DBs) in the structural framework, it is believed that such changes in bonding 

configurations lead to alterations in defect density and defect density distribution [52, 

53]. 

The creation of the metastable defects induced by the light or the SWE was the 

principal problem limiting the application of the a-Si:H like solar material. Several 

studies were made to include/understand the metastability and to reduce its effect in 



Chapter II:  Material properties of a-Si:H and μc-Si:H 
 

 

31 

the a-Si:H. Among the great number of developed models, there are two typical 

models to describe the mechanism of creation of the dangling bonds by the light : the 

model of weak bond rupture like result of the non-radiative recombination of the 

photogenerated carriers (Stutzmann, Jackson and Tsai : SJT model) [54], and the 

model of creation of the metastable dangling bonds by collision of hydrogen [53, 55, 

56]. The two models lead to the same relation of the rate of creation of the defects. 

The model of bond rupture regards SWE as a local effect, while the collision of 

hydrogen model regards it as being related to the movement, with long range, of 

hydrogen. The mechanism of the two models considers only one type of the 

recombination centers, the neutral dangling bonds (  ).   

II.2.7.A) SJT model [54]:  

Stutzmann, Jackson and Tsai have undertaken a systematic study of the SWE in 

undoped hydrogenated amorphous silicon, using electron-spin-resonance and 

photoconductivity measurements. The influence of impurity concentration, sample 

thickness, illumination time and intensity, photon energy, and temperature on the 

creation of metastable defects as well as the variation of the annealing behavior with 

annealing temperature has been studied in detail. They affirmed that SWE in the 

intrinsic a-Si:H is  caused by the creation of the dangling bonds resulting  from the 

rupture of the weak bonds following the non-radiative recombination of the 

photogenerated carriers [54]. 

          (II.18) 

 
The kinetic of defect creations is expressed by the equation (II.19): 

 
             

 (II.19) 

   is the density of formed defects,     is constant named SW coefficient and   is 

the light intensity. 

Figure II.10 shows the defect formation process according to the SJT model. 
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Figure II.10: Defect formation by SJT model [54]. 
 

The results of SJT study can be summarized as follows [54]: 

(1) The SWE is intrinsic to hydrogenated amorphous silicon and does not depend on 

the concentration of the major impurities, nitrogen and oxygen, below a critical value 

of about 1019 cm-3. For higher impurity contents an enhancement of the metastable 

changes with increasing N or O concentration is observed. 

(2) The SWE is a bulk effect. However, the probability of creating metastable defects 

is, by about 1 order of magnitude, larger in a surface/interface layer with a total 

thickness of about 0,5 µm than in the rest of a sample. Possible reasons for this 

inhomogeneity are the existence of band bending and/or mechanical stress near the 

surface or interface. 

(3) The kinetic behavior of the metastable dangling bond density and of the 

photoconductivity, i.e., the dependence of these quantities on illumination time      
and light intensity  , can be described quantitatively by a model based on the 

nonradiative direct tail-to-tail recombination of optically excited electrons and holes. 

The kinetic behavior is sublinear in total exposure,      . For example, at long times 

the dangling bond density increases as             . The physical reason for this 

functional dependence of the spin density on the kinetic parameters is the major role 

of the dangling bonds as recombination centers in a-Si:H. This results in a self-

limiting character of the SWE, confining the densities of metastable dangling bonds to 

typically 1017 cm-3. Moreover, the comparison of the metastable changes observed in 

the Electron Spin Resonance (ESR) spin density and the photoconductivity shows 

that the predominant metastable defect caused by prolonged illumination is the 

 

A B 
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silicon dangling bond, at least as far as the optoelectronic properties of a-Si:H are 

concerned. 

(4) The annealing behavior of the metastable defects can be described consistently 

by an exponential decay with a thermally activated decay constant. The activation 

energy of this decay constant is not well defined. A distribution of activation energies 

between 0.9 and 1.3 eV is obtained from the annealing experiments [54]. This shows 

that the metastable dangling bond is subject to local variations. 

(5) The efficiency for the creation of metastable defects is found to be independent of 

the photon energy    in the range              . This suggests that the defect 

inducing step, like the radiative, luminescent recombination, occurs after 

thermalization of the optically excited carriers into deep tail states. Consistent with 

the experimental results, the defect-creation rate is found to be thermally activated 

with a small energy of 0.04 eV [54]. Together with the results summarized in point 

(4), this allows the determination of the steady-state defect density reached 

asymptotically under illumination at elevated temperatures. 

 

II.2.7.B) The hydrogen collision model 

The hydrogen collision Model is described in detail in several works of Branz [53, 55, 

56], who creates a framework for understanding light-induced metastability in a-Si:H. 

Figure  II.11 shows a schematic diagram of the Staebler-Wronski dangling bond (DB) 

creation by H collision model. Photo-carrier recombination excites mobile H from Si-H 

bonds, leaving behind DB‘s. Mobile H ‗‗collisions‘‘ (associations) create metastable 

two-H complexes (M (Si-H)2) and metastable DB‘s. In contrast to most previous 

microscopic models of the SW effect, the H collision mechanism is consistent with 

ESR experiments and does not involve impurities. 
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Figure II.11: Schematic diagram of the Staebler-Wronski DB creation by H collision 

model [56]. 

Rate equations for the production of mobile H, DB‘s and M (Si-H)2 complexes are 

solved for quantitative predictions [53]. The branching ratio between mobile H 

collisions and mobile H trapping to DB‘s yields to            DB creation kinetics 

during continuous illumination. This branching ratio and the      kinetics are 

unchanged down to 4.2 K, but at low temperatures the photo-carriers must drive 

mobile H diffusion. The defect density increases as        during intense laser-pulse 

illumination of undoped a-Si:H, because slowly decaying mobile H creates most SW 

DB‘s during the dark time between pulses. Earlier electron-hole pair recombination 

models of continuous and pulsed illumination kinetics lead to similar mathematical 

forms, but are inconsistent with other experimental results.  
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Figure  II.12: Flowchart of the H collision model [56]. 
 

As critic to the model of breaking Si-Si bonds of Stutzmann et al [54], Branz affirms 

that it is difficult to  include/understand why a broken connection quite simply will not 

be reconstituted since it is about a barrier of low energy. He adds in more than the 

need for a jump of the atom of hydrogen to stabilize a pair of dangling bonds is 

excluded by the hyperfine analysis from the signal ESR which shows that the 

dangling bonds are in depopulated areas of hydrogen.  According to Branz, data 

ESR will exclude all the class from the models which imply the local movement of 

hydrogen like stage in the creation of the dangling bonds [56]. 

II.3) Hydrogenated microcrystalline silicon 

The hydrogenated microcrystalline silicon (µc-Si:H) is a new material with a great 

importance for development of thin film solar cells, it is still far from being understood 

even the intense researches in recent years. As we observe the complex 
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relationships between preparation conditions, structure, electrical and optical 

properties, in this part we will present these properties one by one.  

Historically, hydrogenated microcrystalline silicon was first described by S. Veprek 

and his group in 1968 [21]. In 1979, the first report about the preparation of µc-Si:H 

with plasma-enhanced chemical vapor deposition (PECVD) was published by Usui 

[57]. The material was prepared at lower substrate temperature, and it was grown 

from the gas phase using silane diluted with hydrogen. After a while time the 

transition between the amorphous and microcrystalline material was controlled easily 

by the preparation parameters such as discharge power, substrate temperature, 

pressure, and most importantly, by modifying the hydrogen dilution of the process 

gas silane. 

Over the last 20 years, it was an intense research on all the aspects of µc-Si:H 

materials and devices, it is not possible to cover all the important literature and 

developments on µc-Si:H in this part, but only some milestones are cited. µc-Si:H 

solar cells formed by PECVD at low temperatures are assumed to have a shorter 

lifetime than single-crystal cells, and it is common to employ a p-i-n structure in the 

same way as in amorphous solar cells, while the p-type is the window layer. A group 

from the MIT (Massachusetts Institute of technology) Neuchâtel has published an 

important work [58-60] on single junction solar cells with µc-Si:H absorber layers, and 

on a-Si:H/µc-SiμH tandem junction solar cells which they call it later ―micromorph‖ 

tandem solar cells. They showed that their single junction µc-Si:H cell has a 

negligible light-induces degradation compared to a-Si:H solar cells. They also 

demonstrated that the µc-Si:H cell can replace the unstable amorphous 

hydrogenated silicon-germanium alloys (a-SiGe:H) as an effective red-light absorber 

as a bottom cell in a tandem device. 

A considerable progress in investigations on the structure and growth properties and 

their influence on the material quality or on device performance has done over many 

years. All this works were accompanied by modeling of the growth process of µc-Si:H 

which pushed forward the efficiencies of this these solar cells [61]. Today; µc-Si:H is 

established as a bottom cell red light absorber with improved stable efficiencies. 

Applications as a single cell device with about 10% stable efficiency; and as bottom 

cell in micromorph tandem cells, have found their way into production equipment [62] 

and they are already on market [63]. 
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II.3.1)  Structure: 

Microcrystalline silicon ( c-Si:H) can easily be prepared with the same deposition 

process as a-Si:H. The structural composition is the important parameter that 

determines the distribution and density of defects, as well as the optical and 

electronic properties. 

c-Si:H is a mixture of crystalline grains, disordered regions and voids in various 

amounts and dimensions. There is no standard c-Si:H and a definition just by the 

grain size is not appropriate. The name ―microcrystalline‖ silicon suggests a 

predominance of micrometer-size features. This is not the case. Feature sizes vary 

from a few nanometers to more than a micrometer in one and the same sample. One 

can consider three basic configurations (Figure  II.13): (a) isolated grains in an 

amorphous matrix; (b) extended crystalline fibers or crystalline grains forming 

percolation paths, which would be important for electronic transport; or (c) volume 

crystalline material with disorder only at the grain boundaries and in the inter-grain 

regions [64]. 

 

Figure II.13: Schematic of the three principle different configurations of amorphous 

and crystalline structure in the phase-mixture material µc-Si:H. (a) 

isolated crystalline grains; (b) crystalline regions forming percolation 

paths; (c) fully crystalline with disorder located at the grain boundaries 

only [64]. 

The structural composition depends on the deposition process. By varying the 

silane/hydrogen mixture in the process gas, one can comfortably grow material all the 

way from highly crystalline layers to fully amorphous layers. Other deposition 

parameters such as the process pressure, gas flow, excitation power, excitation 

frequency, temperature and so on, also influence the resulting material structure. 

Therefore the gas mixture is, in general, not sufficient to determine the structural 

composition; this is particularly true when comparing materials from different 

deposition methods. The silane/hydrogen gas mixture is quantified as the silane 
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concentration (SC), i.e. the ratio between the silane gas flow to the process chamber 

and the total gas flow (silane plus hydrogen) [64]. 

                      (II.20) 

Where [SiH4] indicates the flow of silane and [H2] the flow of hydrogen into the 

process chamber. Alternatively, the hydrogen dilution    is defined as [64] 

              (II.21) 

II.3.2) Optical properties 

As shown in Figure  II.14), absorption coefficient of microcrystalline silicon layers, 

as a function of photon energy is compared to monocrystalline layers and intrinsic 

amorphous silicon layers. It can be noted that: 

- The absorption coefficient of the microcrystalline layer closely follows the 

monocrystalline with a shift towards higher values of the absorption coefficient. This 

shift occurs as a result of light scattering due to rough surfaces in the microcrystalline 

layer. It could also be due to additional absorption from the amorphous fraction 

contained within the c-Si:H layers, especially in spectral region where photon 

energy is greater than 1,8 eV [29]. 

- Although the band gap of c-Si:H seems to be greater than that of c-Si, the effect is 

solely due to light scattering. If a correction for the scattered light is carried out, the 

same band gap of 1,12 eV can be seen for both c-Si and c-Si:H [29]. 

- The absorption (photon energies between 0,6 to 0,8 eV) of the c-Si:H layers is 

very low, the low absorption region has been measured with the help of Photo-

thermal Deflection Spectroscopy (PDS) and Constant Photocurrent Method (CPM). 

Such low values of absorption are an indication that defect densities in these layers 

are relatively low, and certainly an indication that grain boundaries are passivated by 

hydrogen in these layers [29]. 
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Figure  II.14: A comparison of optical absorption between a-Si:H and µc-Si:H [29]. 

Because of the facts that hydrogenated microcrystalline silicon is a material with 

an indirect band gap; hence, its absorption coefficient in the visible part of the solar 

spectrum is relatively low. This implies that thick layers are necessary to obtain 

sufficient absorption and photgeneration [65]. The fact that the many grain 

boundaries present can cause obstruction of electronic transport in microcrystalline 

silicon layers if the grain boundaries are not well passivated by hydrogen, make the 

use of hydrogenated microcrystalline silicon as the PV active layer within a thin-film 

solar cell not straight forward. Hence it took many years before microcrystalline 

intrinsic layers were attempted in thin-film silicon solar cells. Fully microcrystalline 

silicon solar cells can be advantageous when combined in a hybrid form with 

amorphous silicon solar cells in tandem known as micromorph structure. This 

configuration greatly increases the efficiency when compared to the single 

microcrystalline structure, yielding stable efficiency results [64]. 

In c-Si:H applications for solar cells, the increase in effective optical absorption due 

to light scattering by the rough surfaces is beneficial, it allows reduction in solar cell 

thickness, hence reduction of bulk and manufacturing costs. 
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II.3.3)  Carrier transport 

To improve the efficiency of these solar cells in the future, it is absolutely essential 

to gain some understanding of the relationship between the crystalline microstructure 

including grain boundaries and the carrier transport process; in particular, the carrier 

lifetime (diffusion length) that determines the solar cell characteristics and the 

recombination velocity at grain boundaries. However, in a microcrystalline silicon cell, 

the general non-uniformity that is typical of its grain structure has a direct and 

complex effect on carrier transport, and thus there have been no conclusive reports 

relating to these physical properties by direct measurement and analysis. Rather, the 

efficiency of these solar cells has only recently come to light, so only the first steps 

have been made in the research of their fundamental properties [66]. 

Werner and al [67] discussed why the very small crystals produced at low 

temperature exhibit relatively favorable cell characteristics. Although the cell 

characteristics are the product of current, voltage and fill factor, the open circuit 

voltage is directly related to the cell‘s lifetime and is used as a guide to the overall cell 

characteristics. This is because the current is related to light trapping effects and the 

cell film thickness. 

According to Werner et al.[67], the reason why a microcrystalline silicon cell exhibits 

a characteristic of 10% or more regardless of its small grain size is because of the 

very low recombination speed at its grain boundaries. This low recombination speed 

originates from the small barrier height at the grain boundaries, is guaranteed by (a) 

the passivation of hydrogen at grain boundary defects, (b) uncharged intrinsic grains 

(low oxygen density), and (c) the (110) orientation of the crystal grains [68]. 

The actual crystalline structure of a microcrystalline silicon solar cell has been 

investigated by transmission electron microscopy (TEM) and atomic force microscopy 

(AFM). For example, Meier et al [58], at Neuchâtel University, have classified the 

crystalline structures. Of course the microstructures differ depending on the 

production process and conditions. It has also been reported that diffusion transport 

mechanisms are dominant within the grains whereas drift transport is more prominent 

at the grain boundaries [69]. These grain boundaries exhibit amorphous 

characteristics which give rise to a passivation effect, and it has been pointed out that 

this may reduce the boundary recombination velocity [68]. 
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One has to assume that the transport behavior in the different structural phases 

differs considerably and is, furthermore, affected by transport across the boundaries 

between the phases. A transport model such as that used for disordered but 

homogeneous amorphous silicon, or that used for polysilicon, where the grains sizes 

are much larger, will not be applicable to c-Si:H. So one can expect to be able to 

measure only ―average‖ or ―effective‖ microscopic quantities for electronic transport in 

c-Si:H [68]. 

Ignoring for the moment the microscopic details, the conductivity is, in general terms, 

given by 

         (II.22) 

where   is the carrier density,   the carrier mobility and   the carrier charge. 

Adopting this description for c-Si:H and looking (as an approximation) only at the 

electrons, one can write 

           (II.23) 

where    is the density of free electrons,     the band mobility and   the electron 

charge. An analogous equation can be written for holes in p-type material. Both 

quantities    and     certainly vary between the ordered crystalline and the 

disordered amorphous phase. When describing instability in c-Si:H, one finds two 

main effects [68]: 

 (1) Adsorption and oxidation at (inner) surfaces, related to the porosity of the 

material. The effects of adsorption and oxidation on electronic conductivity should be 

considered very carefully when carrying out studies on electronic transport. In 

devices where c-Si:H is used as a bottom cell absorber sandwiched between other 

layers, these effects could be less pronounced [70]. 

(2) light-induced degradation (Staebler-Wronski Effect) of the amorphous phase in 

mixed-phase c-Si:H. Light-induced degradation depends, not surprisingly, on the 

amorphous content of the material [28, 66, 71]. In Figure  II.15 ; one sees the results 

of degradation studies of c-Si:H solar cells with different Raman intensity ratios of 

the absorber material (i.e. of the intrinsic layer). Highly crystalline material is stable 

under illumination [64]. 
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Figure II.15: Relative change in efficiency of solar cells in pin configuration with      

µc-Si:H absorber layer of different crystallinity, upon 1000 h illumination: 

(open circles) with white light equivalent to AM1.5 and (full circles) red 

light equivalent to the situation of the µc-Si:H in the bottom cell of a 

tandem device (By courtesy of Y. Wang et al., Forschungszentrum 

Julich) [64]. 

 

Solar cells incorporating i-layers with a substantial amorphous phase (i.e. cells which 

generally have the highest efficiencies because of their high    and their high    ) 

degrade slightly and, in fact, the degradation depends on the amorphous volume 

fraction. Overall the degradation is lower as compared with a-Si:H. For high- 

efficiency single-junction cell, the relative degradation is only about 5 % [28, 66]. In 

addition, when the c-SiμH cell is used as a bottom cell in a ―micromorph‖ tandem 

cell, the light intensity and the excitation energy for the c-Si:H i-layer would be much 

lower than in a single-junction c-Si:H cell, because the high-energy photons are 

absorbed by the top cell. One can simulate this situation by using a red filter for the 

white light excitation. Indeed the cells are stable after red light illumination, even after 

1000 h [64]. 
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II.4) Alloys 

As for amorphous silicon, microcrystalline silicon material has the potential of 

being alloyed with several elements, and alloys of c-Si:H with Ge, O and C have 

already been developed and explored [64]. Similar to a-Si:H, the alloying is obtained 

through basic appropriate admixture of corresponding gases in the deposition 

process. The main effect of alloying is that the optical gap will be shifted to lower 

energies (alloying with Ge) or to higher energies (alloying with O, C). The resulting 

alloy materials have been explored for applications such as infrared absorbers (Ge) 

[72], as window layers (C and O) [73], or as intermediate reflectors in stacked cells 

[73]. On the wide band gap side we have c-SiC:H, which is the true stoichiometric 

alloy and not the c-Si:H crystallites in a-SiC:H matrix. Such an alloy would have high 

potential as a window layer for solar cells. The material is more difficult to prepare. 

One approach is to use HWCVD with monomethylsilane, a gas which already 

contains the Si-C bond in a 50-50 mixture. This gives material with excellent 

crystallinity and a high optical band gap. In the as-deposited state, this material is 

very highly conductive n-type, which could be due to impurity doping or highly 

conductive structure phases. Applying such material in n-side illuminated solar cells 

with c-Si:H absorber layers yields high current values and quantum efficiency due to 

the good transparency [74]. Meanwhile, also successful p-type doping of     c-SiC:H 

has been performed [75, 76]. 

II.5) Elaboration methods 

In general, thin films may be fabricated either by physical vapor deposition (e.g., 

evaporation or sputtering) of the bulk material, or by chemical vapor deposition from 

the decomposition of suitable gases that contain the desired film material [64]. 

In the previous section, the properties of Si-based thin films have been described. In 

the context of depositing such films, the role of hydrogen is essential. Historically 

both evaporation and sputtering of elemental silicon were used to obtain thin films of 

amorphous silicon. However, these films contained high defect concentrations, 

mostly caused by poorly coordinated Si atoms. Due to these high defect 

concentrations, the gap state density between the valence and conduction bands far 

exceeds the doping densities that can be typically achieved. Therefore, this material 

is not suitable for use in an electronic semiconductor device, which essentially 

requires the presence of n- and/or p-type regions [64]. 
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The high density of defect states can be somewhat reduced by heating the films in a 

hydrogen atmosphere, or, in the case of sputtering, by adding hydrogen to the 

sputtering gas. However, these methods of film preparation have not proved 

successful in the further development of suitable PV-grade materials. Since it was 

recognized that silicon films deposited at low temperatures require the presence of 

hydrogen to ‖saturate‖ or ―passivate‖ the dangling bonds, Chemical Vapor Deposition 

(CVD) methods have been chosen with a source gas containing both silicon and 

hydrogen, which is then decomposed by supplying thermal or electrical energy to 

generally form hydrogenated amorphous silicon (a-Si:H) films. Thus, in 1969, the 

decomposition of silane (SiH4) in a glow discharge yielded hydrogenated amorphous 

silicon films with good photoconductivity [77], indicating a defect concentration well 

below the generated photo carrier concentration. 

Adding a doping gas to the silane, glow discharge deposition has opened the way for 

the effective doping of a-Si:H thin films, and hence for the possibility of creating 

electronic thin-film devices. 

Since then, the development of Si-based thin films for PV applications has remained 

based on the decomposition of silane as the central source material. Both forms of 

energy supply have been developed further, namely:  

-Electrical energy, supplied in a glow discharge (plasma) for plasma-enhanced 

chemical vapor deposition (PECVD). 

-Thermal energy by heating a filament, for thermo-catalytic chemical vapor deposition 

(Cat-CVD), more commonly called Hot-Wire CVD (HWCVD). 

To date, only PECVD has reached industrial relevance, whereas HWCVD has so far 

not gone beyond industrial feasibility studies [64]. Here, we will mainly describe the 

basic features of PECVD.  

PECVD is conducted in a plasma reactor that usually consists of: 

- A vacuum chamber, equipped with an inlet for the reaction gases, and pumps to 

remove unreacted and reacted gases. 

- A pair of parallel electrodes, one grounded and acting as the support for the 

substrate to be coated, and the other connected to an electrical power supply, and 

possibly also acting as a shower head to uniformly distribute the reaction gases. 

- A gas handling system. 

- Substrate heating. 



Chapter II:  Material properties of a-Si:H and μc-Si:H 
 

 

45 

 

Figure II.16: Schematic diagram of a PECVD reactor [64]. 

 

This arrangement, schematically shown in Figure II.16, facilitates the sequential 

deposition of the entire semiconductor structure, either in a single-junction or a 

multijunction (tandem or triple cell) configuration, as pin or pin/pin etc. To this end, 

not only silane is used (as is basically sufficient for the intrinsic i-layer), but also 

doping gases containing boron and phosphorus, such as diborane (B2H6) or 

trimethylboron [B(CH3)3], and phosphine (PH3), for depositing p- and n-layers, 

respectively. 

Additionally, the energy gaps of the semiconductor film may be varied by adding 

gases containing other group-IV elements: 

- Methane (CH4) in order to alloy with carbon and, thus, to increase the energy gap of 

the p-layer to create a window layer. 

- Germane (GeH4) in order to alloy with germanium and, thus, to decrease the energy 

gap of the i-layer for enhanced red-response, particularly for multijunction cell 

structures. 

The application of a sufficiently high RF voltage (typically at the industrial frequency 

of 13.56 MHz) to a capacitive configuration of parallel electrodes in a container filled 

with a gas at low pressure leads to the generation of a low-pressure plasma. 

The plasma reactions occur while the gas and the parts exposed to the plasma 

remain at relatively low temperatures. The plasma is ignited by the generation of 

electrons and ions, due to the ionization of gas molecules, followed by subsequent 

secondary electron emission from the electrodes, and further ionizations with charge 
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carrier multiplication. The ignition of the plasma may sometimes require high voltage 

pulses supplied from a Tesla coil via a high-voltage feed through [64]. 

In this section, guidelines for the deposition conditions leading to microcrystalline 

silicon µc-Si:H will be presented. The PECVD offers the possibility of depositing a 

wide range of Si-based film material, ranging from amorphous to microcrystalline 

structures of different quality. The invention of the ―micromorph‖ tandem cell by the 

Neuchatel group [59] has opened up a novel way of achieving significantly higher 

stabilized efficiencies, as compared to conventional structures, based solely on 

amorphous materials. This work [59] was done with a VHF (very high frequency) 

PECVD system; in fact, it turned out that VHF deposition was specially suitable for 

the fabrication of device-grade µc-Si:H layers and high-quality cells. However, the 

VHF technology originally employed is not applicable in a direct straight forward way 

to economically viable large-area production. Therefore, lower plasma frequencies 

ranging from 13.56 MHz to 40.68 MHz have been explored for deposition of the 

microcrystalline material to be used in the bottom cells of micromorph tandem cells 

[64]. The deposition of microcrystalline material is favored by a high hydrogen 

dilution              , i.e. by low silane concentrations                              . This can be explained by simultaneous etching of poorly coordinated bonds 

during the deposition, a process that is favored by high hydrogen dilution ratios. In 

order to compensate for the low deposition rates due to simultaneous etching, higher 

plasma powers then need to be used. The plasma deposition conditions for 

microcrystalline growth have been discussed in more detail in a relatively simple 

plasma chemistry model [78]. Accordingly, a ratio   between deposition and etch 

rates is determined, namely:        for a-Si:H deposition,           for µc-

Si:H deposition. This ratio   depends on three dimensionless parameters [64]: 

- The hydrogen dilution ratio                . 
- The ratio between the silane dissociation rate and the pumping speed, which are 

equals. 

Since for RF frequencies at 13.56 MHz, the silane dissociation rates are much 

smaller than for VHF, the pumping speed must also be chosen correspondingly 

smaller.  

- The ratio between the dissociation rate of      (for Si deposition) and the 

dissociation rate of    into atomic hydrogen (for Si etching). 
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Figure II.14 shows the schematic range of film structures obtained with different 

PECVD parameters; the dashed lines indicate the amorphous to microcrystalline 

transitions (the a →(a + µc) and (a + µc) →µc transitions respectively). 

 

 

 

Figure  II.17 : Range of film structures (schematic), obtained with different PECVD 

parameters; the dashed lines indicate the          and           transitions, respectively [64]. 

 

II.6) Conclusion 

In this chapter, we presented the basic material properties of a-SiμH and c-Si:H 

respectively, such as the structural, electrical and optical properties. Subsequently, a 

detailed description was introduced for the defect model, the transport, recombination 

processes, metastability phenomenon and degradation in a-Si:H. Finally, the 

deposition process, usually used to produce a-Si:H and µc-Si:H thin-films, was 

presented.   
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III.1) Introduction 

A solar cell is a device that converts sunlight directly into electricity through the 

photovoltaic effect [79]. The efficiency of the cell quantifies the fraction of solar 

energy that it converts into electrical energy. In principle it depends on two 

parameters: the generation of current by absorbed incident illumination, and the loss 

of charge carriers via so-called recombination mechanisms. A built-in field of p-n 

diode separates charge carriers of opposite polarity, and drives the light-generated 

current through the cell and to the terminals. Several solar cells will be electrically 

connected and encapsulated as a module [80]. 

 In this chapter, we present fundamental concepts related to solar cell operation 

mode such as the solar spectrum, the photovoltaic conversion processes and 

parameters, and the transport model. The last sections present a description of 

typical solar cells based on hydrogenated amorphous and microcrystalline silicon    

(a-Si:H and µc-Si:H respectively) with different configurations: single-junction solar 

cell, two-terminal and four-terminal tandem solar cell.   

III.2) Light spectrum 

Our planet receives photons continuously coming from the sources of light 

present in the universe.  The majority of these photons are generated during nuclear 

reactions which take place in the heart of stars.  Their energy varies according to the 

source considered, but also from the possible interactions during their course to the 

Earth.  Although distant of almost 150 million kilometers, the Sun is the principal 

transmitter of light in the surroundings of the Earth.  At such a distance and with a ray 

of 6380 km, the latter on average receives only 4.52*10-8 % [81] of the energy 

emitted by our star.  It is thus completely useless to be interested in the other stellar 

sources for the space photovoltaic applications (to the neighborhoods of the Earth) 

and terrestrial.  In this context, and an aim of adapting the converters of light to the 

principal source, it is essential to know well the distribution in energy of the photons 

coming from the Sun.   

The quantity of light absorbed by a semiconductor depends on the bandgap energy, 

but also on the spectrum of the incoming light (i.e. the energy distribution of the 

incident light as a function of wavelength). Figure  III.2 shows the spectrum of light 

emitted by the sun (which can be considered as a black body at 6000 K), as well as 

the spectrum of sunlight received at the earth, both outside the atmosphere and at 
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ground level. The difference between the last two is due to the path through the 

earth‘s atmosphere, which attenuates the solar spectrum (Rayleigh scattering, 

scattering by aerosols, absorption by the constituent gases of the atmosphere: UV 

absorption by ozone, infrared absorption by water vapor, etc.). This attenuation effect 

is characterized by the ―Air Mass‖ coefficient AM = 1/cosα, where α is the angle 

between the solar ray and a vertical line Figure  III.1. Thus, AM0 corresponds to the 

solar spectrum outside the atmosphere and AM1 to the solar spectrum on the earth‘s 

surface when the sun is directly (vertically) overhead. During mornings and evenings, 

when the incidence of sunlight is almost horizontal, we may have ―Air Mass‖ 

coefficients AM3 or even higher. AM1.5 (i.e. α ≈ 45°)2 is considered to be the 

―standard‖ value for testing and specifications in terrestrial applications, as it 

corresponds to a ―reasonable average value‖ of the air mass through which the 

incoming sunlight passes. Note that not only the spectrum is defined by this 

coefficient, but also the intensity of the incoming sunlight. However, the intensity is 

generally normalized to 1000 W/m2 in order to calibrate the efficiency of photovoltaic 

systems [82]. 

 

 

Figure  III.1: Diagram illustrating the definition of AM0, AM1, AM1.5 and AM3.   
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Figure  III.2: Spectral distribution of the solar spectrum received on the earth‘s 
surface (AM1.5) and outside the atmosphere (AM0) compared with the 
radiation of a blackbody at 6000 K.  

 

A semiconductor with a lower value of bandgap energy will be able to absorb a wider 

range of the solar spectrum (i.e. more photons) compared to one with a larger 

bandgap. However, in the first case, a substantial part of the incident energy will be 

lost by thermalization (i.e. by the energy difference between the energy of each 

photon and the bandgap energy). On the other hand, a semiconductor with a higher 

value of bandgap energy will only be able to absorb a relatively narrow range of the 

solar spectrum (i.e. a relatively small amount of high-energy photons only), but less 

energy will be lost through thermalization. One can thus intuitively understand that to 

maximize the spectral conversion efficiency, one must choose an optimum value for 

the bandgap that is somewhere in an intermediate range, corresponding 

approximately to the bandgap of crystalline silicon of             . 

III.3) Photovoltaic conversion 

A semiconductor device as the solar cell produces electrical current (and then 

sends it through an external load) when exposed to light (photovoltaic effect). The 

operation of a solar cell consists of two main steps: 
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(1) Creation of electron-hole pairs, i.e. generation of free electrons and holes through 

the absorption of photons. 

(2) Separation of the free electrons and holes in order to actually produce electricity. 

The efficiency   of a solar cell is the ratio of the electrical output power to the incident 

light power. 

III.3.1) Creation of electron-hole pairs 

When light illuminates a solar cell, photons are absorbed by the semiconductor 

material and pairs of free electrons and holes are created (Figure  III.3). However, in 

order to be absorbed, the photon must have an energy          (where   is the 

Planck‘s constant and   the frequency of light) higher or at least equal to the 

bandgap energy    of the semiconductor. The bandgap energy is the difference in 

energy levels between the lowest energy level of the conduction band (  ) and the 

highest energy level of the valence band (  ) (Figure  III.4). For a given 

semiconductor,    is a fixed material constant that only slightly depends on 

temperature.  

 

Figure  III.3: Creation of an electron-hole pair through absorption of a photon of 
energy.   
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Figure  III.4: Bandgap energy    of a semiconductor.   

 

Depending on the energy of the photon and on the bandgap energy of the solar cell 

material, three cases can occur: 

(1)         : in this case, the photon can be absorbed and will then generate a 

single electron-hole pair, without any loss of energy (Figure  III.5). 

 

 

Figure III.5: Absorption of a photon when Eph = Eg.   

 

(2)         : in this case, the photon can be easily absorbed and will then, in 

general, create a single electron-hole pair. The excess energy Eph−Eg is rapidly 

transformed into heat (thermalization; Figure  III.6). In some rare cases (which have 

absolutely no bearing on present-day solar cells), a second electron-hole pair can be 

successively created by impact ionization, provided that          . 

(3)         : the energy of the photon is not high enough to be absorbed. The 

photon will either be reflected or absorbed elsewhere, and its energy is lost. Note that 

in some rare cases where a sufficiently high density of states exists within the gap 

(due to impurities or defects in crystallinity), a photon with          can still be 
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absorbed (Figure  III.7). However, in general, and for present-day solar cells, this 

mechanism will not contribute to the effective electric current produced by the cell. 

 

 

Figure  III.6: Absorption of a photon when         ; thermalization.   

 

 

Figure III.7:  Possible absorption of a photon when         . 

 

III.3.2) Direct and indirect bandgaps  

The terms ―direct‖ and ―indirect‖ refer here to the interaction between incoming light 

and the semiconductor itself. The semiconductor is considered to have a direct gap 

when the absorption of an incoming photon is directly possible without the interaction 

of a phonon within the semiconductor. In this case, the maximum of the valence band 

corresponds to the minimum of the conduction band. GaAs, CdTe and CuInSe2 are 

typical examples of semiconductors with a direct gap. The semiconductor is 

considered to have an indirect gap when the absorption of an incoming photon is 

only possible with the interaction of a phonon within the semiconductor. In this 

second case, the maximum of the valence band does not correspond to the minimum 
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of the conduction band. Because a phonon must now be emitted (or absorbed) for a 

photon to be absorbed (see Figure  III.8), the absorption probability is significantly 

reduced, as compared to the case of a semiconductor with a direct bandgap. Si, Ge 

and C are typical examples of semiconductors with indirect gaps. 

 

 

Figure  III.8: Diagram of energy   versus momentum, for a semiconductor with 

indirect band gap   .   

 

III.3.3) Separation of electrons and holes 

The first step within the photovoltaic conversion process is the generation of pairs 

of electrons and holes within the semiconductor. 

Now, as the second step, these electron-hole pairs have to be separated: the 

electrons have to be sent to one side and the holes to the other side of the solar cell 

device. Such a separation is only possible by an electric field. Electrons and holes 

have opposite electric charge and therefore move in opposite directions within an 
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electric field. To create an electric field, solar cells are formed as diodes: usually as 

p-n type diodes but, in the case of thin film silicon solar cells, as pin-type diodes. 

 

 

Figure  III.9: Formation of internal electric field   and of built-in voltage    in a pin 
type diode[64].   

Within a diode, an internal electric field is always formed. As schematically shown in 

Figure  III.9, the internal electric field is limited to the depletion layer in the p-n type 

diode, whereas it extends over the whole of the i-layer (intrinsic layer) in the pin-type 

diode. The generation of the internal electric field is governed by the so-called ―built-

in voltage   ‖.    is always smaller than (    ), see the evaluation of    in 

Figure  III.10. The value of    for all forms of silicon solar cells is roughly 1 V, 

provided that the p- and n-type layers within the solar cell have been ―properly‖ 

doped. 
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This second step of charge separation comes at the price of additional energy losses: 

about one-third to one-half of the remaining energy has now to be sacrificed. The 

charge separation process is evidently more efficient if the internal electric field is 

stronger, i.e. if    is higher. This means that, in the optimal case, the charge process 

is more efficient if the bandgap energy is higher. Therefore the optimum bandgap 

energy for maximizing the energy conversion efficiency of the whole solar cell, 

including the second step of charge separation, is shifted to higher values when 

compared to the optimum for the first step alone.  

 

Figure  III.10: Band diagram showing schematically the evaluation of    in a-Si pin- 
type diode [64].   

 

III.4) Basic equations and parameters 

Years of research into device physics have resulted in a mathematical model that 

operates on any semiconductor device [83]. This model consists of a set of 

fundamental equations, which link together the electrostatic potential and the carrier 

densities, within some simulation domain. These equations, which are solved inside 

any general purpose device simulator, have been derived from Maxwell‘s laws and 

consist of Poisson‘s Equation, the continuity equations and the transport equations. 

Poisson‘s Equation relates variations in electrostatic potential to local charge 

densities. The continuity and the transport equations describe the way that the 

electron and hole densities evolve as a result of transport processes, generation 

processes, and recombination processes. 
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III.4.1) Poisson’s equation 

Poisson‘s Equation relates the electrostatic potential to the space charge densityμ 

             (III.1) 

Where   is the electrostatic potential,   is is the local permittivity, and   is the local 

space charge density. The reference potential can be defined in various ways; this is 

always the intrinsic Fermi potential   . The local space charge density is the sum of 

contributions from all mobile and fixed charges, including electrons, holes, and 

ionized impurities. 

                              (III.2) 

where   is magnitude of the charge on an electron,   and   are the free hole and 

electron densities,   + and   − are the concentrations of ionized donors and 

acceptor,       and     are the net charge densities due to the trapping of holes 

and electrons in tail states and dangling bond states, respectively. 

The electric field is obtained from the gradient of the potential: 

  ⃗      (III.3) 

III.4.2) Carrier continuity equations 

The continuity equations for electrons and holes are defined by equations: 

 
            ⃗⃗  ⃗        (III.4) 

 
            ⃗⃗  ⃗        (III.5) 

Where   and   are the electron and hole concentration,   ⃗⃗  ⃗       ⃗⃗  ⃗ are the electron 

and hole current densities,    and    are the generation rates for electrons and 

holes,    and    are the recombination rates for electrons and holes, and   is 

magnitude of the charge on an electron. 

III.4.3) Transport equations 

Equations (III.1), (III.4) and (III.5) provide the general framework for device 

simulation. But further secondary equations are needed to specify particular physical 

models for:  ⃗⃗  ⃗   ⃗⃗  ⃗,   ,   ,    and   . 
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The current density equations, or charge transport models, are usually obtained by 

applying approximations and simplifications to the Boltzmann Transport Equation. 

These assumptions can result in a number of different transport models such as the 

drift-diffusion model, the Energy Balance Transport Model or the hydrodynamic 

model. The choice of the charge transport model will then have a major influence on 

the choice of generation and recombination models. 

The simplest model of charge transport that is useful is the Drift-Diffusion Model. This 

model has the attractive feature that it does not introduce any independent variables 

in addition to  ,   and  . Until recently, the drift-diffusion model was adequate for 

nearly all devices that were technologically feasible. The drift-diffusion approximation, 

however, becomes less accurate for smaller feature sizes. More advanced energy 

balance and hydrodynamic models are therefore becoming popular for simulating 

deep submicron devices.  

Derivations based upon the Boltzmann transport theory have shown that the current 

densities in the continuity equations may be approximated by a drift-diffusion model. 

In this case, the current densities are expressed in terms of the quasi-Fermi levels    and    as: 

              (III.6) 

              (III.7) 

Where    and   are the electron and hole mobilities. The quasi-Fermi levels are then 

linked to the carrier concentrations and the potential through the two Boltzmann 

approximations: 

                    (III.8) 

                     (III.9) 

 

Where    is the effective intrinsic concentration,    Boltzmann constant and   is the 

lattice temperature. These two equations may then be re-written to define the quasi-

Fermi level potentials:  

                (III.10) 

                 (III.11) 
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The Effective electric fields are normally defined whereby: 

   ⃗⃗ ⃗⃗                (III.12) 

   ⃗⃗⃗⃗                (III.13) 

 

which then allows the more conventional formulation of drift-diffusion equations to be 

written: 

           ⃗⃗ ⃗⃗         (III.14) 

           ⃗⃗⃗⃗         (III.15) 

It should be noted that this derivation of the drift diffusion model has tacitly assumed 

that the Einstein relationship holds. In the case of Boltzmann statistics this 

corresponds to: 

           (III.16) 

           (III.17) 

 

III.4.4) Solar cell parameters 

When a forward bias is applied across a solar cell, a potential difference develops 

between the front and rear contacts. This potential difference creates a current, 

usually called the dark current (     ), which is in the opposite direction of the 

photocurrent. Since a solar cell is essentially a large diode, it is rectifying and the 

dark current can be described by equation (III.18), where    is a constant that is 

proportional to the total recombination in the device,   is the potential across the 

device,    is the Boltzmann constant and   is the temperature: 

         (        )  (III.18) 

 

When the cell is under illumination, There three important points are identified, that is 

the short-circuit current density    , the open circuit voltage     and the current 
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density    and voltage    that gives the maximum power density           . 

The total current can then be approximated as the sum of the dark current and the 

photocurrent: 

                  (III.19) 

 

By definition, under open circuit condition the total current in the device is zero, 

therefore, we can define the open circuit voltage as the voltage at which       and     are equal. An expression for     can be derived from equations (III.18) and 

(III.19) by substituting 0 for   ,     for  , and solving for     which can be 

expressed as: 

                          (III.20) 

The open circuit voltage varies dependent on the recombination in the solar cell 

which is again dependent on the band gap of the semiconductor. The open circuit 

voltage is expected to vary linearly with the band gap of the semiconductor [84]. 

 

Figure  III.11: Current density-voltage     behavior for a solar cell showing the 

short-circuit current density    , the open circuit voltage     and the 

current density     and voltage    that gives the maximum power 
density   .  
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To obtain efficient solar cells, the main subject is to maximize the power. The ratio of 

maximum power density to the product of     and     is given the name fill factor,   : 

               (III.21) 

The fill factor is always less than one and describes the squareness of the     

curve. The most important term describing solar cells is the conversion efficiency, η, 

given as: 

          (III.22) 

To consider the behavior of real solar cells series and shunt resistances have to be 

included, as shown in Figure  III.12. The series resistance    is included due to the 

contact resistance to the front and back contact and the resistance of the cell 

material. The effect of series resistance is most important for high current densities 

and increases at high temperatures and high light intensities. Series resistance is 

always present in practical devices. A shunt resistance     represents current 

leakage through the cell and at its edges. Leakage through the cell can be due to 

dislocations, grain boundaries or crystal defects. Due to the higher output voltage of 

GaAs solar cells compared to Si solar cells, shunt resistance is more important in 

GaAs. However, Shunt resistance is usually not important in practical devices at 

common intensities [85].  

 

Figure  III.12: The equivalent Electric circuit of a real photovoltaic cell.     



Chapter III:  Solar cells fundamentals 
 

 

63 

 

III.4.5) Quantum efficiency 

A solar cell's quantum efficiency value indicates the amount of current that the cell 

will produce when irradiated by photons of a particular wavelength. If the cell's 

quantum efficiency is integrated over the whole solar electromagnetic spectrum, one 

can evaluate the amount of current that the cell will produce when exposed to 

sunlight. The ratio between this energy-production value and the highest possible 

energy-production value for the cell (i.e., if the    were 100% over the whole 

spectrum) gives the cell's overall energy conversion efficiency value. Note that in the 

event of multiple excitation generation (MEG), quantum efficiencies of greater than 

100% may be achieved since the incident photons have more than twice the band 

gap energy and can create two or more electron-hole pairs per incident photon. Two 

types of quantum efficiency of a solar cell are often considered: 

 External Quantum Efficiency (   ) is the ratio of the number of charge 

carriers collected by the solar cell to the number of photons of a given 

energy shining on the solar cell from outside (incident photons). 

                      ⁄          ⁄                                 ⁄                                              ⁄  (III.23) 

 Internal Quantum Efficiency (   ) is the ratio of the number of charge carriers 

collected by the solar cell to the number of photons of a given energy that shine 

on the solar cell from outside and are absorbed by the cell. 

                       ⁄                   ⁄                                              (III.24) 

The     is always larger than the    . A low     indicates that the active layer of 

the solar cell is unable to make good use of the photons. To measure the    , one 

first measures the     of the solar device, then measures its transmission and 

reflection, and combines these data to infer the    . 

The external quantum efficiency therefore depends on both the absorption of light 

and the collection of charges. Once a photon has been absorbed and has generated 

an electron-hole pair, these charges must be separated and collected at the junction. 

https://en.wikipedia.org/wiki/Quantum_efficiency_of_a_solar_cell
https://en.wikipedia.org/wiki/Integral
https://en.wikipedia.org/wiki/Sunlight
https://en.wikipedia.org/wiki/Solar_cell_efficiency
https://en.wikipedia.org/wiki/Multiple_exciton_generation
https://en.wikipedia.org/wiki/Band_gap
https://en.wikipedia.org/wiki/Band_gap
https://en.wikipedia.org/wiki/Absorption_(electromagnetic_radiation)
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A "good" material avoids charge recombination. Charge recombination causes a drop 

in the external quantum efficiency. 

The ideal quantum efficiency graph has a square shape, where the    value is fairly 

constant across the entire spectrum of wavelengths measured. However, the    for 

most solar cells is reduced because of the effects of recombination, where charge 

carriers are not able to move into an external circuit.  

The external quantum efficiency accounts for any losses related to the solar cell 

structure. Hence, these losses depend on the properties of the substrate, the 

transparent conductive oxide (TCO) layers and the semiconductor layers. A very 

detailed analysis of the optical and electrical losses can be found in ref [86]. 

Figure II.13 shows the external quantum efficiency of an a-SiμH and a c-Si:H solar 

cell. The c-Si:H solar cells absorbs photons in a much wider wavelength range due 

to its lower band gap of 1.1   . This results in higher short-circuit current densities 

compared to a-Si:H solar cells [33]. 

 

Figure  III.13: Exemplary external quantum efficiency as a function of the wavelength 
for an a-SiμH solar cell (solid line) and a c-Si:H solar cell (dotted line). 
[33]. 

III.5)  a-Si:H and µc-Si:H-based solar cells 

A typical a-Si:H solar cell is represented by a single junction solar cell. There are 

two configurations of the single junction a-Si:H solar cell, namely the p-i-n superstrate 

configuration and the n-i-p substrate configuration. The type of configuration reflects 

https://en.wikipedia.org/wiki/Boxcar_function
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the deposition sequence of the a-Si:H based layers. In the p-i-n configuration the p-

type layer is deposited first, then the intrinsic layer and the n-type layer is deposited 

as the last one. In the n-i-p configuration the sequence of the deposition is vice 

versa. When glass or another transparent material is used as a substrate, the p-i-n 

configuration is used. In case of a stainless steel or another non-transparent material, 

the n-i-p deposition sequence is applied. The reason for these two approaches is that 

the light enters the bulk of a solar cell through the p-type layer. 

In the study of both hydrogenated amorphous and microcrystalline silicon (a-Si:H and 

µc-Si:H) thin-film solar cells, we must deal with two different aspects, as compared to 

the crystalline counterparts: 

 The absorption coefficients of amorphous and to some extent of 

microcrystalline, silicon are high. Therefore, the penetration depth of the incident 

irradiance is correspondingly small, so a thin cell material suffices to fully absorb the 

incoming light. The ratio between the light penetration depth and cell thickness may 

be further enhanced by light-trapping techniques, which are particularly relevant for 

microcrystalline silicon. 

 The transport properties of photo-generated carriers in both amorphous and 

microcrystalline silicon layers are far inferior compared to those of crystalline silicon. 

As a result, the excess carriers recombine within very short distances from their 

origin, within distances much shorter than the cell thickness. The question is: how 

can we design and fabricate a thin-film silicon solar cell where the collection length 

for the photo- generated carriers is comparable or even higher than the penetration 

depth of sunlight? 

The principle of any solar cell is the separation of electron-hole pairs by the action of 

an internal electric field. The location of this electric field is governed by the 

requirement that all photo-generated carriers can travel sufficiently far to reach that 

field. 

In crystalline silicon solar cells this travel distance is determined by the carrier 

diffusion length, which is of the same order of magnitude as the cell layer 

thicknesses. The electric field, concentrated within the depletion layers of the p- and 

n-layers, i.e. within a very thin zone at the p-n junction, is within reach for all the 

photo-generated carriers which have to be separated. Thus, crystalline silicon solar 

cells work as p-n diodes. 

Due to the extremely short travel distances of photo-generated carriers in amorphous 

and microcrystalline silicon materials, the electric field needs to be present at the 
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origin of photo-generation, in order to assist carrier travel and ―immediately‖ separate 

electrons and holes and, thus, to avoid their recombination. The field-assisted travel 

distance is given by the drift length. For optimum utilization of the incident irradiance, 

the electric field must extend throughout the entire cell thickness. This is 

accomplished by inserting an i-layer between the p- and n-layers, whereby a pin 

diode is formed. With the relatively low light-penetration depths and, hence, with the 

low values of i-layer thicknesses, the electric field strength     , determined by the 

built-in voltage and the i-layer thickness, reaches a sufficient magnitude for efficient 

carrier separation. This means that it is possible, thanks to the pin structure, to use 

materials such as amorphous and microcrystalline silicon, which would give only very 

poor results if the p-n structure were used. 

The main difference between p-n diodes and p-i-n diodes is the extension of the 

internal electric field in the diode; this is illustrated in Figure  III.14. 

 

Figure III.14: Internal electric field     , for (a) pin and (b) p-n type diodes.   
 

The overwhelming majority of semiconductor devices use doped regions (p- and n-

type regions) and not intrinsic regions (i-regions). The pin-diodes employed as solar 

cells for the case of thin film silicon (amorphous and microcrystalline silicon) 

constitute one of the very few exceptions to this general rule. 
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In the case of the p-n diode, collection is governed by the minority carrier diffusion 

length      . In the case of the pin diode, collection is governed by the drift length       of both electrons and holes within the intrinsic layer. 

It can be shown, that, under ―reasonable conditions‖ (which are in general fulfilled), 

the drift length       has a value that is about 10 times larger than the minority 

carrier diffusion length      ; [65] with                    , where    is the 

thickness of the intrinsic layer. 

One therefore has the following situation: if material quality (as expressed by the 

diffusion length) is excellent, a p-n diode should be used as solar cell structure; if 

material quality is ―mediocre‖, a pin diode should be used; if material quality is poor, 

no reasonable solar cell can be fabricated. It so happens that the best intrinsic 

amorphous and microcrystalline layers fall precisely into the category of layers with 

―mediocre‖ quality. 

In amorphous silicon there is yet another reason to use pin-type diodes instead of p-n 

diodes: it turns out to be basically impossible to deposit doped amorphous layers with 

reasonable quality. In fact, as we increase the doping level of the layer, we invariably 

increase the defect density, i.e. the density of recombination centers. Therefore, the 

doped layers within an amorphous silicon solar cell are only used to form a difference 

in potential and to create an internal electrical field, and do not actively contribute to 

the photo-generated current. All light that is absorbed within these layers is ―lost‖μ as 

soon as the hole-electron pairs are generated here, they almost immediately 

disappear through recombination. Because of this, the doped layers in an amorphous 

silicon solar cell are usually kept very thin. This is especially true of the p-type layer, 

which is a ―window layer‖ through which the light is usually made to enter into the 

cell. It has to be just sufficiently thick to enable the internal electric field to be formed. 

In practice, the p-type layer in amorphous silicon is additionally alloyed with carbon, 

so as to increase its bandgap and further reduce its absorption coefficient.  

How far this reasoning applies also to microcrystalline silicon solar cells is less clear, 

because too little is known about microcrystalline silicon doped layers. In practice, 

however, one tends to keep the doped layers very thin, also within microcrystalline 

silicon solar cells. 

Schematic of an a-Si:H pin-single solar cell developed by the Kaneka Company is 

shown in Figure  III.15. The efficiency of this device is close to 7% [87]. The cell is 
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fabricated in superstrate configuration. The a-Si:H absorbing layer is deposited on a 

transparent conductive oxide (TCO) film serving as a front electrode. The front TCO 

should exhibit a low sheet resistance (no more than          ) and high optical 

transmission (no less than 85%) in the range from near UV to near IR [88]. The 

surface of the TCO layer is textured in order to improve light trapping. A double-layer 

stack consisting of ZnO:Al and Ag films acts as a back surface reflector [87, 88]. 

 

Figure  III.15: Schematic of a state-of-the-art a-Si:H pin solar cell fabricated on a 
TCO-coated glass superstrate [87].  

 

Unfortunately, the efficiency of a-S:H solar cells working under light exposure 

degrades with time due to the Staebler-Wronski effect [19], which is directly related to 

formation of defects (dangling bonds, microvoids, stressed regions) acting as 

recombination centers [89]. As a result, the efficiency of commercial modules 

exposed to sunlight drops to 5%-6% over a period of months despite the initial 

efficiencies exceeding 12% for laboratory a-Si:H cells [90]. One of the possible 

solutions to the light-induced degradation of a-Si:H solar cell is reducing the 

amorphous layer thickness. Another approach is optimizing growth conditions in 

order to achieve the microstructure close to the amorphous-to-microcrystalline 

transition region [91]. The highest stable efficiency of 10.1% for a small-area a-Si:H 
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single cell has been reported by Benagli et al [92]. The stable efficiency for large 

commercial single-junction modules does not exceed 7% [93]. 

III.5.1) µc-Si:H solar cells 

Microcrystalline silicon (µc-Si) can be used not only for high conductivity p- and 

n-type contacts, but also as a material for active layers in thin-film solar cells [92]. 

The first µc-Si:H solar cells showing reasonable efficiency of 4.6% were fabricated in 

1994 [23]. The bandgap of µc-Si:H is close to that of crystalline Si, which allows 

extension of the absorption range to red and infrared light. Hydrogen passivation 

suppresses carrier recombination at grain boundaries, thus improving device 

performance. Most importantly, µc-Si solar cells are less subject to light-induced 

degradation and show better stabilized efficiencies as compared to those attainable 

from a-Si:H devices. µc-Si:H with the properties best suited for solar cell applications 

(combination of highest   , highest     and highest    ) are obtained under 

deposition conditions close to the amorphous-to-microcrystalline transition point [94]. 

With this approach, single-junction cells with stabilized efficiencies exceeding 10% 

(typical values           ,        ) have been achieved [95].  

The major disadvantage of µc-Si is that its absorption coefficient is lower than 

that of amorphous material; therefore, thicker layer of µc-Si (1-2 µm) are required for 

efficient light absorption. In addition, the deposition rate for µc-Si films is much lower 

(few nm/min) as compared to that for a-Si (10-30 nm/min), which increase the cost of 

µc-Si-based cells. The photovoltaic modules based on single-junction µc-Si:H cells 

do not seem to be commercially viable at present. Therefore, considerable effort is 

exerted on developing deposition techniques capable of providing higher rates 

without degrading the power conversion efficiency.  

III.5.2) Efficiency improvements 

As mentioned previously, a single p-i-n junction a-Si:H solar cell is deposited on 

glass substrate coated with a transparent conductive oxide TCO. The TCO forms the 

top electrode and aluminum or silver is used as the bottom electrode. Since only the 

a-Si:H intrinsic layer contributes to the current generation, the optimal optical design 

of the cell structure maximizes absorption in the intrinsic layer and minimizes 

absorption in all the other layers. A standard a-Si:H p-i-n cell that has been fabricated 

at Delft University of Technology and at Utrecht University is designed to have a thin 

(0.01 m) p-type layer; a thicker (0.45 m) intrinsic layer; and a thin (0.02 m) n-type 
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layer [96]. Figure  III.16 shows the typical structure of a pin type amorphous silicon 

solar cell. 

 

Figure  III.16: Typical structure of pin-type a-Si:H solar cell [68]. 
 

The approaches applied to achieve optical confinement in the intrinsic layer are 

commonly described by the term light trapping. In addition to light trapping, there are 

other design rules that facilitate the collection of photogenerated carriers. 

The following are some important practical design approaches for making highly 

efficient Silicon solar cells, which are schematically depicted in Figure  III.16: 

 In practice, light enters the a-Si:H solar cell through the p type layer. The lower 

mobility of holes in comparison to electrons in a-Si:H is the reason for this design. 

Since most of the photogenerated carriers are generated in the front part of the solar 

cell, on average, holes have to travel over a shorter distance to the collecting 

electrode than electrons. In this way, the collection efficiency of the holes is 

enhanced. 

 Because light enters the solar cell through the p type layer, there is substantial 

absorption in this layer. The photogenerated carriers in the p type layer do not 

contribute to the photocurrent because in this layer the electrons, here the minority 

carriers, quickly recombine. It is therefore desirable to minimize the absorption in the 

p type layer, which is done by minimizing the thickness and alloying the p type a-Si:H 

layer with carbon. This p type a-SiC:H layer has an optical bandgap of about 2 eV 

and is referred to as the window layer. 
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 The solar cell performance is sensitive to the p-i interface region. The p-i 

interface is a heterojunction with band offsets between the energy bands of a wide 

bandgap p type and an intrinsic layer. The band offset in the valence band forms a 

barrier for the photogenerated hole to the doped layer. One has to keep in mind that 

the generation rate of the carriers in this region is the highest in the intrinsic layer. A 

lot of attention is paid to the p-i interface region in order to accommodate the band 

offset, to optimize the electric field profile in this region, and to prevent back diffusion 

of the photogenerated electrons into the p type layer. Usually, wide bandgap, thin, 

high quality layers of intrinsic or lightly doped a-Si:H or a-SiC:H are introduced at the 

p-i interface. These layers can also serve as diffusion barriers, preventing boron from 

diffusing from the p type into the intrinsic layer. These layers are called the buffer 

layers. 

 The thickness of the Si film that forms the active layer in amorphous and 

microcrystalline silicon solar cells is small, so it is not able to absorb enough incidents 

light compared with solar cells using ordinary crystalline substrates. As a result, it is 

difficult to obtain a high photoelectric current. Light-trapping technology provides a 

means of extending the optical path of the incident light inside the solar cell by 

causing multiple reflections, thereby improving the light absorption in the active layer. 

Light trapping can be achieved in two ways:  

(i) The substrate that is used for deposition of a-Si:H layers is practically always 

surface textured. The surface texture of the top TCO layer in the superstrate 

configuration and the TCO/metal back contact in the substrate configuration 

introduces rough interfaces into a solar cell. When light reaches a rough 

interface, part of it will be scattered in various directions instead of propagating in 

the specular direction. In this way the average light path in the absorber layer is 

increased and light absorption enhanced. 

(ii) Typically, the back contact consists of a ZnO layer and a metal layer, usually Ag. 

This combination results in a highly reflective back contact that helps to enhance 

the absorption of light in the absorber layer in the long wavelength region 

(wavelengths above 600 nm) due to effective reflection from the back side of the 

cell. 

A solar cell with a textured surface and a back reflective layer for increasing 

absorption is said to have a STAR (Surface Texture and enhanced Absorption with a 

back Reflector) structure. 
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Figure  III.17: Cross-sections through light-trapping microcrystalline silicon (µc-Si) 
solar cell devices. (a) First generation (flat back reflector); (b) second 
generation (textured back reflector, thinner µc-Si layer) [68]. 

At present, two types of light trapping structure are in use.  Figure  III.17 (a) shows a 

cell that uses a flat highly reflective layer at the back surface, and Figure  III.17 (b) 

shows a cell that uses a textured type of highly reflective layer.  

This highly reflective back layer also acts as the solar cell‘s back electrode. Thin-film 

polycrystalline silicon forms naturally with a textured structure on its surface, and the 

size of this texture is strongly dependent on the film thickness. When the film is 

relatively thick (4 µm or more), the surface texture is suitable for light trapping, but 

when the film is relatively thin (1.5 µm or less), It is necessary to use a textured 

reflective layer at the back surface. Of course, to be precise the texture 

characteristics depend on the fabrication conditions as well as on the film thickness. 

This result provides experimental verification of the contribution made by the minute 

textured structures to light trapping. In the future, it will be necessary to aim at 

increasing the efficiency by obtaining larger currents in the thin film through the 

formation of better light trapping structures by controlling the profile of the 

microcrystalline silicon surface and the underlying reflective layer. 
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III.6) Micromorph (a-Si:H/uc-Si:H) tandem solar cells 

In the previous sections, we assumed that all active layers forming the cell witch 

contribute to the photogeneration, are formed by the same material and have the 

same gap. Solar cells with such a structure are called ―homojunction‖ solar cells. 

A further degree of liberty arises when combining, within the same junction, two 

different materials, preferably with two different band gaps: we thus obtain so-called 

―Heterojunction‖ solar cells. The theoretical study of this type of solar cell is more 

difficult; however, one basically does not increase the efficiency limits when 

compared to ―homojunction‖ solar cells. Still, there may be at times technical reasons 

for combining materials of different band gaps within the same diode. Solar cells 

made up entirely of thin film silicon layers, are also extensively called 

―heterojunctions‖, specifically when combining microcrystalline silicon and amorphous 

silicon within the same junction or when using different types of unalloyed silicon, 

silicon-carbon and silicon-germanium alloys within the same junction. The functioning 

of such thin-film heterojunctions is complex and is not fully understood, although in 

practice many advantages can be obtained. 

In this section, we will take a look at more fundamental way of combining two 

different materials: This is the so-called tandem concept, where two junctions are 

optically situated one on top of the other, in such a way that the light passes first 

through a top sub-cell (where it is partially absorbed) and thereafter through a bottom 

sub-cell (where the remaining part of the light has a possibility to be absorbed). The 

tandem concept can be extended to three junctions (triple-junction cells) or to even 

more than three junctions. The principle of the tandem cell is shown in Figure  III.18. 

Such a tandem cell can have two individual electrical contacts and is then called a 

―two terminal tandem cell‖.  
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Figure  III.18: Schematic diagram of 2T tandem solar cell [64].   

  

In a two-terminal tandem cell, both the top sub-cell and the bottom sub-cell are 

electrically in series. If we use the following symbols:           : top sub-cell current density and voltage.                : bottom sub-cell current density and voltage.                : tandem cell current density and voltage 

We will then have: 

                           (III.25) 

                         (III.26) 

  
The construction of the corresponding diagram for Jtandem (Vtandem) is shown in 

Figure III.19 It is easy to convince one from this figure that: 

                                         (III.27) 

                                 (III.28) 
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Figure  III.19: Construction of the     diagram for a two-terminal tandem solar cell.  

Equation (III.27) leads to the current-matching condition; for optimal performance 

one should have: 

                      (III.29)   

If, on the other hand, there is a large difference between         and           , the 

short-circuit current density of the tandem will be given by the smaller of the 2 short 

circuit current densities of the sub-cells. The sub-cell with the higher short- circuit 

current density will then not be using its full current potential. 

As far as open-circuit voltages are concerned, Equation (III.28) is only 

approximately fulfilled. In fact the open-circuit voltage of the tandem is always slightly 

lower than the sum of the open-circuit voltages of the two sub-cells. There are two 

reasons for this: 

(a) Each sub-cell will be absorbing less light than an individual single-junction cell of 

the same gap and this will lead to a corresponding decrease in its    . 

(b) The recombination junction will also lead to a further reduction of the total tandem 

voltage; this reduction depends on the exact nature of the layers present in the 

recombination junction it may be estimated to be in the range of 20 to 40 mV. 

The fill factor    of the tandem cell merits a special comment. If we do have current-

matching, the    may be considered to lie within the fill factors of the top and of the 
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bottom sub-cells. However, if the currents are not matched, the    of the tandem is 

very often quite a bit higher. On the other hand, we will, by such a current mismatch, 

certainly be losing more in current than we will be gaining in   , so that it is not 

worthwhile to try to obtain mismatch conditions when attempting to increase tandem 

cell efficiency. It is in general a rather complicated task to predict the    of tandem 

and multi-junction cells. 

At different wavelengths of the solar spectrum, microcrystalline and amorphous 

silicon layers have an edge over each other for either long wavelength regions or 

short wavelength regions. The combination of a high a-Si:H band gap (1.7 eV to    

1.85 eV) and a low µc-Si:H band gap (1.1 eV) yields the so-called micromorph         

(a-Si:H/µc-Si:H) tandem solar cell [97], and will further maximize the efficiencies of 

solar cells. The ―micromorph‖ tandem cells were introduced first under the name of 

―mixed stacked a-SiμH/ c-Si:H cells‖ by IMT Neuchatel in 1994 [98], the term 

―micromorph‖ cells was only coined later [99]. The advantage of such a structure is 

the ability to absorb more efficiently a larger part of the solar spectrum by stacking 

materials with different band gaps.  Figure III.20 shows the external quantum 

efficiencies of top and bottom subcell of an exemplary micromorph (a-Si:H/µc-Si:H) 

tandem solar cell [92]. 

 

Figure  III.20: External quantum efficiency (   ) of an exemplary micromorph                 
(a-Si:H/µc-Si:H) tandem solar cell [92].   
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The basic structure with typical layer thicknesses and electron micrograph of such 

tandem solar cell are respectively shown in Figure III.21 [64].  

 

Figure  III.21: Micromorph tandem a-Si:H/µc-Si:H solar cell: (a) basic structure; (b) 
electron micrograph [64].   

From a practical point of view, tandem cells are interesting, if the same deposition 

temperature and process can be used for both the top and the bottom cell. This the 

case when using VHF-PECVD as deposition process, with deposition temperature 

set to 200oC [64]. The best cells have achieved so far a confirmed stabilized 

efficiency of 11.7 % [100].  

One would, of course, wish to increase the stabilized efficiencies of ―micromorph‖ 

tandem cells. Previous studies  indicate that an efficiency of over 30 % should be 

possible [64]. Why then, are ―micromorph‖ tandem cells at present limited, even in 

the laboratory, to the range of 10 to 12 %?. 

The stability of the micromorph silicon solar cells is mostly limited by the a-Si:H top 

sub-cell, due to Staebler–Wronski degradation process [19] in a-Si:H material. 

Therefore, it is essential to use a thin a-Si:H top-cell in order to reduce the light-

induced degradation. The a-Si:H top sub-cell generates a lower current compared 

with the c-Si:H bottom sub-cell and thus the total current of the tandem cell is limited 

by the top sub-cell. One way to increase the top sub-cell performance is to introduce 

an intermediate reflector (IR) between the top and the bottom sub-cells in such a way 
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that the short-wavelength components of the light are reflected back into the a-Si:H 

top sub-cell but the long-wavelength components are (as far as possible) passed on, 

with little attenuation, into the c-Si:H bottom sub-cell. The IR material should has a 

refractive index   lower than that of the a-Si:H (     ) or c-Si:H (       ) [92, 101], 

and should be electrically conductive to connect the top and the bottom sub-cells and 

avoid Ohmic losses. The Zinc oxide (ZnO), with a refractive index        was an 

excellent candidate used in the first trials [93]. Currently, alternative materials such as 

silicon oxide (SiOx), silicon nitride (SiNx) and Indium-tin oxide (ITO) are employed 

[102-105]. 

In 2T tandem solar cell, the two sub-cells are directly stacked by successive layer 

deposition, which makes them both optically and electrically coupled [106, 107]. Only 

two contact electrodes are connected to the top cell p-type layer and to the bottom 

cell n-type layer. By this way, the two sub-cells are physically series connected to 

give a two- terminal (2T) device. To achieve an optimal power output in such device, 

the current matching requirement between the two sub-cells must precisely be 

fulfilled for example by a careful adjustment of the absorber-layer thickness. This 

induces some constraints on the thicknesses. While the a-Si:H top sub-cell is 

recommended to be as thinnest as possible to minimize the Staebler-Wronski effect 

[19], the current matching requirement imposes a current value unachievable with a 

very thin top sub-cell. So, to avoid too thick i-layers, additional layers such as 

intermediate reflectors have been introduced [108, 109], although the use of such 

layers adds more process steps and introduces resistive losses in the final device 

[110]. 

Regarding the environmental operating conditions, the 2T micromorph tandem cell 

is typically optimized for the standard global AM1.5 spectrum (1000 W/m2) at 25°C. 

Any shift or modification in the solar spectrum from that condition induces a mismatch 

of the currents and thus a considerable reduction in performance. For example when 

the sun is low in the sky, there is a larger proportion of red light and the devices can 

be top cell-limited whereas during sunny days with clear sky the solar spectrum can 

present a larger portion of blue light and induce a bottom cell-limitation behavior. In 

the same way, operating under real outdoor conditions can lead to high module 

temperature which can in turn introduce current mismatch due to the different 

temperature coefficients of a-SiμH and c-Si:H sub-cells [110]. 
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III.6.1)  Four terminal micromorph solar cells 

To overcome the factors limiting the 2T tandem cell performance, a four-terminal (4T) 

device configuration has been developed [T15-18T, Reynolds 12], in which the two 

sub-cells are separated by an insulating material (e.g. glass, plastic or SiNx), and 

each one of them has its own electrodes connected to its own p-type and n-type 

layers (Figure  III.22). So, the two sub-cells are optically coupled and electrically 

decoupled. The current matching constraint being released in such configuration, the 

electrical characteristics of each sub-cell can be obtained individually in order to 

independently optimize its power output whatever the currents are. 

 

Figure  III.22: Schematic diagram of 4T tandem solar cell [64].     

 

As we said; in a four terminal tandem cell, both the top sub-cell and the bottom sub-

cell are electrically separated. If we use the following symbols:         the maximum power obtained from the top sub-cell           the maximum power obtained from bottom cub-cell      the efficiency of the top cub-cell         the efficiency of the bottom sub-cell 

We will then have: 

                             (III.30) 
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                       (III.31) 

For the fill factor: 

                                 (III.32) 

 

                                                (III.33) 

By applying surfaces calculation in Figure  III.23: 

 

Figure  III.23: Construction of J-V curve for four-terminal configuration. 

 

                                                                          (III.34) 

 

A number of operational advantages may in principle be gained by 4T connection. 

Since the a-Si:H top-cell need no longer support the generation current of the µc-Si:H 

bottom-cell, it can be thinner and will be more stable as a result. The ―intermediate 

tunnel junction‖ between the sub-cells and its attendant resistive losses is obviated. 

Variations in service conditions such as changes in intensity and spectral quality of 

the incident light will not unbalance the cell. Assuming the tandem cell has been 

optimized for AM1.5, this will pass through the top-cell and generate most current in 

Voc.bottom Vbottom Voc.top Vtop 
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the bottom-cell. Thus in 2T connection the power deliverable to an external load 

under these conditions would be strongly limited by the top-cell. Similarly, if the light 

contains a larger blue fraction then the tandem becomes bottom-cell limited. In 4T 

connection no such limitation exists, and provided the maximum-power point of each 

component cell is tracked independently the electrical matching remains optimal 

[111]. 

III.7) Solar cells characterization 

Although the fabrication of the p-i-n diodes containing a-Si:H  is inexpensive 

compared to the other materials (GaAs, InP...), the  metastable character of the 

defects, that can contain such a material,  can influence on the efficiency of these 

devices and involves of this fact  their degradation.   

The comprehension of the mechanisms implied in the processes of degradation, 

passes in particular by the study of the properties of transport in a-Si:H p-i-n diodes.  

Witch allows, thereafter, improving the electric and optoelectronic characteristics of 

these devices.  For this reason, several experimental techniques of characterization 

were developed to study the structures of the p-i-n thin films with a-Si:H and its alloys 

[112-114]. Among these techniques, one can quote the technique of  characterization 

by current-voltage     characteristics [38], the technique time of flight (TOF) to 

measure the density and the distributions of defects [114] , hall effect to measure the 

mobility. 

Figure  III.24 shows the equipment used for the extraction of IV characteristic [38].  To 

measure the current   with the voltage   applied, one uses a computer to control the 

system.  For the     curve in the dark, the computer sends a program which 

controls an electrometer to apply a voltage during an interval of time given.  Then the 

program takes the value of the current and save it like data, and so on for the 

following values of the voltage.  
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Figure  III.24:     Characteristics measure equipment [38].        Characteristics in the dark or illuminated can give direct information on the 

characteristics of the device and constitute a significant means of measurement of 

the quality of the p-i-n solar cells such as the current produced by the cell, the fill 

factor and the efficiency. factor and the conversion efficiency. The dark current-

voltage (ID-V) measurements can be a powerful probe for characterizing the gap 

states in the intrinsic (i)-layer of the solar cell [115], and the recombination properties 

within the bulk or in the interface region [116]. The temperature dependent ID-V can 

be a useful method to determine the mobility band gap of an a-Si:H solar cell [117], 

which is an important parameter for the solar cell diagnostic. 

The external quantum efficiency (   ) measures the response of a solar cell as a 

function of the wavelength of light and gives the fraction of photons that is transferred 

to collected electron-hole pairs. Figure II.25 shows a setup that can be used to 

measure the     curves [118]. Light from a Xenon lamp is firstly modified by a 

chopper with a certain frequency. The modified light with a certain wavelength is 

selected by the monochromator, and then focused onto the test solar cell by a lens. 

The photo-generated current in the solar cell is then measured by an electrometer. 

The signals from the monochromator, chopper, and the electrometer are then 

analyzed by a computer. Finally the spectral response of the testing solar cell on 

each wavelength light is then measured and presented in the computer. Bias light is 

also available in this     setup and can be focused on the test solar cell, 
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which is used to bias the solar cell when measuring the multi-junction solar cells. The 

measurement wavelength range for silicon based solar cell is between 300 nm and 

1200 nm with a step of 10 nm [118]. 

 

Figure  III.25: Setup used to measure the     curves [118]. 
 

III.8) Conclusion 

In this chapter, we presented fundamental concepts related to the solar cell 

operation conditions, the main processes and parameters of the photovoltaic 

conversion, and the transport model described by its physical/mathematical 

equations. In the last sections, we presented a description of typical solar cells based 

on hydrogenated amorphous and microcrystalline silicon (a-Si:H and µc-Si:H 

respectively) in different configurations: single-junction solar cell, two-terminal and 

four-terminal tandem solar cell, four-terminal tandem solar cell, and the experimental 

techniques usually used to characterize a such devices. 
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IV.1) Introduction 

To simulate the electrical and optical characteristics of the solar cells, we used the 

commercially available software Silvaco TCAD from Silvaco Inc; which is a privately 

owned provider of electronic design automation (EDA) software [119] and TCAD 

process and device simulation software [120]. The Technology CAD (or Technology 

Computer Aided Design: TCAD) is a branch of electronic design automation that 

models semiconductor fabrication and semiconductor device operation. The 

modelling of the fabrication is termed Process TCAD, while the modelling of the 

device operation is termed Device TCAD. Included are the modelling of process 

steps (such as diffusion and ion implantation), and modelling of the behaviour of the 

electrical devices based on fundamental physics, such as the doping profiles of the 

devices. TCAD may also include the creation of compact models, which try to capture 

the electrical behaviour of such devices. First, it is necessary to know some basic 

concepts on simulation in general and on this software in particular, using examples 

illustrating our work.   

Simulation provides an edge between the experimental world and the theoretical 

world as figure shows.  It supplements the theory and the experiment to build the 

physical reality. 

 

Figure  IV.1:  The importance of simulation. 
 

The physical model is always distinct compared to an electric device, although its 

behavior is similar to that of the device, therefore the model is not equivalent but only 

presents an approximation.   

Silvaco TCAD is a Device simulation helps users understand and depict the physical 

processes in a device and to make reliable predictions of the behavior of the next 

device generation. Two-dimensional device simulations with properly selected 
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calibrated models and a very well-defined appropriate mesh structure are very useful 

for predictive parametric analysis of novel device structures. Two- and three-

dimensional modeling and simulation processes help users obtain a better 

understanding of the properties and behavior of new and current devices. This helps 

provide improved reliability and scalability, while also helping to increase 

development speed and reduce risks and uncertainties. 

IV.2) Silvaco TCAD simulator 

SILVACO (Silicon Valley Corporation) is an American company, having its seat 

with Santa Clara in California.  It is one of the principal suppliers of professional 

chains of software of simulation by finite elements and computer-aided design for 

technologies of electronics TCAD (Technology Computer Aided Design).  These tools 

are used by the companies of micro-electronics in the field of the research, the 

development and the design of devices.   

Historically the company was founded in 1984 by Dr. Ivan Pesic to meet the needs 

for the designers of integrated circuits (IC) analogical for models SPICE (Simulation 

Program with Integrated Circuit Emphasis) increasingly precise and linear [121].   

The entree of SILVACO in technology took place in 1989 [121], and it was based on 

a research of the Department of the Physical Devices of University of Stanford, 

starting with Athena like a simulator of the processes and ATLAS like a simulator of 

the devices. The framework of ATLAS combines several one-, two-, and three-

dimensional simulation tools into one comprehensive device simulation package. 

This allows for the simulation of a wide variety of modern semiconductor devices 

[122]. 

IV.3) Silvaco modules 

Silvaco provides several software tools to perform process and device simulation 

which make it the most powerful simulation software. 
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Figure  IV.2:  Silvaco modules. 
 

 ATLAS is a 2D and 3D device simulator that performs DC, AC, and 

transient analysis for silicon, binary, ternary, and quaternary material-based 

devices. Atlas enables the characterization and optimization of semiconductor 

devices for a wide range of technologies. To simulate a device in ATLAS, a 

description of the device is required. Descriptions of the device meshed with a 

two- or three-dimensional grid are provided via ASCII command line 

instructions supplied to ATLAS. The two- or three-dimensional grid 

approximating the device structure consists of a number of grid points known 

as nodes. The maximum number of grid points is limited to 20,000, a 

constraint set by ATLAS[123]. 

 ATHENA is a framework program that integrates several smaller 

programs into a more complete process simulation tool. This program focuses 

upon the simulation of fabrication processes. In ATHENA, devices are created 

through simulation of the fabrication process. To optimize the device 

characteristics, changes in process parameters supplied to the ATHENA 

process simulator environment are required, as certain process parameters 

change the device characteristics. ATHENA consists of four primary and 

several secondary tools. The primary tools are SSuprem4 for simulating ion 

implantation, diffusion, oxidation, and silicidation process for silicon; Flash for 

simulating implantation and diffusion for advanced materials; Elite for 

topography simulation; and Optolith for lithography simulation. ATHENA also 
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provides options for modeling silicides, Monte Carlo modeling of ion 

implantation, etc. 

 TonyPlot is the graphical plotting program used to plot the data 

extracted from the simulation using ATLAS. Simulation results do not 

automatically load into TonyPlot when a simulation is complete. Users have to 

save results into a file that can be opened directly from TonyPlot. The data can 

be plotted as desired by the user either in 1D x-y data, 2D contour data, Smith 

charts, or polar charts. Measured data can also be imported and plotted in the 

above-mentioned types. The overlay feature helps in comparing the multiple 

simulation runs. It annotates plots to create meaningful figures for reports and 

presentations. It enables 2D structure plots to be cut by multiple, 

independently controlled 1D slices. It supports plotting of user-defined 

equations with the variables being either electrical data (e.g., drain current) or 

physical parameters (e.g., electric field). 

 DEVEDIT is a program that allows for structure editing, structure 

specification and grid generation graphically by drawing on the screen. All of 

Silvaco‘s programs use a mesh or grid. Mesh or grid is used to determine the 

level of detailing the simulation will generate in a specific area of the device. 

Therefore, it allows users to cut down the simulation time by removing 

detailing from areas with less interest containing uniform or no reaction to 

change/alter simulation results. The creation of these meshes is the main 

function of DEVEDIT; however, it is also used for the editing and specification 

of two- and three-dimensional devices created with the VWF tools. 

 Virtual Wafer Fab or "VWF" is a group of TCAD products that 

automate and emulate physical wafer manufacturing. These tools facilitate the 

input, execution, run-time optimization, and results processing of TCAD 

simulations into a flow managed through a common database. It can be used 

for such tasks as designing more efficient solar cells for use in space [124]. 

  DECKBUILD is the key to rapid familiarization with SILVACO‘s TCAD 

software and the feature laden runtime environment (see Figure  IV.3). 

DeckBuild features include: automatic creation of process input files, editing of 

existing input files, creation of Design Of Experiments (DOE), powerful 

parameter extraction routines and the ability to make anything in the input file 

a variable. 
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Most importantly for the first time user however, DeckBuild includes literally hundreds 

of examples for many different types of electrical, optical and magnetic technologies. 

The top half of the DECKBUILD window is the command input listed in the form of a 

program created by a text editor 

 

Figure  IV.3: DeckBuild windows. 
 

The bottom half of the DECKBUILD window is where program execution and 

extracted information and results are listed as the program runs. The 

execution/results are displayed as shown in Figure  IV.4. 
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Figure  IV.4:  Output window. 
 

Errors occurring during the simulation run will be displayed in this output. Not all 

errors are fatal because DeckBuild tries to interpret the file and continue. This may 

cause a statement to be ignored, leading to unexpected results. During the running 

simulation it is recommended to check the run-time output to intercept any errors or 

warnings [125].  

IV.4) Statements and parameters  

Silvaco Atlas receives input files through DeckBuild. The code entered in the input file 

calls Atlas to run with the following command: go atlas following that command, the 

input file needs to follow a pattern. 

Atlas follows the following format for statements and parameters: 

<STATEMENT> <PARAMETER>=<VALUE> 

There are four types of values; real, entire, logic and character. The order of 

parameters is not necessary, abbreviation is possible but without confusing with 

another statement. It‘s possible also to write a comment using the symbol # and it will 

not executed by the simulator. 

ATLAS can read 256 characters in one line [123], but it is better separate the lines 

with backslash \ on the end of the line in case of long statement. 

For the ease of changing various parameters, the input file lists constants as the first 

lines of code. To set new constants or change parameter values we use the 
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command set in the first lines of the code. When the constant is employed by 

program a ―$‖ must proceed it to notify the program that it was previously defined. An 

example is shown below: 

Set cellWidth=2000 

Set cellthick=$cellWidth/2 

In this example two constants are defined cellwidth and cellthick. Cellthick take the 

value of cellwidth which is 2000 divided by 2. 

To finish the execution of the code one should use the command ―quit‖. 

IV.5) The Order of Atlas Commands 

The order in which statements occur in an Atlas input file is important. There are five 

groups of statements that must occur in the correct order (see Figure  IV.5).  

 

Figure  IV.5:  Order of atlas statements. 

Otherwise, an error message will appear which may cause incorrect operation or 

termination of the program. For example, if the material parameters or models are set 

in the wrong order, then they may not be used in the calculations. The order of 

statements within the mesh definition, structural definition, and solution groups is also 
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important. Otherwise, it may also cause incorrect operation or termination of the 

program. 

 

IV.6) Structure specification 

There are three ways to define a device structure in Atlas. The first way is to read 

an existing structure from a file. The structure is created either by an earlier Atlas run 

or another program such as Athena or DevEdit. A MESH statement loads in the 

mesh, geometry, electrode positions, and doping of the structure. For example: 

MESH INFILE=<filename> 

The second way is to use the Automatic Interface feature from DeckBuild to transfer 

the input structure from Athena or DevEdit. The third way is create a structure by 

using the Atlas command language, which is our case.  

IV.6.1) Mesh 

To define the structure device through the Atlas command language, you must 

first define a mesh. This mesh or grid covers the simulated device. The mesh is 

defined by a series of horizontal and vertical lines and the spacing between them. 

Atlas sets some limits on the maximum number of grid nodes that can be used. In the 

standard version, this limit is 20,000 nodes [123]. 

The general format to define the mesh is: 

X.MESH LOCATION=<VALUE> SPACING=<VALUE> 

Y.MESH LOCATION=<VALUE> SPACING=<VALUE> 
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Figure  IV.6:  Mesh form of an a-Si:H single solar cell. 
 

A coarse or fine mesh determines the accuracy of the simulation. A coarse mesh 

produces a faster simulation, but less accurate results. A fine mesh produces a 

slower simulation, but more accurate results. The areas that have a finer mesh, 

therefore, are of greatest interest in the simulation. The most efficient way to work is 

to allocate a fine grid only in critical areas (around junctions and depletion regions, 

areas of high electric field, areas of current flow, base region of BJTs, areas of 

considerable recombination effects, areas of high impact ionization…etc.) and a 

coarser grid elsewhere (see Figure  IV.6).  

IV.6.2) Regions 

Once the mesh is specified, every part of it must be assigned a material type (see 

Figure  IV.7). This is done with REGION statements. For example: 

REGION number=<integer> <material type> <position parameters> 

Region numbers must start at 1 and are increased for each subsequent region 

statement. You can have up to 15000 different regions in Atlas [126]. A large number 

of materials are available. If a composition-dependent material type is defined, the x 

and y composition fractions can also be specified in the REGION statement. The 
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position parameters are specified in microns using the X.MIN, X.MAX, Y.MIN, and 

Y.MAX parameters.  

 

Figure  IV.7: Regions and materials specification for a-Si:H. 
If the position parameters of a new statement overlap those of a previous REGION 

statement, the overlapped area is assigned as the material type of the new region. 

Make sure that materials are assigned to all mesh points in the structure. If this isn‘t 

done, error messages will appear and Atlas won‘t run successfully. 

IV.6.3) Electrodes 

The next structure specification corresponds to electrodes. Typically, in this 

simulation the only electrodes defined are the anode and the cathode. However, 

Silvaco Atlas has a limit of 50 electrodes that can be defined [126]. The format to 

define electrodes is as follows: 

ELECTRODE NAME=<electrode name> <position parameters> 

The position parameters are specified in microns using the X.MIN, X.MAX, Y.MIN, 

and Y.MAX parameters. Multiple electrode statements may have the same electrode 

name. Nodes that are associated with the same electrode name are treated as being 

electrically connected. 
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Figure  IV.8: a-Si:H Single solar cell electrodes. 
 

Some shortcuts can be used when defining the location of an electrode. If no Y 

coordinate parameters are specified, the electrode is assumed to be located on the 

top of the structure. You also can use the RIGHT, LEFT, TOP, and BOTTOM 

parameters to define the location. For example: 

ELECTRODE NAME=SOURCE LEFT LENGTH=0.5 

Specifies the source electrode starts at the top left corner of the structure and 

extends to the right for the distance LENGTH. 

IV.6.4) Doping 

You can specify analytical doping distributions or have Atlas read in profiles that 

come from either process simulation or experiment. You specify the doping using the 

DOPING statement. For example: 

DOPING <distribution_type> <dopant_type> <position_parameters> 
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Figure  IV.9:  Doping profile for a-Si:H single cell. 

Analytical doping profiles can have uniform, Gaussian..., the parameters defining the 

analytical distribution are specified in the DOPING statement. Two examples are 

shown below Figure  IV.9 with their combined effect. 

doping region=2 uniform p.type conc=1e20 
doping region=4 uniform n.type conc=1e20 

The DOPING statement specifies a uniform p-type doping density of 1020 cm-3 in the 

region that was previously labeled as region #2, while the second statement specifies 

a uniform n-type doping density of 1020 cm-3 in the region that was previously labeled 

as region #4. The position parameters X.MIN, X.MAX, Y.MIN, and Y.MAX can be 

used instead of a region number. 

IV.7) Material and model specification 

After one define the mesh, geometry, and doping profiles, he can modify the 

characteristics of electrodes, change the default material parameters, and choose 

which physical models Atlas will use during the device simulation. To accomplish 

these actions, use the CONTACT, MATERIAL, and MODELS statements 

respectively. Interface properties are set by using the INTERFACE statement. 
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IV.7.1) Material  

All materials are split into three classes: semiconductors, insulators and 

conductors. Each class requires a different set of parameters to be specified. For 

semiconductors, these properties include electron affinity, band gap, density of states 

and saturation velocities. There are default parameters for material properties used in 

device simulation for many materials. 

The MATERIAL statement allows you to specify your own values for these basic 

parameters. Your values can apply to a specified material or a specified region. For 

example in our case: 

material material=Aluminum sopra=Al.nk 

That means sets the index of refraction in all Aluminum regions in the device from the 

Sopra database. If the material properties are defined by region, the region is 

specified using the REGION or NAME parameters in the MATERIAL statement. For 

example, the statement: 

MATERIAL region=2 taun0=1e-6 taup0=1e-6 eg300=1.7 nc300=3e20 nv300=3e20 

That means sets the electron and hole Shockley-Read-Hall recombination lifetimes, 

band gap and the effective density of states of the conduction and valence band 

respectively at 300 K for region number two.  

The description of the MATERIAL statement provides a complete list of all the 

material parameters that are available. Such as the band gap at room temperature 

(EG300), electron mobility (MUN), electron (TAUN0) and hole (TAUP0) 

recombination lifetimes, conduction band density at room temperature (NC300), 

among others. 

IV.7.2) Contact 

An electrode in contact with semiconductor material is assumed by default to be 

ohmic. If a work function is defined, the electrode is treated as a Schottky contact. 

The CONTACT statement is used to specify the metal workfunction of one or more 

electrodes.  

Lumped resistance, capacitance, and inductance connected to an electrode can be 

specified using the RESISTANCE, CAPACITANCE, and INDUCTANCE parameters 

in the CONTACT statement. For example, the statement: 
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Contact name=anode workf=4.28 RESISTANCE=30.0 CAPACITANCE=1e-12 

Specifies the workfunction of the anode is 4.28 eV and parallel resistance of 30 ohms 

and a capacitance of 1pF. 

IV.7.3) INTERFACE  

The INTERFACE statement is used to define the interface charge density and 

surface recombination velocity at interfaces between semiconductors and insulators. 

The following example shows the usage of the interface statement: 

interface s.s y.min=0.5 y.max=0.52 s.n=1e5  s.p=1e5 

The max and min values determine the boundaries. The S.S parameter expands the 

interface statement to take into consideration the semiconductor-semiconductor 

interface. The S.N value specifies the electron surface recombination velocity. S.P is 

similar to S.N, but for holes. 

IV.7.4) Light source 

The illumination by solar spectrum is defined by the beam statement. The origin 

and angle of incidence need to be defined. An angle of 90 degrees means normal 

incidence from the top. The parameter power.file points to an external file that 

contains a list of wavelengths vs. intensity. The file 'solarex12.spec' contains data for 

the Air Mass 1.5 Solar Spectrum. The intensity in the file can be considered just as 

relative intensity between the wavelengths [127]. 

Beam num=1 x.orig=5 y.orig=-10 angle=90 power.file=solarex12.spec verbose 

back.reflect reflect=2 

The verbose command enables a higher level of diagnostic run-time printing. The 

back.reflect command Specifies that back side reflections are to be taken into 

account while the reflect value specifies the number of reflections that will be traced. 

It is possible to store the optical intensity of the illumination by specifying output file 

(opt.int) at any time before saving a structure file. The photogeneration rate will 

appear in the solution structure file by default. 

IV.7.5) Models 

The accuracy of the results obtained by device simulation process using ATLAS 

depends on the models used in the simulation process. Normally physics-based 

models are used to account for the complex dependencies of the device properties 
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on dimensions and other process variables. Generally, the model parameters are 

derived from measurements and characteristics of the devices [128]. 

 

Figure  IV.10: Models window in DeckBuild Atlas.  
 

Physical models are specified using the MODELS and IMPACT statements. 

Parameters for these models appear on many statements including: MODELS, 

IMPACT, MOBILITY and MATERIAL. The physical models can be grouped into five 

classes: mobility, recombination, carrier statistics, impact ionization, and tunneling.  

All models with the exception of impact ionization are specified on the MODELS 

statement. Impact ionization is specified on the IMPACT statement. For example the 

statement: 

MODELS CONMOB FLDMOB SRH FERMIDIRAC PRINT 

Specifies that the standard concentration dependent mobility, parallel field mobility, 

Shockley-Read-Hall recombination with fixed carrier lifetimes and Fermi Dirac 

statistics are included. The PRINT parameter lists to the run time output the models 

and parameters, which will be used during the simulation. This allows you to verify 

models and material parameters [129]. 
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IV.7.5.A) Mobility models 

Electrons and holes are accelerated by electric fields, but lose momentum as a result 

of scattering processes, which includes; lattice vibrations (phonons), impurity ions, 

other carriers, material imperfections (surface roughness …). 

Since the effects of all of these microscopic phenomena are lumped into the 

macroscopic mobilities introduced by the transport equations these mobilities are 

therefore functions of the local electric field, lattice temperature, doping 

concentration, and so on. The most important mobility models are resumed in 

Table  IV-1. 

model Syntax notes 

Concentration 

dependent 
Conmob 

The doping versus mobility table valid 

for 300K only 

Concentration and 

temperature dependent 
Analytic 

Caughey-thomas formula. Tuned for 77-

450K. 

Carrier-carrier 

scattering 
Ccsmob 

Important when carrier concentration is 

high 

Parallel Electric Field Fldmob 
Required to model any type of velocity 

saturation effect. 

Lombardi(CVT) model CVT 
Complete model including N, T, E// and 

E effects. Good for non-planar devices. 

Yamaguchi model Yamaguchi 
Includes N, E// and E effects. Only for 

300K. 

Klaassen model KLA 
Includes N, T, and n dependence. 

Recommended for bipolar devices. 

Table IV-1:  Most important mobility models. 

Where N, T, E// and E are respectively the doping concentration, temperature and 
parallel electric field. 
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IV.7.5.B) Carrier Generation-recombination models 

Carrier generation-recombination is the process through which the semiconductor 

material attempts to return to equilibrium after being disturbed from it. The processes 

responsible for generation-recombination are known to fall into six main categories: 

Phonon transitions, photon transitions, Auger transitions, surface recombination, 

impact ionization, tunneling. 

The Table  IV-2 describes the most common models implemented into Atlas that 

attempts the simulation of these six types of generation-recombination mechanisms. 

model Syntax notes 

Shockley-read-hall SRH Uses fixed minority carrier lifetimes. It 

should be used in most simulations. 

Concentration 

dependent 

CONSRH Specifies SRH recombination using 

concentration dependent. 

Auger AUGER Specifies Auger recombination. 

Important at high current densities.  

Optical recombination OPTR Recommended for direct-gap materials 

Band to Band Tunneling 

(standard) 

BBT.STD For direct transitions. Required with very 

high fields. 

Thermionic Emission EMISS.xx Used to model transport across potential 

barriers at heterojunctions 

Fermi-Dirac statistics FERMI High concentration effects 

Table IV-2:  The most common generation recombination models implemented into 
Atlas. 

IV.8) Numerical method selection 

After the materials model specification, the numerical method selection must be 

specified. The only statement that applies to numerical method selection is method. 

The equations can be solved either by a fully coupled (Newton), de-coupled 

(Gummel), or combined (Block) manner. The coupled solutions with all equations 

solved at once are best when the interactions between the equations are strong (e.g., 
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high current producing sufficient local heating). Newton‘s method is a fully coupled 

procedure that solves the equations simultaneously, through a generalization of the 

Newton-Raphson‘s method for solving the roots of an equation. However, they need 

a good initial guess as to the solution variables for reliable convergence. Unless 

special techniques such as projection are used for calculating the initial guess, the 

voltage step size during a bias ramp in a fully coupled solution might be small in 

order to obtain reliable convergence. Also, the Newton method may spend extra time 

solving the quantities that are weakly coupled or almost constant. Newton‘s method 

is the default method of drift-diffusion calculation in ATLAS.  

On the other hand, de-coupled solutions where a subset of the equation is solved 

while others are held constant has shown an advantage when the interaction 

between the equations is small (typically low voltage and current levels). They 

tolerate a relatively poor initial guess for convergence. They tend to either diverge or 

take excessive central processing unit (CPU) time once the interaction among the 

equations becomes stronger. Gummel‘s method cannot be used with lumped 

elements or current boundary conditions. 

In general, Gummel‘s method is useful where the system of equations is weakly 

coupled, but it has only linear convergence. The Newton method is useful when the 

system of equations is strongly coupled and has quadratic convergence. 

BLOCK method can provide for faster simulations times compared to NEWTON and 

GUMMEL. It can be useful to start a solution with a few GUMMEL iterations to 

generate a better guess. Then, switch to NEWTON to complete the solution. 

It is possible to supply parameters to the METHOD statement to specify which carrier 

(electron, hole, or both) continuity equation is to be solved. The choice can be made 

using the parameters CARRIERS. For example, to include both electron and hole, 

the user must specify ―CARRIERS = 2‖ and for only holes ―CARRIERS = 1 HOLE‖ in 

the METHOD statement. 

IV.9) Solution Specification 

Atlas can calculate DC, AC small signal, and transient solutions. Obtaining solutions 

is similar to setting up parametric test equipment for device tests. You usually define 

the voltages on each of the electrodes in the device. Atlas then calculates the current 

through each electrode. Atlas also calculates internal quantities, such as carrier 

concentrations and electric fields throughout the device. In all simulations, the device 
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starts with zero bias on all electrodes. Solutions are obtained by stepping the biases 

on electrodes from this initial equilibrium condition. This section concentrates on 

defining solution procedures.  

IV.9.1) Log 

Log files store the terminal characteristics calculated by Atlas. These are current and 

voltages for each electrode in DC simulations. In transient simulations, the time is 

stored. In AC simulations, the small signal frequency and the conductances and 

capacitances are saved. For example, the statement: 

LOG OUTFILE=foucell.log  

It is used to create a log file called foucell. Terminal characteristics from all SOLVE 

statements after the LOG statement are then saved to this file along with any results 

from the PROBE statement. 

To not save the terminal characteristics to this file, use another LOG statement with 

either a different log filename or the OFF parameter. 

IV.9.2) Solve 

To obtain convergence for the equations used, supply a good initial guess for the 

variables to be evaluated at each bias point. The Atlas solver uses this initial guess 

and iterates to a converged solution. For isothermal drift diffusion simulations, the 

variables are the potential and the two carrier concentrations. If a reasonable grid is 

used, almost all convergence problems in Atlas are caused by a poor initial guess to 

the solution. 

When no previous solutions exist, the initial guess for potential and carrier 

concentrations must be made from the doping profile. This is why the initial solution 

performed must be the zero bias (or thermal equilibrium) case. This is specified by 

the statement: 

SOLVE INIT 

Typically, the first step in solar cells analysis is to illuminate the device. You can turn 

on the illumination by assigning the beam intensity on a SOLVE statement as follows: 

SOLVE B1=1.0 
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Here, we assign a value of one "sun" to the intensity of the optical source indexed as 

number "1" (B1). 

As we had assigned AM1.5 on the BEAM statement, this corresponds to standard 

test conditions. In some cases, we may encounter convergence difficulties and may 

need to ramp the light intensity as shown in the following: 

SOLVE B1=0.01 

SOLVE B1=0.1 

SOLVE B1=1.0 

You may also choose to assign the beam intensity to a value greater than one to 

simulate solar concentrator effects. Since we have not yet assigned any bias 

voltages, the current in the run time output corresponds to the short circuit current 

(   ).  

Then, we can simply capture the spectral response using a wavelength ramp defined 

on the SOLVE statement as follows: 

SOLVE B1=0.001 BEAM=1 LAMBDA=0.3 WSTEP=0.02 WFINAL=1.2 

Here, the B1 parameter sets the intensity to 1 mW. The BEAM parameter identifies 

the index of the optical source that is going to be involved in the wavelength ramp. 

LAMBDA specifies the initial wavelength in microns, WFINAL specifies the final 

wavelength in microns, and WSTEP specifies the wavelength step in microns. 

To capture the     characteristic, you need to ramp the voltage past the open 

circuit voltage (   ) as in the following: 

Solve vanode=0.0 name=anode vstep=0.02 vfinal=1.4  

Here we assume that the anode is P type and the characteristic is extracted on 

positive anode voltages. We ramp from 0 to 1.4 volts in 0.02 volt steps. 

IV.9.3) Load and save 

Solution files or structure files provide an image of the device at a particular bias 

point. This gives you the ability to view any evaluated quantity within the device 

structure in question, from doping profiles and band parameters to electron 

concentrations and electric fields. The SAVE statement enters all node point 
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information into an output file. The LOAD statement enters previous solutions from 

files as initial guess to other bias points. The following are examples of LOAD and 

SAVE statements. 

SAVE OUTF=mycell.STR 

In this case, mycell.STR has information saved after a SOLVE statement. Then, in a 

different simulation, mycell.STR can be loaded as follows: 

LOAD INFILE=mycell.STR 

IV.10) Results Analysis 

Once a solution has been found and saved in files, the information can be displayed 

graphically with TonyPlot (see Figure  IV.11), for example: 

TONYPLOT foucell.log 

We can also use the DeckBuild Extract capability to capture the various solar cell 

figures of merit. We first initialize the Extract capability with the captured input file as 

in the following example: 

EXTRACT INIT INFILE="foucell.LOG" 

EXTRACT NAME="IV" curve(v."anode", I."cathode") OUTFILE="IVcurve.dat" 

Extract also can be used to determine some important values such as the short 

circuit current (Isc), open circuit voltage (Voc), maximum power (Pm), voltage at 

maximum power (Vm), current at maximum power (Im), and fill factor (FF). The 

following lines demonstrate the extraction of these values: 

EXTRACT NAME="Isc" Y.VAL FROM CURVE(V."anode", I."cathode") WHERE 

X.VAL=0.0 

EXTRACT NAME="Voc" X.VAL FROM CURVE(V."anode", I."cathode") WHERE 

Y.VAL=0.0 

EXTRACT NAME="Pm" MAX(CURVE(V."anode", (V."anode" * I."cathode"))) 

EXTRACT NAME="Vm" X.VAL FROM CURVE(V."anode", (V."anode"*I."cathode") ) \ 

WHERE Y.VAL=$"Pm" 

EXTRACT NAME="Im" $"Pm"/$"Vm" 

EXTRACT NAME="FF" $"Pm"/($"Jsc"*$"Voc") 
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Figure  IV.11:     curve of a micromorph (a-Si:H/µc-Si:H) tandem solar cell 
plotted using TonyPlot. 

 

Figure IV.12: internal electric field and potential of p-i-n a-Si:H cell using TonyPlot 



Chapter IV:  SILVACO TCAD Simulator  
 

 

107 

IV.11) Conclusion 

In this chapter, we presented a detailed description of the numerical simulator used in 

this study. Indeed, Silvaco TCAD simulator provides a complete solution for 

researchers interested in solar cell technology. It enables researchers to study the 

electrical properties of solar cells under illumination in both Two-and Three 

dimensional domains. The simulated properties include external parameters such as 

I-V characteristics, spectral response and quantum efficiency vs. wavelength, and 

internal quantities like recombination rates, charge carrier densities, potential and 

field distributions… etc. In addition, the software is also capable to simulate many 

configurations of amorphous silicon-based solar cells consisting of single, tandem 

and triple junctions. Silvaco is the promoted vendor for all companies interested in 

advanced solar cell technology simulation solutions. 
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V.1) Introduction 

Most of solar cells based on hydrogenated amorphous and microcrystalline silicon 

(a-Si:H, µc-Si:H respectively) are usually designed in a p-i-n diode (see chapter)[18, 

94, 98]. The p-doped and n-doped layers serve as contacts and establish a potential 

gradient for the separation and collection of photogenerated carriers. These layers 

must be kept as thin as possible (typically tens of nanometers) to reduce optical 

absorption losses. The thicker undoped intrinsic i-layer (typically hundreds of 

nanometers for the a-Si:H and thousands of nanometers for the µ-Si:H ) is the 

absorber in which the photo-generated electron-hole pairs immediately experience 

the internal electric field that separates electrons and holes from each other. The 

separated carriers drift under the influence of the internal electric field towards the 

doped layers (electrons towards the n-type layer and holes towards the p-type layer) 

and are collected by the electrodes. The device performance is limited by the 

absorber layer defect (particularly owing to the light induced creation of metastable 

defects in a-Si:H or the so called Staebler–Wronski effect [18] as we mentioned 

before(chapter)) which make it one of the most important parameters that should be 

taken into consideration when improving the solar cell performance,. Moreover, the 

degradation is strongly dependant on the thickness of the used device, which 

prevents the use of a thick absorption region. So an optimization of the i-layer 

thickness must be taken into consideration. 

Relatively to the single-junction structure, the multi-junction one is a proven way to 

increase device efficiency in many solar cell technologies. In the thin-film silicon 

technology, one of the most common approaches is to combine an amorphous        

(a-Si:H) silicon cell and a microcrystalline (µc-Si:H) silicon cell into the so-called 

micromorph (a-Si:H/µc-Si:H) tandem solar cell [130]. The advantage of such 

structure is the ability to absorb more efficiently a larger part of the solar spectrum by 

stacking materials with different band gaps. In a conventional tandem device, the two 

sub-cells are directly stacked by successive layer deposition, which makes them both 

optically and electrically coupled [106, 107, 131]. Only two contact electrodes are 

connected to the top cell p-type layer and to the bottom cell n-type layer. By this way, 

the two sub-cells are physically series connected to give a two- terminal (2T) device. 

The stability of such a device is mostly limited by the a-Si:H top sub-cell, due to 

Staebler–Wronski degradation process [19] in a-Si:H material. Therefore, it is 

essential to use a thin a-Si:H cell, with high built-in electric field in order to reduce the 
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recombination of free carriers due to light-induced metastable defects. The 

absorbance in the c-Si:H cell can be increased by choosing a larger thickness of the 

absorption layer. The a-Si:H top sub-cell generates a lower current compared with 

the c-Si:H bottom sub-cell and thus the total current of the tandem cell is limited by 

the top sub-cell. To circumvent the instability problems in 2T-device, a four-terminal 

(4T) device configuration has been developed [111, 132-135], in which the two sub-

cells are separated by an insulating material (e.g. glass, plastic or SiNx), and each 

one of them has its own electrodes connected to its own p-type and n-type layers. 

So, the two sub-cells are optically coupled and electrically decoupled.  

This work is devoted to the study of a-Si:H and µc-Si:H- based solar cells in view 

of optimizing their performance by modeling using the commercially available 

software Silvaco TCAD from Silvaco Inc. First, we investigate the photo-

degradation (SW) effect on a single (a-Si:H) p-i-n cell illuminated by a monochromatic 

light beam (530-540 nm), then by the standard solar spectrum (AM1.5), on the basis 

of the model of the light-induced defect creation in a-Si:H developed by AF. Meftah et 

al [136, 137]. Thereafter, we present the (i)-layer thickness and free carrier mobility 

effects on the output parameters of the solar cell in single structure configuration, and  

2T- 4T- micromorph tandem configuration, in both un-degraded and the light-soaked 

states. The main results are expressed and analyzed in term of the device 

performance parameters such as the current density- voltage (   ) characteristics, 

the short-circuit current density (   ), the open-circuit voltage (   ), the fill factor 

(  ), the conversion efficiency ( ) and the external quantum efficiency (   ).  

V.2)  Photodegradation effect in a-Si:H p-i-n solar cell 

The main problem which limits the applicability of the hydrogenated amorphous 

silicon (a-Si:H) materials in photovoltaic domains is the degradation of transport 

proprieties during illumination. The majority of models proposed to understanding the 

microscopic mechanisms that cause this effect suggest that it is due mainly to a light-

induced defect creation, stimulated by the non radiative recombination of the 

photogenerated free carriers. The energy released from such recombination can 

break weak bonds [52, 54, 138-140], or liberates bounded hydrogen atoms [50, 55, 

141, 142] that can diffuse and break weak bonds and then, further dangling bonds ( 

further defects are created).   

During illumination, the increase of the dangling bond density of states in the     

a-Si:H gap is obtained on the basis of the model of the light-induced defect creation 
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in a-Si:H developed by AF.Meftah et al [136, 137]. The proposed model is based on 

experimental observation concerning the presence of the doubly hydrogenated weak 

SiSi bond (SiHHSi) configuration [140, 143], the hydrogen diffusion [144] and the 

main role of the hydrogen in the light-induced defect annealing.  

The varying density of states is then used in the numerical modelling of the a-Si:H    

p-i-n solar cell, illuminated first with monochromatic light beam ( =530-540 nm). The 

considered wavelength corresponds to the case of non-uniform absorption 

(absorption coefficient          ), which means an exponential decay of 

generation rate away from the illuminated p-side of the device. Taking the photon flux 

equal to 1017 cm-2 s-1, this give an optical generation rate G in the photo-generation 

region equal to 1022 cm
-3

 s-1 , which is slightly lower than the value assured later by 

the total AM1.5 spectrum illumination. We analyse the degradation in term of internal 

variables‘ profiles; free carrier densities, recombination rates, space charges, band 

structure, potential, electrical field, and current densities. We present also the light-

induced degradation effect on the cell photo-parameters, i,e,. the open circuit voltage 

Voc, the short circuit current density Jsc, the fill factor FF and the maximum power 

density Pmax . 

V.2.1) SWE model  

In AF.Meftah et al model [136, 137], the basic processes for light-induced 

creation of dangling bonds are given as follows: the defect creation occurs by a non 

radiative recombination between photoexcited electrons and holes at a weak SiSi 

bond adjacent to a SiHHSi bond. This can be justified by the fact that the majority of 

hydrogen is located in SiHHSi configurations rather than in isolated SiH bonds [140]. 

This weak SiSi bond is energetically favourable for recombination due to the 

additional stress imposed by the two hydrogen atoms. As a result of the released 

energy after recombination, one of the two hydrogen atoms moves to the site of the 

broken SiSi bond, forming two adjoining SiHD defects. The hydrogen atom is located 

at the tetrahedral site, rather than the bond centred site, of the broken SiSi bond, and 

the separation of the Si dangling bond and hydrogen atom is in the range 4-5 Ao, 

which is consistent with ESR experiments [140]. The recombination at the SiHD 

defect site allows the production and diffusion of a mobile hydrogen atom through the 

material. If the dissociated hydrogen atom is inserted in the nearby SiHD defect, this 

will be annihilated and, in this case there will be no defect creation and no SWE as a 

consequence. Thus, the hydrogen atom remains mobile until it meets a distant SiHD 
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defect where they annihilate to form a SiHHSi bond. The hydrogen atom can also be 

re-trapped by colliding with a second metastable H. In this case, both metastable H 

are trapped to form a SiHHSi bond again. 

Taking into account the processes described above, the rate equations governing the 

kinetics of SiHD and metastable H under illumination are given as follows [41, 136, 

137, 145].  

 
                          ( V.1) 

 
                            ( V.2) 

where   is the illumination time,    and    are densities of SiHD and metastable H, 

respectively.             , where kd expresses the light-induced creation of SiHD. n 

and p are the free electron and free hole densities.             , where kH 

represents dissociation of a hydrogen atom from a SiHD defect.     and     are rate 

constants for the two trapping processes of the hydrogen atom. We assume that n 

and p are determined by the steady state numbers and are, in the case of moderate 

illumination where the recombination is monomolecular, proportional to illumination 

intensity G and inversely proportional to the defect density   : 

           ( V.3) 

where Cc (10-8 cm3 s-1) is the capture coefficient of free carriers by dangling bonds. 

Then, the rate equation 1.(a)-(b) are rewritten as follows: 

 
                                    ( V.4.a) 

 
                                  ( V.5.b) 

 

The initial conditions are             and      and the values of the different 

involved constants are those used previously in Ref [136, 137] which reproduced well 

Godet‘s measurementμ                 ,                 ,       
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            and                . From the simulated curve shown in figure V.1, 

the dangling bond (SiHD) density increase from 1016 cm-3 initially to a steady state 

value of 3.751016 cm-3 for illumination time      .  

 

Figure V.1:  The simulated light-induced defect and mobile hydrogen densities 
versus illumination time by Af Meftah et al model [136, 137]. 

 

The metastable hydrogen increases nearly exponentially until 40 s what delays the 

increase of the SiHD density. After 40 s, the decrease of the metastable hydrogen 

occurs parallel to the inverse of the SiHD density until 2104 s, after which a steady 

state is established for the two densities.  

V.2.2) Physical model of the a-Si:H density of states 

The typical density of localised states,    , in the a-Si:H gap is comprised of 

valence and conduction band tail state densities,                 respectively, 

which decay exponentially from the band edge, and of dangling bond state density,      , which is calculated according to the defect pool model improved by Powell 

and Deane [40]. 

                         ( V.6) 
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where   is the energy level in the band gap   . 

The two exponential tails are defined as:  

                     ( V.7) 

                     ( V.8) 

where    and    are the density of valence (donor-like) and conduction (acceptor-

like) band tail states at the band edge    and    respectively.    and    are the 

characteristic temperatures that describe the exponential slope of both band tails. 

The defect pool model has been proposed to evaluate the dangling bond state 

density as equilibrium properties of a-Si:H, which can account for a wide range of 

experimental results [39, 40]. The equilibration mechanism was identified as a 

conversion of weak bonds to dangling bonds according to the following reaction: 

SiHHSi+SiSi2SiHD. The density of state distribution was determined by applying 

the law of mass action to both reactions: SiHDSiSi+H and SiHHSiSiSi+2H, 

between weak bond energy in the valence band tail and energy level in the gap 

where the defect is formed. The density of state calculated within the framework of 

the defect pool model is expressed as follows [39]: 

                                ( V.9) 

with 

                                                           (V.10)      is the defect pool function assumed to have a Gaussian distribution.    and    

are, respectively, the pool width and peak position.   and      are, respectively, the 

density of states at    and the valence band tail width.   is the equilibrium 

temperature (freeze-in temperature) for which the density of states is maintained. H is 

the total hydrogen concentration and NSiSi is the total electron concentration in the 

material.        is the neutral dangling bond state occupancy. See (equation II.5, 

II.6 ). 
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Figure  V.2: The total density of state including band tail states and dangling bond 
states in the middle of the i-layer of the a-Si:H p-i-n cell at T=300 K.  

Figure V.2 shows the distribution of the total density of states in the middle of the i-

layer of the a-Si:H p-i-n cell at thermal equilibrium. Included are the valence and 

conduction band tail densities                 respectively, and the dangling 

bond density,       with its three components      ,      , et      . 
It is possible to replace the defect density of the states      by an equivalent 

density       of monovalent states of which the probability of occupation is related 

to Fermi-Dirac function. The interest of this equivalence comes owing to the fact that 

the states detected by the majority of the spectroscopic techniques are considered 

monovalents.        is given by the expression:   

                                 (V.11) 

where the       term comes from the spin degeneracy of the singly occupied state. 

This is not exact, but it is a very good approximation, leading only to a small error of 

about             in the density. The total density of state including band tail 

states and dangling bond states is then: 

                          (V.12) 

Taking into account the doping effect through the p-type and n-type layers of the a-

Si:H p-i-n cell, the Fermi level position   , will change relatively to    (or   ) from p-
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type region to n-type region, this leads to a component (   in p-type layer and    in 

n-type layer) much bigger than the others. The defect state density,      so       
and then the total state density,     , will change from p-type layer to i-type layer to 

n-type layer as shown in figure V.3.  

 

Figure  V.3 The total density of state at different regions of the solar cell (p-type, i-

type and n-type) at thermal equilibrium. 

The parameters used to plot the gap density of states of both figures V.2 and V.3 are 

listed in Table V.1. 

Under illumination, the areas of defect Gaussian distributions increase similarly to the 

defect concentration Nd (   ∫           ) while their positions and widths remain 

unchanged. The valence and conduction band tails are supposed to be constants. 

These suppositions are made on the basis of experimental study performed by Refs 

[146, 147]. 

 

 

 

 

 

Pool width  (eV) 
Defect electron correlation energy, U (eV) 

0.19 
0.2 
1.27 
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Pool peak position Ep (eV) 
Total hydrogen concentration H (cm-3) 
Total electron concentration Nsisi (cm-3) 
Defect state density freeze-in temperature T* (°K) 
Characteristic temperature of the valence band tail Tv (°K) 
Characteristic temperature of the conduction band tail Tc (°K) 
Intrinsic Fermi level Efi (eV) 
Mobility gap, Eg (eV) 
Activation energy in the p-layer, Efp(eV) 
Activation energy in the n-layer,Efn(eV) 
Density of states at Ec and Ev, Gc, Gv (cm-3eV-1) 
p- and n-layer doping densities, Na, Nd (cm-3) 
Effective density of states in conduction band at 300°K,   ,300(cm-3) 
Effective density of states in valence band at 300°K,   ,300(cm-3) 
Annealed i-layer DOS (cm-3) 
Capture coefficient of charged tail's states, Cct (cm3 s-1) 
Capture coefficient of neutral tail's states, Cnt ( cm3 s-1) 
Capture coefficient of charged dangling bond's states, Ccd ( cm3 s-1) 
Capture coefficient of neutral dangling bond's states, Cnd ( cm3 s-1) 

Incident light beam wavelength (nm) 
Incident light beam intensity (cm-2 s-1) 
Absorption coefficient  (cm-1) 

51021 
21023 
500 
570 
246 
0.98 
1.9 
0.28 
0.24 
11021 
51018 

21020 
21020 
11016 
110-7 
110-8 
110-7 
110-8 

534  
1017 

105 

Table V-1:  Parameters used for the a-Si:H density of state model.  

Figure V.4 shows the evolution of the defect state density versus illumination time 

taking into account the assumptions above. The parameters used to calculate the 

defect density of states are listed in table V.1, and they give an initial (equilibrium, 

annealed) defect density Nd of 1016 cm-3. Under illumination, the latter reaches   

41016 cm-3 for standard a-Si:H film soaked by monochromatic light beam with an 

intensity of 1022 cm-3s-1 and <570 nm [50]. Afterwards, this density of states, varying 

with illumination time, is implanted in the numerical modelling of the a-Si:H p-i-n solar 

cell to showing the related degradation effect on the internal variables as well as on 

the photo-parameters of the cell. 
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Figure  V.4: Light-induced increase of the total density of state in the gap of the a-
Si:H. 

V.2.3) Numerical modeling of the a-Si:H p-i-n cell: 

To simulate the a-Si:H solar cell performance, we employed the commercially 

available software Silvaco TCAD, from Silvaco Inc., which is a powerful 

semiconductor device and process simulator. Among a number of examples in 

Silvaco-ATLAS, we selected the most suitable one; the "solarex12.in" example, 

which calculates the  , the current - voltage (   ) characteristic, and extracts the 

output parameters    ,    ,    and   of a 2T micromorph tandem solar cell based on 

Ref [148] with the structure: ZnO:Al (500nm)/p-a-Si:H (10nm)/ i-a-Si:H (200nm)/ n-a-

Si:H (15nm)/p-µc-Si:H (10nm)/i-µc-Si:H (2.2µm)/n-µc-Si:H (15nm)/ ZnO (100nm)/Ag, 

where the ZnO/Ag forms the back reflector. 

The simulation program uses the drift-diffusion model for the Poisson equation 

coupled with the continuity equations of electrons and holes, and solves them for the 

virtual device by dividing the whole structure into finite elements, and using a 

standard procedure for amorphous materials, including the continuous density of 

states (DOS) model, Shockley–Read–Hall (SRH) and Auger recombination 

mechanisms [atlas_users1]. Numerical solution of equations mentioned above allows 

to calculate the internal parameters of the device such as: the electrostatic potential 
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and field, the free electron and hole densities, the space charge density, the electron 

and hole current densities, the recombination rates for electrons and holes, and then, 

the external parameters such as the current density - voltage characteristic (     ) 

and the external quantum efficiency (   ). 

 Appropriate modifications were made to "solarex12.in" example to simulate the 

a-Si:H-based single cell shown on figure V.5 with parameters listed in table V.2.  

 

Figure  V.5: Structure of the simulated a-Si:H-based single solar cell. 
 

The light enters the device through the silicon dioxide (SiO2) glass layer used as a 

transparent superstrate, which ensures the transparency and maintain the 

mechanical and thermal device stability [149], the layer thickness is about 500 nm. 

The aluminium-doped zinc oxide (ZnO:Al) TCO layer, acting as a transparent front 

contact, guarantees the light trapping, the antireflection role, the electrical contact 

and the charge extraction, its thickness is also about 500 nm. A thin p-type layer     

(10 nm) follows the TCO layer, then a thicker i-layer (480 nm ), and another thin n-

type layer (10 nm). The back contact consists of about 100 nm of (ZnO:Al) TCO 

which improves the light reflection at the back metal layer and so the optical 

confinement, and about 100 nm of the silver (Ag) conductive layer which acts as 

reflector for the light non-absorbed through the p-i-n structure, The cell structure as 

meshed by Silvaco-Atlas is shown in figure V.6.  
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Figure  V.6: Structure of the a-Si:H single cell as simulated by Silvaco-Atlas:            
(a) different regions of the cell, (b) mesh form 

(b) 

(a) 
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The stationary simultaneous solution of Poisson's equation and the hole and 

electron continuity equations is achieved taking into account the 3-D variation of the 

defect density of states      resulting from the spatial variation of the Fermi-level 

position within the energy gap (figure V.7) [136, 137]. 

 

Permittivity of SiO2 

Permittivity of ZnO 
Permittivity of a-Si:H 
Band gap of ZnO (eV) 
Electron affinity of ZnO (eV) 
Electron affinity of a-Si:H (eV) 
p-layer thickness (nm)  
i-layer thickness (nm) 
n-layer thickness (nm) 
Free electron's mobility, µn (cm2/Vs) 
Free hole's mobility, µp (cm2/Vs) 
Glass/TCO substrate transmittance  
TCO/metal contact reflectivity  

3.9 
8.49 
11.8 
3.37 
4.5 
4.17 
10 
480 
10 
20 
2 
0.9 [25] 
0.9 [25] 

Table V-2:  Parameters used for the simulation of the a-Si:H single cell based on 
references [148], [25] and Silvaco ATLAS database. 

 

The transmittance T of the glass/TCO (transparent conductive oxide) substrate and 

the back reflection R of the TCO/metal contact are taken into account. By neglecting 

the internal multi-reflection of light, the generation rate G distribution, in the 

monochromatic illumination case, is given simply by the following expression: 

              [               (        )] (V.13) 

Where  is the absorption coefficient,  is the photon flux and d the thickness of the 

device.  
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Figure  V.7: 3D variation of the defect state density. 
 

V.2.4) Results 

The knowledge about the distribution of internal variables is important for the 

understanding of the changes resulting from the light-induced degradation in the p-i-n 

device. To simulate the cell behaviour under light-socked condition, the dangling 

bond density of states in the intrinsic layer (i-layer) has to be raised using AF.Meftah 

et al model of the light-induced defect increase in the gap states [136, 137] (Figure 

V.4). As a result of the nonuniform light absorption, therefore non uniform generation, 

the light-induced increase in the dangling bond density (cm-3) profile occurs 

inhomogeneously along the device (figure V.8).  
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Figure  V.8: Dangling bond concentration profiles. 

Figure V.9 shows the free electron and hole densities‘ profiles obtained by simulation 

under short circuit condition, at the annealed and degraded states.  

 

 

Figure  V.9: n and p density profiles, under short circuit condition. 
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In the first case, the free hole density (p) dominates until 0.23 µm. Afterwards, the 

free electrons (n) become the dominating free charge carriers. In the degraded, state 

an important decrease in hole density occurs around the p-i interface. This is obvious 

since the defect density at the p-i interface is nearly 4 times or more great than that of 

the annealed state. Holes remain the dominating carriers but only until 0.07 µm, then 

electrons become the dominating free carriers for the remaining part of the device. 

Moreover, there is a considerable increase of electron and hole densities along the i-

layer, which raises the     product. However, no further increase of the     product 

is expected at the i-n interface since there are no changes in n and p, while it 

decreases certainly at the p-i interface due to the important holes‘ density decrease 

in this region. 

Figure V.10 shows the recombination rate profile at annealed and degraded states, 

and the generation rate profile.  

 

 

Figure  V.10: Generation and recombination rate profiles. 

We remark that the recombination rate that was higher at the interface regions in the 

annealed state decreases in the p-layer and at the p/i interface. This can be 
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of the device there is however an increase in the bulk recombination related mainly to 

the increase of both n and p densities, except behind the i/n interface.  

In Figure V.11 (a,b) is plotted the trapped charge at the different gap states in the 

annealed and degraded states.  

 

 

  

Figure  V.11: Trapped charge density profiles in band tails,      , and dangling bonds          . 
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In the first case, the dominating charge in the front of the device is in D+ (positively 

charged states of the dangling bond density of states). From 0.1 to 0.23 µm, the 

charge trapped in the valence band tail (pt) contributes significantly to the positive 

charge which dominates in this region. Beyond 0.3 µm, D- (negatively charged states 

of the dangling bond density of states) take over as the dominating charged states, 

which leads to the sign reversal.  

In the degraded state, D- increases from the p-i interface up to 0.3 µm while it 

decreases slightly between 0.34 and 0.46 µm, pt decreases from the p-edge to 0.2 

µm and increases in the rest of the device, D+ increases slightly except in the middle 

of the structure, Do increases inhomogeneously, similarly to the dangling bond 

density profile, and finally nt increases over nearly the totality of the device. 

The augmentation of the negative charge in the region where the positive one 

dominates and vice versa, leads to the diminution of the space charge in the 

considered regions, and consequently we expect that the electric field also 

decreases.  

Figures V.12 – 15 show, respectively, the band structure, the electric potential, the 

electric field and the space charge profiles, in both annealed and degraded states. 

From figure V.12 (a)-(b), we see clearly that the light-induced defects cause an 

abrupt band bending near the p-i interface and consequently a very high electric field, 

while a low electric field in the i-layer is expected. Indeed, these two points are 

revealed in figures V.13 and V.14. As shown on figure V.13, the potential profile in 

the degraded state varies strongly around the p-i interface while it becomes nearly 

constant along the i-layer. Examining figure V.14, showing the electric field profile, we 

see that the electric field increases from the edges of the device to the interfaces p-i 

and i-n, then it decreases towards the i-layer. The high interface fields are caused by 

the large space charge densities in the p and n layers (figure V.11). For the annealed 

state, if one referred to figure V.15, we find that the depletion regions resulting from 

the p-i and i-n interfaces meet at the i-layer. In the degraded state, a very high 

electric field is found indeed at the p-i interface as expected above, while it decays 

through the i-layer and reaches 300 Vcm-1 at 0.3 µm. This means that the depletion 

regions resulting from the p-i and i-n interfaces are well separated, and the field 

reverses immediately if a very small voltage bias is applied. The separation of the 

depletion regions is illustrated by figure V.15 and approves what has been advanced 

previously when we treated the trapped charge profiles in different gap states. 
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Figure  V.12: Gap structure, under short circuit condition, in (a) annealed state, (b) 
degraded state. 

 

The reduction of the electric field through the i-layer gives reason for the increase of 

the free carriers in comparison with the annealed state. Then, additional 

recombination is induced, which was indeed found from the recombination rate 

profiles (figure V.10).  
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Figure  V.13: Electric potential profile, under short circuit condition 

 

Figure  V.14: Electric field profile, under short circuit condition. 
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Figure  V.15: Space charge profile, under short circuit condition. 

Figure V.16 shows electron, hole and total currents densities profiles calculated 

under short-circuit condition, at annealed and degraded states.  

 

Figure  V.16: Electron and hole current densities‘ profiles. 
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Comparison of electron and hole currents densities, which are both negative, with the 

total current density, shows that the current is mainly carried by electrons. Only in the 

region close to the p-i interface (0.07 µm in the annealed state, 0.05 µm in the 

degraded one), where the holes concentration is much higher than that of electrons, 

the hole current density constitutes the total current density. The degradation of the 

electron and the hole current densities is clearly shown and causes the decrease of 

the total current density from 14.79 mAcm-2 to 11.68 mAcm-2. Moreover, we remark a 

very weak decrease in both electron and hole current density profiles from 0.44 µm at 

the degraded state. This is explained by the recombination rate which exceeds locally 

the generation rate as it can be seen if one referred again to figure V.10.  

In order to analyse in more details the transport mechanism, in figure V.17 (a)-(d), 

electrons and holes currents densities are separated into drift and diffusion 

components. For both annealed and degraded states, the majority carriers current 

densities compete between drift and diffusion in the very front of the sample (close to 

the p-i interface) as in the back (close to the i-n interface). In the very front of the 

sample the hole current, mainly drift current (since the hole current density is 

negative as the drift one), dominates. Similar results hold for electrons in the back of 

the device. We note here that an exception in the degraded state is found for holes at 

the p-i interface, where there is a large decrease of free hole density, which are 

captured by the high D+ density, compared to the annealed state (figure V.9). 

Consequently, the hole-diffusion current density decreases significantly and the 

transport process remains drift-dominated in this region.  

Throughout the i-layer, for electrons as for holes, the drift current density (negative) is 

the dominant partial current density in the annealed state, for which the electric field 

strength is high in the active region. However, the competition between the drift and 

diffusion current densities persists in the degraded state. The region where the 

diffusion current density dominates the electric field is low, weakening thus the drift 

current density. 
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Figure  V.17: (a) Drift- and Diffusion-electron current density profiles in annealed 
state, (b) Drift- and Diffusion-hole current density profiles in annealed 
state, (c) Drift- and Diffusion-electron current density profiles in 
degraded state, (d) Drift- and Diffusion-hole current density profiles in 
degraded state. 

In Figures V.18-V.19 is presented, respectively, the calculated current density   and 

the power density   provided by the cell, as a function of bias voltage under 

illumination; results are given for the annealed and the different degradation states. 

The degradation of the current density-voltage (   ) and the power density-voltage 

(   ) curves is clearly observed with an increasing number of dangling bonds, 

distributed inhomogeneously in the sample.  
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Figure  V.18:      characteristic degradation. 

 

Figure  V.19:     characteristic degradation 

In figure V.20 (a)-(d), the degradation effect is shown on the cell output parameters; 

where    ,    ,    and     are plotted against the             ratio. We remind 

that       is the dangling bond defect concentration in the sample at the different 

illumination times, , and       is the initial (annealed) concentration of the dangling 

bonds.  
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Figure  V.20: Solar cell output parameters versus             ratio. (a)    , (b)     (c)   , and (d)     . 

From these figures,     exhibits a degradation of 21%, while     decreases only by 

7.69%,    which is related to the curvature of the     characteristic shows a 

considerable degradation of 14.72% and      which reflects the cell conversion 

efficiency, degrades by 37.81%. These results indicate that     is the less sensitive 

parameter to the variation of the dangling bond density. However,      is the most 

affected parameter by degradation since it depends on the maximum current density 

and the maximum voltage, which are both affected by degradation.  

Table V.3 summarizes the photodegradation effect on the output parameters of the 

cell, and also the effect of increasing the free carrier mobilities µn and µp, given in 

more details in previous work [23]. 
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µn/µp 

20/2 

Jsc 

(mAcm
-2

) 
Voc (V) FF 

Pmax 

(mWcm
-2

) 

µn/µp 

25/6 

Jsc 

(mAcm
-2

) 
Voc (V) FF 

Pmax 

(mWcm
-2

) 

Ann stat 14.79 0.975 0.58 8.46 Ann stat 15.08 0.972 0.652 9.65 

Deg stat 11.68 0.9 0.50 5.27 Deg stat 14.5 0.915 0.56 7.43 

 Jsc % Voc % FF % Pmax  %  Jsc % Voc % FF % Pmax  % 

 -21 -7.69 -14.86 -37.81  -4.11 -5.86 -14.27 -22.61 

Table V-3:  The solar cell output parameter degradation when      = 20/2 (cm2/Vs) 

and      = 25/6 (cm2/Vs). 

For a good solar cell, a fill factor of more than 0.65 can be expected. In the case 

µn/µp=20/2 of table V.3, the    is relatively low because the dangling bond density of 

states is calculated before the degradation according to the defect pool model 

improved by Powell and Deane [15]. The presence of the doubly hydrogenated weak 

SiSi bond (SiHHSi) configuration [6,13] , the hydrogen diffusion, and the carrier life 

time much shorter than the transit time (when there is no applied reverse bias as in a-

Si:H solar cell case); all this contributes to make recombination governing the 

behaviour of the device, and a relatively low fill factor can be expected. However, the 

value 0.58 for the    stays better than other simulation works which used the defect 

pool model; as an example we can refer to values of ~ 0.4 - 0.425 obtained in W. 

Gao works [24]. We also indicate that the value 0.58 for the    remains in the 

experimental range as notified in many works [25, 26, 27] realised with conditions 

close to those of the current result. Although the fill factor is relatively low, the short - 

circuit current density has an improved value in the annealed state.            

Finally, table V.4 presents the solar cell output parameters at the annealed and 

degraded state, obtained under the global standard solar spectrum (AM1.5) 

illumination and using for the absorption coefficient, the measured data 

corresponding to the full spectrum AM 1.5 given in reference [28]. Relatively to the 

monochromatic light case, a pretty increase is notified in the short-circuit current 

density and so in the maximum power density provided by the cell for both cases; 

annealed and degraded state.        =20/2 Jsc (mAcm-2) Voc (V) FF Pmax (mWcm-2) 

Ann stat 16.73 0.975 0.58 9.46 
Deg stat 12.63 0.9 0.50 5.68 

Table V-4:  The solar cell output parameters under the full solar spectrum (AM1.5) 
illumination in the annealed and degraded state. 
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V.3) Thickness effect on a-Si:H and µc-Si:H-based solar cell 

performance. 

We study, in this part, the effect of the i-layer thickness on the performance 

parameters of the p-i-n solar cell based on a-Si:H and µc-Si:H, and of the 

micromorph (a-Si:H/ µc-Si:H) tandem cell with 2T and 4T electrical connections, 

respectively. Assuming the standard global solar spectrum (AM1.5G) illumination with 

100 mW/cm2 total incident power density and 25°C ambient temperature, both un-

degraded state and the light-soaked one are taken into account.  

The i-layer thickness of both (a-Si:H) single cell and the top sub-cell of the 

micromorph tandem cell is varied in the range 0.05 µm- 0.5 µm. However, the i-layer 

thickness of both (µc-Si:H) single cell and the bottom sub-cell of the micromorph 

tandem cell is changed in the range 0.5 µm – 5 µm. Thickness effect is investigated 

on the device performance parameters such as the current density- voltage (   ) 

characteristics, the short-circuit current density (   ), the open-circuit voltage (    , the 

fill factor (  ), the efficiency ( ) and the external quantum efficiency (   ).  

V.3.1)  Device structure and input parameters 

The different simulated solar cells: a-Si:H and µc-Si:H-based single cells, and the 

micromorph tandem cell with 2T and 4T connections, are shown in figures V.21 and 

V.22 respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure  V.21: The simulated a-Si:H and µc-Si:H-based single cells. 



Chapter V Results and discussion 
 

 

136 

A 500nm (SiO2) glass layer, as a transparent superstrate, guarantees the 

transparency and maintain the mechanical and thermal device stability [ref8]. A 

500nm (ZnO:Al) TCO layer, as a transparent front contact, ensures the light trapping, 

the antireflection role, the electrical contact and the charge extraction. The 

semiconductor layers are then deposited in sequence p-i-n; about 10 nm for p-type 

and n-type layers, the i-layers are much thicker (50-500 nm for a-Si:H and 500-

5000nm for µc-Si:H). The back contact consists of about 100 nm of (ZnO:Al) TCO 

which improves the optical confinement and the light reflection at the back metal 

layer, and about 100 nm of the silver (Ag) conductive layer which acts as reflector for 

the light non-absorbed through the p-i-n structure.  

Excess electrons are actually provided from the n-type layer to the p-type layer, 

leaving the layers positively and negatively charged (respectively), and creating a 

considerable ―built-in‖ electric field ( ) (typically more than 104 V/cm [150]). Sunlight 

enters the solar cell as a flux of photons that pass through the p-type layer. Most of 

the photons, which are absorbed in the much thicker i-layer, will generate electron 

and hole photocarriers [151, 152]. The photocarriers are swept away by the built-in 

electric field to the n-type and p-type layers, respectively, generating consequently 

solar electricity. 

The 2T micromorph tandem solar cell (figure V.22) consist of a glass (500nm)/ZnO:Al 

(500nm) superstrate, a thin (10nm) Indium-tin oxide (ITO) layer as an intermediate 

reflector (IR) and a ZnO (100nm)/Ag (100nm) back reflector. The respective band-

gaps of the a-Si:H top sub-cell and the c-Si:H bottom sub-cell are approximately 

1.7eV and 1.16eV, which is nearly optimal for a dual-junction tandem cell operating 

under the AM 1.5 solar irradiance. In the 4T micromorph tandem cell configuration, 

the two sub-cells are separated by SiO2 glass layer (500 nm ) an insulating material.  

The input parameters used to simulate the different solar cell structures are listed in 

tables V.5 et V.6 respectively. 
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Figure  V.22: The simulated micromorph tandem cells with 2T and 4T electrical 
connections respectively. 
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Hole mobility of a-Si:H i-type layer (cm2/V.s) 

Electron mobility of µc-Si:H doping layers (cm2/V.s) 

Hole mobility of µc-Si:H doping layers (cm2/V.s) 

Electron mobility of µc-Si:H i-type layer (cm2/V.s) 

Hole mobility of µc-Si:H i-type layer (cm2/V.s) 

0.2 

5 

0.5 

15 

2 

Table V-5:  Parameter used to simulate the different solar cell structures, based on 
references [123, 148, 153-155]. 

 

VALENCE BAND TAIL STATES 
  

a-Si:H 
 

µc-Si:H 

Density of donor-like valence band tail states,     (cm-3) 
Valence band tail characteristic energy,     (eV) 
Hole capture cross section of valence band tail,      , (cm2) 

Electron capture cross section of valence band tail ,      , (cm2) 
 

210
20 

0.055 
5×10-16 

10-15
 

510
19 

0.020 
5×10-16 

10-15 

CONDUCTION BAND TAIL STATES 

 a-Si:H µc-Si:H 
 

Density of acceptor-like conduction band tail states,     (cm-3) 
Conduction band tail characteristic energy,     (eV) 
Electron capture cross section of conduction band tail,       (cm2) 
Hole capture cross section of conduction band tail,       (cm2) 

210
20 

0.028 
5×10-16 

10-15 

510
19 

0.010 
5×10-16 

10-15 

DANGLING BOND STATES  

 a-Si:H 

Pool peak position     (eV) 
Pool width   (eV) 
Defect electron correlation energy,   (eV) 
Valence band tail width,     (eV) 
Effective density of states at   ,     (cm-3) 
Total hydrogen concentration   (cm-3) 
Total electron concentration        (cm-3) 
Defect state density freeze-in temperature T* (°K). 
Annealed i-layer density of states (cm-3) 
Degraded i-layer density of states (cm-3) 
Electron capture cross section of neutral defect states,     (cm2) 
Hole capture cross section of neutral defect states,     (cm2) 
Electron capture cross section of positive defect states,     (cm2) 
Hole capture cross section of negative defect states,     (cm2) 

1.27 
0.19 
0.2 
0.055 
21020 
51021 
21023 
500 
11016 
41016 
5×10-15 
5×10-15 
10-14 
10-14 

Table V-6:  The parameters used for the a-Si:H and µc-Si:H density of state models 
based on [40, 136, 137, 145, 148, 153, 154]. 

Figures V.23 and V.24 show the tandem cell structure, with 2T and 4T connections 

respectively, as meshed by Silvaco-Atlas. For this example, thicknesses of a-Si:H top 

i-layer and µc-Si:H bottom i-layer are respectively 0.2 µm and 2.5 µm. 
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Figure  V.23: Structure of the 2T-micromorph tandem cell as simulated by Silvaco-
Atlas: (a) different regions of the cell, (b) mesh form. 
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Figure  V.24: Structure of the 4T-micromorph tandem cell as simulated by Silvaco-
Atlas: (a) different regions of the cell, (b) mesh form. 

a-Si:H

Top cell

µc-Si:H Bottom cell

(b) 

(a) 



Chapter V Results and discussion 
 

 

141 

V.3.2)  Optical model 

The optical constants (the refractive index   and the extinction coefficient  ) of 

the different layers (p-i-n) of the a-Si:H top cell and µc-Si:H bottom cell are calculated 

from the complex dielectric function using Eqs.1 and 2 [atlas_users1].  

   √√             (V.14) 

   √√             (V.15) 

where    and    are respectively the real and the imaginary parts of the complex 

dielectric function                   .  

The imaginary part    is calculated by the generalized model of Tauc-Lorentz 

dielectric function including the exponential Urbach Tail (TLU) proposed by Foldyna 

et al [123, 156].  

       {           (    ) (      )                                                   (V.16) 

Here,   ,  ,    and   denote the band gap energy, the amplitude, the Lorentz 

resonant frequency, and the broadening parameter, respectively. For energies     , 

the standard Tauc-Lorentz function is used while for energies       , the Urbach 

tails are parameterized as an exponential function of energy with two matching 

parameters    and    that are calculated with respect to continuity of the optical 

function including first derivative. This leads to the relations Foldyna et al.[123, 156]: 

    (     ) [       (     )      (       )       (       )]   (V.17) 

                    (     ) (       )         (V.18) 

The real part    of the dielectric function is obtained using analytical integration of the 

Kramers-Krönig (KK) relation Foldyna et al.[123, 156]: 
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                     ∫                   (V.19) 

where        denotes the Cauchy principal value of the integral. The integral itself is 

resolved using some analytic forms the details of which are given in ref [156]. 

The model parameters were calibrated to fit the experimentally determined     of 

the micromorph tandem solar cell [148] (figure V.25). 

 

Figure  V.25: Calibration of the optical model to fit the experimental measurements of 
Zeeman et al [157] for the micromorph tandem solar cell. 

 

Figure V.26 shows the optical constants used for the different layers of the simulated 

cells. As mentioned above, those of the semiconductor layers (p-i-n) are calculated 

according to the generalized model of Tauc-Lorentz dielectric function including the 

exponential Urbach Tail (TLU- model), while for the remaining layers (Al, Ag, SiO2, 

ZnO and ITO), we use the measured data of Ref [157] saved in Silvaco data base. 
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Figure  V.26: Optical constants used for the different layers of the simulated 
cells[157].  
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V.3.3)  Results 

Figure V.27 shows the      characteristic and     of the a-Si:H single cell vs. i-

layer thickness, in initial and degraded states. 

 

Figure  V.27:      characteristic and     of the a-Si:H single cell vs. i-layer 
thickness, in initial and degraded states. 

We can see that     characteristic and     curves are sensitive to the i-layer 

thickness. A thick absorber layer (i-layer) can absorb more light to generate electron 

and hole (carriers); however, a thicker i-layer degrades the drift electric field or carrier 
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cells. As shown in figure V.28, increasing the i-layer thickness induces the reduction 

of the electric field along the bulk of the i-layer, in opposition, the recombination rate 

increases.  
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Figure  V.28: Distribution of the electric field, generation ( ) and recombination ( ) 
rates inside the a-Si:H single cell for different i-layer thicknesses, at 
short circuit condition.  
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number of photo-carriers while the recombination rate is still lower than the 

generation rate. However, in the opposite open circuit condition (figure V.29), 

 

 

Figure  V.29: Distribution of the electric field, generation ( ) and recombination ( ) 
rates inside the a-Si:H single cell for the i-layer thickness of 0.5 µm.  
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photo-carriers despite the electric field magnitude at the interfaces. So, there must be 

a compromise between the recombination rate and the electric field.  

A way from the short circuit condition, the current (figure V.27) becomes more 

sensitive to the i-layer thickness and is reduced as this latter is thicker.  

Comparatively to the initial state, the electrical characteristics in degraded state are 

more susceptible to the i-layer thickness variation because the defect density of 

states, which increased similarly to the defect concentration by four orders of 

magnitude, is dependent on the thickness. We can clarify this sensitivity at the 

degraded state in term of the electric field and recombination rate profiles inside the 

a-Si:H single cell, as shown in figures V.30 and V.31 respectively.  

 

 

Figure  V.30: Distribution of the electric field inside the a-Si:H single cell for different  
i-layer thicknesses, at degraded state.  
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Figure  V.31: Generation ( ) and recombination ( ) rate profiles inside the a-Si:H 
single cell for different i-layer thicknesses, at degraded state.  

 

Regarding the     curves (figure V.27), one can see that, as the i-layer becomes 
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Figure  V.32:     ,    ,    and   of the a-Si:H single cell vs. i-layer thickness, in initial 
and degraded states. 
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The     decreases with increasing i-layer thickness and shows a stabilisation 

tendency after 0.3 µm. Generally,     is influenced by surface and bulk 

recombination. By increasing i-layer thickness as shown in figures V.33 and V.34, we 

can see that recombination becomes mainly influenced by recombination near the 

p/i- interface. 

 

 

Figure  V.33: Distribution of the electric field, generation ( ) and recombination ( ) 
rates inside the a-Si:H single cell for different i-layer thicknesses, at 
initial state and open circuit condition.  

 

0,0 0,2 0,4 0,6 0,8 1,0
10

1

10
2

10
3

10
4

10
5

10
6

 i-layer thickness

 

E
le

ct
ri

c 
fi

el
d

 (
V

/c
m

)

Position x (normalized)

 0,1 µm

 0,2 µm

 0,3 µm

 0,4 µm

 0,5 µm

Initial state

0,0 0,2 0,4 0,6 0,8 1,0
10

20

10
21

10
22

 i-layer thickness

Position x (normalized)

 

 

G
 -

 R
 (

cm
-3
s-1

)

Initial state

 0,1 µm

 0,2 µm

 0,3 µm

 0,4 µm

 0,5 µm

Open symbols -G

Solid symbols - R



Chapter V Results and discussion 
 

 

151 

 

 

Figure  V.34: Distribution of the electric field, generation ( ) and recombination ( ) 
rates inside the a-Si:H single cell for different i-layer thicknesses, at 
degraded state and open circuit condition.  
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state, and from 76,97% to 33,31% in the degraded state as the i-layer increases from 

0.1µm to 0.5 µm. A thicker layer affects the charge carrier collection because the 

charge carriers have to travel a longer distance before reaching the contacts, and 

with the reduction of the average electrical field over i-layer, recombination losses 

can be raised and deteriorate the    .     

The conversion efficiency   is determined by the value of     in conjunction with the     and the    of the characteristic     curve. The optimum   for the initial state 

of the a-Si:H single cell is 7,47% with an i-layer 0,15 µm thick. At the degraded state 

where the i-layer density of state is higher by four orders of magnitude, the optimum   is 5,61%, reached at a thinner i-layer 0.1 µm thick. The more the i-layer is thick, the 

more   is reduced by the increasing of the defect density of states. The decrease in     and    is also responsible for the loss in the efficiency  , and is only partially 

compensated by the first increase of the     to its maximum value.  

Figure V.35 shows the     characteristic and     of the µc-Si:H single cell vs. i-

layer thickness. Being closer to the short circuit condition, the current becomes more 

sensitive to the i-layer thickness. The     however, presents less sensitivity. The 

improvement of the photo-response of the cell, presented by its    , is obtained as 

the i-layer is thicker. Figure V.36 and table V.8 present the thickness dependency of 

the photovoltaic parameters of the µc-Si:H single cell;    ,    ,    and   

respectively, extracted from the     characteristic curves.  

The      increases with increasing i-layer thickness and tends to saturate beyond 

4µm. The     and    decreases are less severe than the a-Si:H case, because the 

recombination, which influences these two parameters, is dominated in the µc-Si:H 

cell, by a bulk recombination as shown in figures V.37 and V.38 respectively. By 

reducing the i-layer thickness, the bulk recombination decreases due to the reduced 

volume and    ,    increase. As in the a-Si:H case, recombination at open circuit 

condition is more significant than at short circuit condition.  
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Figure  V.35:      characteristic and     of the µc-Si:H single cell vs. i-layer 
thickness. 
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Figure  V.36:     ,    ,    and   of the µc-Si:H single cell vs. i-layer thickness. 
 

 

Table V-8:     ,    ,    and   of the µc-Si:H single cell vs. i-layer thickness. 
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Figure  V.37: Distribution of the electric field, generation ( ) and recombination ( ) 
rates inside the µc-Si:H single cell for different i-layer thicknesses. 
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Figure  V.38: Distribution of the electric field, generation ( ) and recombination ( ) 
rates inside the µc-Si:H single cell for different i-layer thicknesses, at 
open circuit condition.  
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circuit condition (figure V.38). As we know, this condition means that the cell is 

optically forward biased by the established voltage     ; as the i-layer becomes 

thicker, the depletion regions established from the p/i and n/i junctions, which were 

overlapped, are narrowed back to the p/i and n/i interfaces. This means the 

appearance of a neutral region in the middle of the i-layer. The electric field along this 

last region changes its direction and sign, but its magnitude is relatively low. So the 

charge carrier transport in this part of the cell will depend on diffusion, and the 

diffusion length will be a critical parameter, especially when the i-layer is thicker. The 

diffusion length should be long enough to avoid significant losses of the charge 

carriers by recombination. At the open circuit condition, the total current is zero, so in 

general, there is a balance between the electric field effect at the interfaces p/i and 

n/i, and the diffusion, recombination, and electric field effects in the bulk of the i-layer. 

From figure V.36 and table V.8, one can see that an I-layer of 3,25 µm shows the 

highest efficiency; an optimal conversion efficiency of approximately 8,67% is 

achieved when the i-layer thickness is 3,25 µm. 

According to the simplified analytical approach, we remind that the photocurrent 

density generated in the i-layer can be found as [158]: 

      ∫           ∫                                   (V.20) 

Where      and              are respectively the optical generation rate and 

the photon flux as a function of the distance   in the i-layer,   is the photon 

absorption coefficient, and   is the i-layer thickness.  

According to this equation, we expect that the photocurrent (and so     ) increases as 

the i-layer increases and saturates on the value of     , which is not the real case 

because of the electron-hole recombination within the i-layer , and also the optical 

losses of the incident photons by reflection or sub-absorption. So     can undergo a 

significant reduction after reaching its optimum value (as seen in the degraded state 

of the a-Si:H cell), or tends to saturate at values less than the ideal case of       (as 

seen in the µc-Si:H cell case).  

The simplified analytical approach applied to estimate the     can be expressed by 

the following equation [158]:  

                        (V.21) 
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where     is the photocurrent and    is the saturation current. 

In the ideal case,    depends mainly on diffusion phenomenon, which is not the real 

case, where the recombination can take a significant effect as the interface 

recombination (seen in the a-Si:H case) and the bulk recombination (seen in the µc-

Si:H case), which makes      and also    more sensitive to the i-layer thickness.  

Figure V.39 shows the     characteristic curves of the 2T- micromorph (a-Si:H/   

µc-Si:H) tandem cell for different i-layer thicknesses of the a-Si:H top cell and µc-Si:H 

bottom cell respectively, at initial and degraded states.  

 

 

Figure  V.39:      characteristic of the 2T- micromorph tandem cell for different       
i-layer thicknesses of the (a-Si:H) top cell and (µc-Si:H) bottom cell 
respectively, at initial and degraded states.  
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2.25 µm. When the bottom cell i-layer thickness is varied, the one of the top cell is 

fixed to 0.19 µm. Either at the initial state or the degraded one, we can see from this 

figure that     characteristics are mostly sensitive to the variation of the (a-Si:H) 

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4

-10

-8

-6

-4

-2

0

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4
-10

-8

-6

-4

-2

0
Top cell i-layer thickness

Initiale stateC
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage(V)

 0,1 µm

 0,2 µm

 0,3 µm

 0,4 µm

 0,5 µm

Top cell i-layer thickness

Degraded stateC
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage(V)

 0,1 µm

 0,2 µm

 0,3 µm

 0,4 µm

 0,5 µm

0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4

-10

-8

-6

-4

-2

0

0,0 0,2 0,4 0,6 0,8 1,0 1,2
-10

-8

-6

-4

-2

0

 1 µm

 2 µm

 3 µm

 4 µm

 5 µm

 

 

C
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage(V)

Initiale state

Bottom cell i-layer thickness Bottom cell i-layer thickness

Degraded stateC
u

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage(V)

 1 µm

 2 µm

 3 µm

 4 µm

 5 µm



Chapter V Results and discussion 
 

 

159 

top cell i-layer thickness. The bottom cell i-layer manifests an effect on the current 

(   ) only from 1µm to 2µm. 

Figure V.40 shows the top and bottom cell      of the 2T- micromorph tandem cell 

for different i-layer thicknesses of the (a-Si:H) top cell, at initial and degraded states.  

 

 

Figure  V.40: Top and bottom cell      of the 2T- micromorph tandem cell for 
different i-layer thicknesses of the (a-Si:H) top cell, at initial and 
degraded states. Bottom cell i-layer is fixed to 2.25 µm. 

While the top cell     maximum shifts from short wavelength (blue) to the longer 

one (green) as the i-layer becomes thicker, and knows certain reduction to be less 

than 0.8 at degraded state, the bottom cell     shows an improvement for the 

thinner i-layer thickness (0.1 µm). This is expected because more the top cell i-layer 

is thin, less is the effect of the defect density of state, especially with the a-Si:H 

Staebler Wronski effect.   
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Figure V.41 shows the     of the 2T- micromorph tandem cell for different i-layer 

thicknesses of the (µc-Si:H) bottom cell, at initial and degraded states. 

 

 

Figure  V.41:     of the 2T- micromorph tandem cell for different i-layer thicknesses 
of the (µc-Si:H) bottom cell, at initial and degraded states. Top cell i-
layer is fixed to 0.19 µm. 
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improvement as the bottom cell i-layer thickness increases, because of the 
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is varied in the range 0.05µm-0.5µm, and the µc-Si:H bottom cell i-layer is varied in 

the range 0.5µm- 5µm.  

 

Figure  V.42: The      vs. i-layer thickness of the 2T- micromorph tandem cell at initial 
state, for a general scanning of the top and bottom cell i-layer 
thicknesses.  

In general, the     increases as the top and bottom cell i-layer thicknesses increases. 

The best value of     is approximately 11.22 mA/cm
2 

for top cell i-layer 0,47 µm thick 

and bottom cell i-layer 4.5 µm thick.  

Figure V.43 shows the      vs. i-layer thickness, of the 2T- micromorph tandem cell at 

degraded state, for a general scanning of the top and bottom cell i-layer thicknesses. 
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Figure  V.43: The      vs. i-layer thickness of the 2T- micromorph tandem cell at 
degraded state, for a general scanning of the top and bottom cell i-
layer thicknesses.  

Here,      knows an optimum value of 9.17 mA/cm2 for a top cell i-layer 0.25µm thick 

and bottom cell i-layer 1.9µm thick, but then it reduces for a further increase of both i-

layer thicknesses.  

Figure V.44 shows the      vs. i-layer thickness, of the 2T- micromorph tandem cell 

at initial and degraded states respectively, for a general scanning of the top and 

bottom cell i-layer thicknesses. The     is mostly affected by the top cell i-layer 

thickness variation. At the initial state, it reduces from about 1.5 V to 1.3 V when the 

top cell i-layer increases from 0.05µm to 0.5 µm and the bottom cell i-layer is less 

than 1µm. But at fixed top cell i-layer thickness, the     displays a little dependency 

on the bottom cell i-layer thickness.  
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Figure  V.44:     vs. i-layer thickness, of the 2T- micromorph tandem cell at initial and 
degraded states respectively, for a general scanning of the top and 
bottom cell i-layer thicknesses.  
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For example, when the top cell i-layer is fixed at 0.1 µm and the bottom cell i-layer is 

varied from 0.5µm to 5µm, the     is reduced only from about 1,46 V to 1.4 V. A 

similar comment can be deduced in the degraded state; the     decreases from 

about 1,44V to 1.2 V when the top cell i-layer increases from 0.05µm to 0.5 µm and 

the bottom cell i-layer is less than 1µm. When the top cell i-layer is fixed at 0.1 µm 

and the bottom cell i-layer is varied from 0.5µm to 5µm, the     is reduced only from 

about 1,39 V to 1.33 V.   

Figures V.45 and V.46 show the    vs. i-layer thickness of the 2T- micromorph 

tandem cell, at initial and degraded states, respectively.    exhibits optimum values 

at very thin thicknesses: 0.17µm(top cell i-layer)/0.5 µm(bottom cell i-layer) at initial 

state for which    reaches about 86.61%, and 0.13µm(top cell i-layer)/                   

0.5 µm(bottom cell i-layer) at degraded state for which    reaches about 84.36%.   

 

Figure  V.45: The     vs. i-layer thickness of the 2T- micromorph tandem cell at initial 
state, for a general scanning of the top and bottom cell i-layer 
thicknesses.  

The better values that can be achieved after that will be reduced as the top and 

bottom cell i-layer thicknesses increase, mainly because of the surface and bulk 
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recombination explained before. A notable reduction to about 36.15% can be notified 

at the degraded state for the thicker thicknesses: 0.53µm (top cell i-layer)/                

5.1 µm (bottom cell i-layer). 

 

Figure  V.46: The     vs. i-layer thickness of the 2T- micromorph tandem cell at 
degraded state, for a general scanning of the top and bottom cell i-
layer thicknesses.  

Figure V.47 shows the conversion efficiency   vs. i-layer thickness, of the 2T- 

micromorph tandem cell at initial and degraded states respectively, for a general 

scanning of the top and bottom cell i-layer thicknesses. As we can see, the optimal 

conversion efficiency that can be achieved at initial state is about 10% with 

0.17µm(top cell i-layer)/2.1 µm(bottom cell i-layer). At degraded state however, the 

best conversion efficiency   obtained is approximately 7.77% with 0.11µm (top cell    

i-layer)/ 1.1 µm(bottom cell i-layer). 
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Figure  V.47: Conversion efficiency   vs. i-layer thickness, of the 2T- micromorph 
tandem cell at initial and degraded states respectively, for a general 
scanning of the top and bottom cell i-layer thicknesses.  
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Table V.9 shows the    ,    ,    and   values around the optimal   obtained at the 

initial and degraded states respectively, of the 2T- micromorph tandem cell. 

 

Table V-9:  The    ,    ,    and   values around the optimal   obtained at the initial 
and degraded states respectively, of the 2T- micromorph tandem cell. 

Initial state

Degraded state
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Figures V.48 and V.49 show the distribution of the electric field, generation ( ) and 

recombination ( ) rates inside the 2T-micromorph tandem cell, with the top and 

bottom cell i-layer thicknesses which display the optimal conversion efficiency   , 

10% and 7.77%, at initial and degraded states, respectively.  

 

 

Figure  V.48: Distribution of the electric field, generation ( ) and recombination ( ) 
rates inside the 2T-micromorph tandem cell at initial state, with 
0.17µm (top cell i-layer)/2.1 µm(bottom cell i-layer). 
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Figure  V.49: Distribution of the electric field, generation ( ) and recombination ( ) 
rates inside the 2T-micromorph tandem cell at degraded state, with 
0.11µm (top cell i-layer)/1.1 µm(bottom cell i-layer). 
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Figure V.50 shows the top and bottom sub-cell     characteristics of the 4T-

micromorph tandem cell, at initial and degraded states respectively, where the top 

cell i-layer thickness is varied from 0.1µm to 0.5µm, and the one of the bottom cell is 

fixed to 3.8 µm. In such a configuration, the two sub-cells are optically coupled and 

electrically decoupled.  

 

 

Figure  V.50: The top and bottom sub-cell     characteristics of the 4T-micromorph 
tandem cell at initial and degraded states respectively, the top cell i-
layer thickness is varied from 0.1µm to 0.5µm, and the one of the 
bottom cell is fixed to 3.8 µm. 

At the initial state, as well as at the degraded one, the top sub-cell     

characteristics show a noticeable sensitivity to the top cell i-layer thickness. The     

increases with increasing the top cell i-layer thickness and tends to saturate beyond 

0.4µm at the initial state. At the degraded one, it increases at first with increasing the 

top cell i-layer thickness until 0.2µm, then it decreases with an additional increase of 

the top cell i-layer thickness. The reduction of     with increasing the top cell i-layer 

0,0 0,2 0,4 0,6 0,8 1,0

-10

-8

-6

-4

-2

0

0,0 0,1 0,2 0,3 0,4 0,5
-18

-16

-14

-12

-10

-8

-6

-4

-2

0

Initiale state

Top cell i-layer thickness

T
o
p

 c
el

l 
cu

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage(V)

 0,10 µm

 0,20 µm

 0,30 µm

 0,40 µm

 0,50 µm

Initiale state

Top cell i-layer thickness

B
o
tt

o
m

 c
el

l 
cu

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage(V)

 0,10 µm

 0,20 µm

 0,30 µm

 0,40 µm

 0,50 µm

0,0 0,2 0,4 0,6 0,8

-8

-6

-4

-2

0

0,0 0,1 0,2 0,3 0,4 0,5
-18

-16

-14

-12

-10

-8

-6

-4

-2

0
Top cell i-layer thickness

Degraded state

T
o
p

 c
el

l 
cu

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage(V)

 0,10 µm

 0,20 µm

 0,30 µm

 0,40 µm

 0,50 µm

Degraded state

Top cell i-layer thickness

B
o
tt

o
m

 c
el

l 
cu

rr
en

t 
d

en
si

ty
 (

m
A

/c
m

2
)

Voltage(V)

 0,10 µm

 0,20 µm

 0,30 µm

 0,40 µm

 0,50 µm



Chapter V Results and discussion 
 

 

171 

thickness is also discernable for both states because of the recombination which 

gives a significant effect more the top cell i-layer is thick . The bottom sub-cell     

however, shows less sensitivity to the top cell i-layer thickness, while its     is 

reduced because most of the light is absorbed by the top cell i-layer as it becomes 

thicker, and herein the effect of the a-Si:H defect density of state is more significant. 

To this corresponds a consequent reduction of the bottom sub-cell     as shown is 

figure V.51.   

 

 

Figure  V.51: The top and bottom sub-cell     of the 4T-micromorph tandem cell at 
initial and degraded states respectively, the top cell i-layer thickness is 
varied from 0.1µm to 0.5µm, and the one of the bottom cell is fixed to 
3.8 µm. 

Figures V.52 and V.53 show the top and bottom sub-cell     characteristics and     curves of the 4T-micromorph tandem cell, at initial and degraded states 

respectively, when the top cell i-layer thickness is fixed to 0.11 µm and the one of the 

bottom cell is varied from 1µm to 5µm.  
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Figure  V.52: The top and bottom sub-cell     characteristics of the 4T-micromorph 
tandem cell at initial and degraded states respectively, the top cell i-
layer thickness is fixed to 0.11 µm and the one of the bottom cell is 
varied from 1µm to 5µm. 
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Figure  V.53: The top and bottom sub-cell     of the 4T-micromorph tandem cell at 
initial and degraded states respectively, the top cell i-layer thickness is 
fixed to 0.11 µm and the one of the bottom cell is varied from 1µm to 
5µm. 
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The bottom sub-cell     characteristics show a behaviour similar to the one of the 

single µc-Si:H cell; the      increases with increasing the bottom cell i-layer thickness 

because of the path length of the light which increases and so the optical absorption, 

while the     knows some reduction because of the bulk recombination . 

The top cell     undergoes some decrease at the degraded state, but does not 

display any influence by the bottom cell i-layer thickness, while the bottom cell     

shows an improvement as this latter is increased. It is obvious that the top cell photo-

response is mostly limited by the property effect of this one on the incident light,   

rather than any variation from the bottom sub cell.   

Figures V.54 – V.61 show the top and bottom sub-cell    ,    ,    and   vs. i-layer 

thickness for a full scanning of the top and bottom cell i-layer thicknesses from 

0.05µm to 0.5µm and 0.5µm to 5µm respectively, at initial and degraded states.  

The best value of the top sub-cell     at initial state is about 11.55 mA/cm2 with 

0.43µm (top cell i-layer)/0.5 µm (bottom cell i-layer). At degraded state, it is about 

9.15 mA/cm2 with 0.25µm (top cell i-layer)/0.5 µm (bottom cell i-layer); the top cell i-

layer here is thinner because of the light soaked effect. The improvement of the 

bottom sub-cell     is achieved more the bottom cell i-layer is thick; it reaches about     

19.76 mA/cm2 with 0.05µm (top cell i-layer)/5 µm (bottom cell i-layer) both at initial 

and degraded states. 

The top sub-cell     displays a clear reduction as the top cell i-layer becomes thicker 

(figures V.56 and V.57), however it does not show any influence by the bottom cell i-

layer thickness. The bottom sub-cell     shows some decrease as both top and 

bottom cell i-layers become thicker, but its reduction is less than the one of the top 

sub-cell     . 
The    exhibits a dependency only on its corresponding i-layer thickness (figures 

V.58 and V.59); the top sub-cell    is reduced from about 79.76% to 53.20% at 

initial state, at the degraded one; it is reduced from 74.55% to 33.20% as the top cell 

i-layer thickness  increases. The bottom sub-cell    is reduced from about 76.20% 

to 58.17% at initial state, at the degraded one; it is reduced from 76.54% to 57.84% 

as the bottom cell i-layer thickness increases.  
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Figure  V.54: Top and bottom sub-cell     vs. top and bottom cell i-layer thicknesses 
at initial state. 
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Figure  V.55: Top and bottom sub-cell     vs. top and bottom cell i-layer thicknesses 
at degraded state. 
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Figure  V.56: Top and bottom sub-cell     vs. top and bottom cell i-layer thicknesses 
at initial state. 
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Figure  V.57: Top and bottom sub-cell     vs. top and bottom cell i-layer thicknesses 
at degraded state. 
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Figure  V.58: Top and bottom sub-cell    vs. top and bottom cell i-layer thicknesses 
at initial state. 
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Figure  V.59: Top and bottom sub-cell    vs. top and bottom cell i-layer thicknesses 
at degraded state. 
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Figure  V.60: Top and bottom sub-cell conversion efficiency   vs. top and bottom cell 
i-layer thicknesses at initial state. 
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Figure  V.61: Top and bottom sub-cell conversion efficiency   vs. top and bottom cell 
i-layer thicknesses at degraded state. 
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The best value of the top cell conversion efficiency   is approximately 6.9% at initial 

state with 0.19µm(top cell i-layer/0.5µm(bottom cell i-layer). At degraded state, it 

decreases to 4.93% with 0.11µm(top cell i-layer/0.5µm(bottom cell i-layer). The 

bottom cell conversion efficiency   exhibits an optimal value of 5.54% for 0.05µm(top 

cell i-layer/4µm(bottom cell i-layer) at both initial and degraded states.  

The total conversion efficiency of the 4T-micromorph tandem cell is given by the sum 

of the top and bottom sub-cell conversion efficiencies presented in figures V.60 and 

V.61 respectively. Its behaviour vs. top and bottom cell i-layer thicknesses is 

illustrated in figures V.62 and V.63, at initial and degraded states respectively.   

 

Figure  V.62: Conversion efficiency   of the 4T-micromorph tandem cell vs. top and 
bottom cell i-layer thicknesses at initial state. 

At the initial state, the   shows an optimal value of 10.94% for 0.11µm(top cell i-

layer) /3.8µm (bottom cell i-layer). At degraded state, the optimal value of   is 

reduced to 9.59% for 0.07µm(top cell i-layer) /3.8µm (bottom cell i-layer).  

We remind that the 2T-micromorph tandem cell exhibits an optimum   of 10% at 

initial state for 0.17µm(top cell i-layer)/2.1 µm(bottom cell i-layer), and of 7.77% at 

degraded state for 0.11µm (top cell i-layer)/ 1.1 µm(bottom cell i-layer). We can 
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deduce that the 4T- device configuration brings some improvement to the solar cell 

conversion efficiency.  

 

Figure  V.63: Conversion efficiency   of the 4T-micromorph tandem cell vs. top and 
bottom cell i-layer thicknesses at degraded state. 

 

V.4)  Mobility effect on a-Si:H and µc-Si:H-based solar cell 

performance 

To achieve some improvements in our studied solar cells, we varied the i-layer 

mobilities of the single cells based on a-Si:H and µc-Si:H, and of the micromorph 

tandem cell with 2T and 4T connections, as shown in tables V.10-V.15 respectively.   

The mobilities are varied in the experimental range from literatures [123, 153-155]. 

4T-   (%) in tables V.14 and V.15 refers to the total conversion efficiency of the 4T-

micromorph tandem cell which is given by the sum of the top and bottom sub-cell 

conversion efficiencies.  
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a-Si:H single cell 

I-layer mobilities (cm
2
 V

-1
 s

-1
) 

µn/µp=10 µn=20 µn=25 

µn µp µp 

  2 15 20 25 0.2 1 3 6 0.2 1 3 6 

Jsc 

(mA/cm
2
) 

Initial 10.82 11.6996 11.7432 11.7699 11.2739 11.674 11.7677 11.793 11.286 11.6861 11.7797 11.805 
Degraded 9.5596 11.3612 11.479 11.5532 10.5439 11.2768 11.5587 11.646 10.5715 11.304 11.5859 11.6732 

 

Vco(V) 
Initial 0.9121 0.91757 0.91796 0.918202 0.913374 0.91704 0.91831 0.91870 0.91341 0.917078 0.91834 0.91873 

Degraded 0.8100 0.81941 0.82019 0.820571 0.81164 0.81803 0.82082 0.82158 0.81171 0.818072 0.82083 0.82158 
 

FF(%) 
Initial 75.7689 82.5202 82.9411 83.2035 78.6142 82.0827 83.2672 83.6167 78.6912 82.1536 83.3372 83.686 

Degraded 66.6972 77.1677 78.0964 78.7261 72.8071 76.5302 78.8554 79.7743 73.0015 76.7272 79.0458 79.9624 
 

Ƞ (%) 
Initial 7.4775 8.8588 8.94087 8.99192 8.09513 8.78743 8.99824 9.05923 8.1121 8.80446 9.01529 9.07628 

Degraded 5.1647 7.1839 7.35283 7.46341 6.23072 7.05981 7.48156 7.6329 6.2642 7.09534 7.51734 7.66879 

Table V-10:    ,    ,    and   vs. i-layer mobilities of the a-Si:H-based single solar cell.  

Table V-11:     ,    ,    and   vs. i-layer mobilities of the µc-Si:H-based single solar cell.  
  

µc-Si:H single cell 

I-layer mobilities (cm
2
 V

-1
 s

-1
) 

µn/µp=10 µn=35 µn=50 

µn µp µp 

 15 20 35 50 1.5 2 3.5 5 1.5 2 3.5 5 

Jsc(mA/cm
2
) 26.3893 26.4595  26.5491 26.5851 26.4765 26.5086 26.5491 26.5664 26.498 26.5297 26.5689 26.5851 

 
Vco(V) 0.48965 0.48911 0.48836 0.48805 0.48968 0.48913 0.48836 0.48804 0.48969 0.48913 0.48837 0.48805 

 
FF(%) 65.9483 67.2307 69.0503 69.8406 66.171 67.3844 69.0503 69.745 66.2155 67.4413 69.1319 69.8406 

 
Ƞ (%) 8.52157 8.70073 8.9529 9.06185 8.57917 8.73716 8.9529 9.04289 8.59201 8.75165  8.97033 9.06185 
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2T- micromorph tandem cell 

Bottom cell i-layer mobilities (cm
2
 V

-1
 s

-1
) 

µn=15, µp=2 

Top cell i-layer mobilities (cm
2
 V

-1
 s

-1
) 

µn/µp=10 µn=20 µn=25 

µn µp µp 

  2 15 20 25 0.2 1 3 6 0.2 1 3 6 

Jsc(mA/cm2) 
Initial 10.0964 10.9104 10.9514 10.9766 10.6105 10.8982  10.9707 10.991 10.6244 10.9121 10.9844 11.0046 

Degraded 8.95257 10.6105 10.7161 10.7829 10.0772 10.5689 10.7758 10.8423 10.109 10.6004 10.8075 10.8742 
 

Vco(V) 
Initial 1.36085 1.36557 1.3659 1.36611 1.36238 1.36514 1.3662 1.36654 1.36242 1.36518 1.36623 1.36657 

Degraded 1.2448 1.25478 1.2557 1.25633 1.24735 1.25338 1.2568 1.25819 1.24746 1.2534 1.25679 1.25817 
 

FF(%) 
Initial 72.7364 78.4849 78.7665 78.9344 75.9481 78.1962 78.983 79.2123 76.0261 78.2467 79.0213 79.247 

Degraded 62.5226 73.013 73.8772 74.4415 68.955 72.3985 74.572 75.4174 69.136 72.5737 74.7337 75.5672 
 

Ƞ (%) 
Initial 9.99375 11.6934  11.7823 11.8364 10.9787  11.6337 11.8381 11.8974 11.0047 11.6564 11.8589 11.9176 

Degraded 6.96762 9.72084 9.94107 10.0845 8.6675 9.59052 10.0993 10.2882 8.71845 9.64254 10.1509 10.3388 

Table V-12:   ,    ,    and   vs. top cell i-layer mobilities of the 2T-micromorph tandem solar cell.  

 

Table V-13:   ,    ,    and   vs. bottom cell i-layer mobilities of the 2T-micromorph tandem solar cell.  
  

2T- micromorph tandem cell 

Top cell i-layer mobilities (cm
2
 V

-1
 s

-1
) 

µn=25, µp=6 

Bottom cell i-layer mobilities (cm
2
 V

-1
 s

-1
) 

µn/µp=10 µn=35 µn=50 

µn µp µp 

  15 20 35 50 1.5 2 3.5 5 1.5 2 3.5 5 

Jsc(mA/cm2) 
Initial 11.0043 11.0046 11.0051 11.0052 11.0044 11.0047 11.0051 11.0052 11.0044 11.0047 11.0051 11.0052 

Degraded 10.8733 10.8743 10.8754 10.8759 10.8736 10.8744 10.8754 10.8758 10.8736 10.8744 10.8755 10.8759 
 

Vco(V) 
Initial 1.36667 1.36658 1.36645 1.3664 1.36669 1.36658 1.36645 1.3664 1.36669 1.36659 1.36645 1.3664 

Degraded 1.25828 1.25817 1.25803 1.25798 1.2583 1.25818 1.25803 1.25797 1.2583 1.25818 1.25804 1.25798 
 

FF(%) 
Initial 78.9554 79.2836 79.7338 79.9109 79.0267 79.3308 79.7338 79.8922 79.0426 79.3495 79.7531 79.9109 

Degraded 75.3198 75.5958 75.943 76.0777 75.3823 75.6317 75.943 76.0644 75.3977 75.6464 75.9563 76.0777 
 

Ƞ (%) 
Initial 11.8743 11.9232 11.9903 12.0166 11.8853 11.9304 11.9903 12.0138 11.8877 11.9333 11.9932 12.0166 

Degraded 10.305 10.3428 10.3902 10.4087 10.314 10.3479 10.3902 10.4067 10.3161 10.3499 10.3922 10.4087 
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4T-micromorph tandem 
cell 

Top cell Bottom cell 

I-layer mobilities (cm
2
 V

-1
 s

-1
) 

µn/µp=10 µn=20 µn=25 
µn/µp 

µn µp µp 

  2 15 20 25 0.2 1 3 6 0.2 1 3 6 15/2 

Jsc(mA/cm
2
) 

Initial 8.4317 8.99858 9.02547 9.04185 8.74513 8.9867 9.03901 9.05297 8.75352 8.99509 9.04731 9.06124 
16.268 

Degraded 7.58812 8.80097 8.87276 8.91746 8.24566 8.7528 8.91827 8.9672 8.2638 8.7707 8.93603 8.98489 
 

Vco(V) 
Initial 0.93055 0.93470 0.93495 0.93511 0.93184 0.9344 0.93515 0.93537 0.93188 0.93444 0.93519 0.93540 

0.464633 
Degraded 0.84619 0.85289 0.85347 0.85384 0.84846 0.8522 0.85401 0.85465 0.84854 0.85227 0.85407 0.85470 

 

FF(%) 
Initial 78.2952 83.7016 84.005 84.1922 80.5793 83.405 84.2242 84.4533 80.641 83.4633 84.2809 84.5102 

63.5509 
Degraded 71.5501 79.9993 80.6601 81.0874 76.7021 79.571 81.1366 81.6891 76.8698 79.7258 81.2857 81.8369 

 

Ƞ (%) 
Initial 6.14317 7.04017 7.08869 7.11856 6.56651 7.0038 7.11939 7.15142 6.57811 7.01544 7.13099 7.16303 

4.80359 
Degraded 4.59427 6.00501 6.10811 6.17412 5.3662 5.9354 6.17965 6.2605 5.39026 5.95955 6.20376 6.28462 

4T-Ƞ (%) 
Initial 10.9468 11.8438 11.8923 11.9222 11.3701 11.8074 11.9230 11.9550 11.3817 11.8190 11.9346 11.9666 

Degraded 9.3979 10.8086 10.9117 10.9777 10.1698 10.7390 10.9832 11.0641 10.1938 10.7631 11.0073 11.0882 

Table V-14:   ,    ,    and   vs. top cell i-layer mobilities of the 4T-micromorph tandem solar cell.  

4T- 
micromorph 
tandem cell 

Bottom cell Top cell 

I-layer mobilities (cm
2
 V

-1
 s

-1
) 

µn/µp=10 µn=35 µn=50 µn/µp 

µn µp µp 25/6 

 15 20 35 50 1.5 2 3.5 5 1.5 2 3.5 5 Initial Degraded 

Jsc 

(mA/cm
2
) 

16.227 16.2876 16.3617 16.3907 16.2755 16.3149 16.3617 16.3806 16.2874 16.3266 16.3726 16.3907 9.06124 8.98489 

 
Vco(V) 0.4651 0.46466 0.46407 0.46382 0.46517 0.46470 0.46407 0.46381 0.46518 0.46472 0.46409 0.46382 0.93540 0.85470 

 
FF(%) 61.9364 63.655 66.1609 67.2707 62.098 63.7768 66.1609 67.1806 62.1287 63.8213 66.2335 67.2707 84.5102 81.8369 

 
Ƞ (%) 4.67445 4.81759 5.02362 5.11421 4.70137 4.83531 5.02362 5.10404 4.7073 4.84232 5.03266 5.11421 7.16303 6.28462 

4T-Ƞ (%) 
11.8375 11.9806 12.1867 12.2772 11.8644 11.9983 12.1867 12.2671 11.8703 12.0054 12.1957 12.2772 Initial state 

10.9591 11.1022 11.3082 11.3988 10.9860 11.1199 11.3082 11.3887 10.9919 11.1269 11.3173 11.3988 Degraded state 

Table V-15:   ,    ,    and   vs. bottom cell i-layer mobilities of the 4T-micromorph tandem solar cell.
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The more the i-layer mobilities are better, the more is the amelioration notified in the 

cell photo-parameters. The best results can be summarized as follow (table V.16):  

a-Si:H single cell µn/µp=25/6 
  

(%) 

Initial 9.07628 

Degraded 7.66879 

µc-Si:H single cell µn/µp=50/5 
  

(%) 
9.06185  

2T- micromorph 
tandem cell 

Top cell i-layer mobilities 
µn/µp=25/6   

(%) 

Initial 12.0166 

Bottom cell i-layer 
mobilities µn/µp=50/5 

Degraded 10.4087 

4T- micromorph 
tandem cell 

Top cell i-layer mobilities 
µn/µp=25/6   

(%) 

Initial 12.2772 

Bottom cell i-layer 
mobilities µn/µp=50/5 

Degraded 11.3988 

 Table V-16: The best conversion efficiency   obtained by increasing the i-layer 
mobilities. 

Increasing    or    mobilities reduces the light soaked effect on the conversion 

efficiency of the a-Si:H-based single cell as illustrated in table V.17. As the    or    

mobilities increase,    ; which is the conversion efficiency difference between the 

initial and degraded states respectively:                      , is reduced.  

Regarding the 2T and 4T micromorph tandem cells, the    reduction is mostly 

achieved by the amelioration of the top cell i-layer mobilities, rather than those of the 

bottom cell, as we can deduce from Tables V.18-V.21. Minimum value of    is 

0.8784 % reached with 4T- device configuration.   
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a-Si:H single cell 

I-layer mobilities (cm2 V-1 s-1) 

µn/µp=10 µn=20 µn=25 

µn µp µp 

2 15 20 25 0.2 1 3 6 0.2 1 3 6   (%) 
Initial 7.4775 8.8588 8.9408 8.9919 8.0951 8.7874 8.9982 9.0592 8.1121 8.8044 9.0152 9.0762 

degraded 5.1647 7.1839 7.3528 7.4634 6.2307 7.0598 7.4815 7.6329 6.2642 7.0953 7.5173 7.6687    (%) 2.3129 1.6749 1.5880 1.5285 1.8644 1.7276 1.5167 1.4263 1.8478 1.7091 1.4980 1.4075 

Table V-17:    vs. i-layer mobilities of the a-Si:H-based single solar cell.  

2T- 

 micromorph tandem 

 cell 

Bottom cell i-layer mobilities (cm2 V-1 s-1) 

µn=15, µp=2 

Top cell i-layer mobilities (cm2 V-1 s-1) 

µn/µp=10 µn=20 µn=25 

µn µp µp 

2 15 20 25 0.2 1 3 6 0.2 1 3 6   (%) 
Initial 9.9937 11.693 11.782 11.836 10.978 11.633 11.838 11.897 11.004 11.656 11.858 11.917 

degraded 6.9676 9.7208 9.9410 10.084 8.6675 9.5905 10.099 10.288 8.7184 9.6425 10.150 10.338    (%) 3.0261 1.9726 1.8412 1.7519 2.3112 2.0432 1.7388 1.6092 2.2862 2.0139 1.7080 1.5788 

Table V-18:     vs. top cell i-layer mobilities of the 2T- micromorph tandem cell.  
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Table V-19:     vs. bottom cell i-layer mobilities of the 2T- micromorph tandem cell  

Table V-20:     vs. top cell i-layer mobilities of the 4T- micromorph tandem cell. 

2T- micromorph tandem cell 

Top cell i-layer mobilities (cm2 V-1 s-1) 

µn=25, µp=6 

Bottom cell i-layer mobilities (cm2 V-1 s-1) 

µn/µp=10 µn=35 µn=50 

µn µp µp 

15 20 35 50 1.5 2 3.5 5 1.5 2 3.5 5   (%) 
Initial 11.874 11.923 11.990 12.016 11.885 11.930 11.990 12.013 11.887 11.933 11.993 12.016 

degraded 10.305 10.342 10.390 10.408 10.314 10.347 10.390 10.406 10.316 10.349 10.392 10.408    (%) 1.569 1.5804 1.6001 1.6079 1.5713 1.5825 1.6001 1.6071 1.5716 1.5834 1.6010 1.6079 

4T- micro-morph tandem cell 

Bottom cell i-layer mobilities : µn/µp=15/2 

Top cell I-layer mobilities (cm2 V-1 s-1) 

µn/µp=10 µn=20 µn=25 

µn µp µp 

2 15 20 25 0.2 1 3 6 0.2 1 3 6   (%) 
Initial 10.946 11.843 11.892 11.922 11.370 11.807 11.923 11.955 11.381 11.819 11.934 11.966 

degraded 9.3979 10.808 10.911 10.977 10.169 10.739 10.983 11.064 10.193 10.763 11.007 11.088    (%) 1.5481 1.0352 0.9806 0.9445 1.2003 1.0684 0.9398 0.8909 1.1879 1.0559 0.9273 0.8784 
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Table V-21:    vs. bottom cell i-layer mobilities of the 4T- micromorph tandem cell. 

4T- micromorph tandem cell 

Top cell I-layer mobilities: µn/µp=25/6 

Bottom cell I-layer mobilities (cm2 V-1 s-1) 

µn/µp=10 µn=35 µn=50 

µn µp µp 

15 20 35 50 1.5 2 3.5 5 1.5 2 3.5 5   (%) 
Initial 11.837 11.980 12.186 12.277 11.864 11.998 12.186 12.267 11.870 12.005 12.195 12.277 

degraded 10.959 11.102 11.308 11.398 10.986 11.119 11.308 11.388 10.991 11.126 11.317 11.398    (%) 0,8780 0.8784 0.8785 0.8784 0.8784 0.8784 0.8785 0.8784 0.8784 0.8785 0.8784 0.8784 
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V.5)  Conclusion  

In this chapter, we presented and discussed the main results investigated on the 

a-Si:H and µc-Si:H-based solar cells in single configuration, and in a micromorph 

tandem configuration with 2T and 4T electrical connections, in order to optimizing 

their output parameters. The numerical modeling, combined to the light soaked 

effect, has been used to provide a better understanding of the device physic, 

operation and degradation under continued illumination.  

In the first part, we explored the photo-degradation (SW) effect on a single (a-Si:H)  

p-i-n cell illuminated by a monochromatic light beam (530-540 nm), then by the 

standard solar spectrum (AM1.5), on the basis of the model of the light-induced 

defect creation in a-Si:H developed by AF. Meftah et al [11-12]. The main results are 

presented in term of internal parameters such as the free carrier densities, 

recombination rate and electrical field, and in term of external parameters such as the 

current density- voltage (   ) characteristics, from which one can extract the cell 

photo-parameters such as: the short-circuit current density (   ), the open-circuit 

voltage (   ), the fill factor (  ), and the conversion efficiency ( ).  

Decreases occurring in the photo-parameters can be visualised in terms of 

percentages: 21 % in Jsc, 7.69 % in Voc, 14.86 % in FF and 37.81 % in Pmax. The 

increase of µn from 20 to 25 cm2/V.S and µp from 2 to 6 cm2/V.S improves the cell 

photo-parameters and minimizes significantly theirs deteriorations; 4.11 % in Jsc,   

5.86 % in Voc, 14.27 % in FF and 22.61 % in Pmax. A pretty increase is notified in Jsc 

and the maximum power density Pmax for both annealed and degraded states, when 

the full spectrum AM 1.5 condition of illumination is considered. 

In the second part, we studied the effect of the i-layer thickness on the 

performance of the a-Si:H and µc-Si:H- based solar cells, with single configuration, 

and micromorph (a-Si:H/ µc-Si:H) tandem configuration using 2T and 4T electrical 

connections, in both un-degraded and degraded states.  

The a-Si:H single cell shows an optimum conversion efficiency of 7,47% at initial 

state with an i-layer 0,15 µm thick. At the degraded state, the optimum   is 5,61%, 

reached at a thinner i-layer of 0.1 µm thick. The decrease in     and    is also 

responsible for the loss in the efficiency  . For the single µc-Si:H cell, the optimal 
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conversion efficiency is approximately 8,67% , achieved when the i-layer thickness is 

3,25 µm. 

The electrical parameters of the 2T-micromorph tandem cell are mostly limited by 

the a-Si:H top sub-cell. An optimal conversion efficiency   of 10% is achieved at 

initial state with 0.17 µm (top cell i-layer)/ 2.1 µm (bottom cell i-layer). At degraded 

state, the optimal   is reduced to 7.77% with thinner thicknesses of 0.11 µm (top cell 

i-layer)/ 1.1 µm (bottom cell i-layer). 

We can avoid the electrical influence of the two sub-cells on each other by 

applying the 4T connection, that means we can optimize easily each sub-cell 

compared to the 2T connection. 

The total conversion efficiency of the 4T-micromorph tandem cell is given by the 

sum of the top and bottom sub-cell conversion efficiencies, At the initial state, the   

shows an optimal value of 10.94% for 0.11µm(top cell i-layer) /3.8µm (bottom cell i-

layer). At degraded state, the optimal value of   is reduced to 9.59% for 0.07µm (top 

cell i-layer) /3.8µm (bottom cell i-layer). 

More improvements to the studied solar cells are achieved by the variation of i-

layer mobilities, as presented in the last part of the work. The more the i-layer 

mobilities are higher, the more is the amelioration notified in the cell photo-

parameters. The best results of   are 9.07% at initial state (reduced to 7.66% at 

degraded state) for the a-Si:H single cell, 9.06% for the µc-Si:H single cell, 12.01% at 

initial state (reduced to 10.40% at degraded state) for the 2T-micromorph tandem 

cell, and 12.27% at initial state (reduced only to 11.39% at degraded state) for the 

4T-micromorph device. These results are obtained with µn/µp=25/6 (for the a-Si:H i-

layer) and µn/µp=50/5 (for the µc-Si:H i-layer).  

Increasing    or    mobilities reduces the light soaked effect on the conversion 

efficiency of the a-Si:H single cell; minimum reduction of   (  ) due to the light 

soaked effect is about 1.40%. Regarding the 2T and 4T micromorph tandem cells, 

the minimum reduction    is mostly achieved by the amelioration of the top cell i-

layer mobilities, rather than those of the bottom cell. Minimum reduction    is about 

1.57% for the 2T-device, and about 0.87 % reached with 4T- device. 
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General conclusion 

 

 
 

 

This work is aimed at understanding the physic and the operation of amorphous 

(a-Si:H) and microcrystalline (µc-Si:H) silicon- based solar cells, in view of optimizing 

their performance by modeling in order to create a better micromorph (a-Si:H/µc-

Si:H) tandem solar cell. The electrical characteristics of the studied solar cells were 

investigated by simulating the photodegradation, thickness and mobilities effects on 

different configurations; single a-Si:H and µc-Si:H-based solar cells, and a 

micromorph tandem cell with 2T and 4T electrical connections. The aim is to extract 

their output photo-parameters for a better performance using Atlas simulator which is 

a module in Silvaco Tcad software. 

 On the basis of the light-induced defect creation model in a-Si:H; developed by 

AF. Meftah et al [11-12], we investigated in the first part, the photo-degradation effect 

on a single a-Si:H p-i-n solar cell by numerical modelling, to provide a better 

understanding of the physical mechanisms governing the operation and the 

degradation of the device under continued illumination. In this approach, we have 

considered first the simple case of a monochromatic light beam nonuniformly 

absorbed; leading to an exponentially decreasing in generation rate from the 

illuminated p-side to the n-side of the device. We have interpreted our results on the 

basis of an inhomogeneously increase of the dangling bond defect distribution, as a 

consequence of the degradation effect related to the absorbed light profile in the i-

layer. Such a distribution induces important changes in the internal variables profiles 

and the external photo-parameters of the device. These changes can be summarised 

as follows: 

- An important increase in recombination rate, due mainly to the increase of the 

bulk     product, the reason why the current density decreases considerably 

along the device. 

-  An abrupt band bending through the p-side and consequently a high electric 

field in this region, while a low electric field is found in the i-layer. The latter, 

encourage furthermore the bulk recombination of free carriers. 
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- The carrier diffusion current densities across the i-layer, neglected in the 

annealed state, contribute significantly to the total current density (mainly 

electron diffusion current). 

- Decreases occurring in the photo-parameters can be visualised in terms of 

percentages: 21 % in Jsc, 7.69 % in Voc, 14.86 % in FF and 37.81 % in Pmax. The 

increase of µn from 20 to 25 cm2/V.S and µp from 2 to 6 cm2/V.S improves the cell 

photo-parameters and minimizes significantly theirs deteriorations; 4.11 % in Jsc,   

5.86 % in Voc, 14.27 % in FF and 22.61 % in Pmax. 

When the results are expanded to the full spectrum AM 1.5 condition of 

illumination, under which the a-Si:H solar cell usually operates, a pretty increase        

(relatively to the monochromatic light case) is notified in Jsc, and so in the maximum 

power density Pmax provided by the cell for both cases; annealed and degraded state.  

In the second part, we studied the effect of the i-layer thickness on the 

performance of the a-Si:H and µc-Si:H- based solar cells in different configurations; 

single and micromorph (a-Si:H/ µc-Si:H) tandem configuration, with considering the 

2T and 4T electrical connections in both un-degraded and degraded states.  

The a-Si:H single cell shows an optimum conversion efficiency of 7,47% at initial 

state with an i-layer 0,15 µm thick. At the degraded state, the optimum   is 5,61%, 

reached at a thinner i-layer of 0.1 µm thick. The decrease in     and    is also 

responsible for the loss in the efficiency  . For the single µc-Si:H cell, the optimal 

conversion efficiency is approximately 8,67% , achieved when the i-layer thickness is 

3,25 µm. 

The electrical parameters of the 2T-micromorph tandem cell are mostly limited by 

the a-Si:H top sub-cell. An optimal conversion efficiency   of 10% is achieved at 

initial state with 0.17 µm (top cell i-layer)/ 2.1 µm (bottom cell i-layer). At degraded 

state, the optimal   is reduced to 7.77% with thinner thicknesses of 0.11 µm (top cell 

i-layer)/ 1.1 µm (bottom cell i-layer). 

The total conversion efficiency of the 4T-micromorph tandem cell is given by the 

sum of the top and bottom sub-cell conversion efficiencies, At the initial state, the   

shows an optimal value of 10.94% for 0.11µm(top cell i-layer) /3.8µm (bottom cell i-

layer). At degraded state, the optimal value of   is reduced to 9.59% for 0.07µm(top 

cell i-layer) /3.8µm (bottom cell i-layer). 
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We have brought more improvements to the studied solar cells by the 

amelioration of the i-layer mobilities, as presented in the last part of the work. The 

more the i-layer mobilities are higher, the more is the improvement notified in the cell 

photo-parameters. The best results of   are 9.07% at initial state (reduced to 7.66% 

at degraded state) for the a-Si:H single cell, 9.06% for the µc-Si:H single cell, 12.01% 

at initial state (reduced to 10.40% at degraded state) for the 2T-micromorph tandem 

cell, and 12.27% at initial state (reduced only to 11.39% at degraded state) for the 

4T-micromorph device. These results are obtained with µn/µp=25/6 (for the a-Si:H i-

layer) and µn/µp=50/5 (for the µc-Si:H i-layer).  

Increasing    or    mobilities reduces the light soaked effect on the conversion 

efficiency of the a-Si:H single cell; the minimum reduction of   (  ) due to the light 

soaked effect is about 1.40%. Concerning the 2T and 4T micromorph tandem cells, 

the minimum reduction    is mostly accomplished by the increasing of the top cell i-

layer mobilities, rather than those of the bottom cell. Minimum reduction    is about 

1.57% for the 2T-device, and about 0.87 % reached with 4T- device. 

As a perspective, we envisage to extend the study to the investigation of a triple-

junction solar cell with the possible configurations; (a-Si:H/a-Si:H/µc-Si:H),              

(a-Si:H/µc-Si:H/ µc-Si:H) and (a-Si:H/µc-Si:H/SiGe:H). Thereafter, to introduce a 

novel promising material in the photovoltaic area; the ternary alloy Indium Gallium 

Nitride (InGaN) which has an adjustable band gap (approximately 0.77 eV for InN to 

3.4 eV for GaN) covering the visible spectrum from IR to UV only by changing the In 

or Ga content, to study the heterojunction solar cell based on InGaN/Si.      
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A.1. Introduction: 

Our visit to Dundee (Scotland) University (December 2012), gave us the 

opportunity to access to various experimental methods which complete our 

experience in semiconductor theory and numerical simulations. Techniques available 

in Dundee include solar cell characterisation under AM1.5 and monochromatic 

illumination, defect spectroscopies including Transient Photoconductivity and 

Constant Photocurrent method, accelerated Staebler-Wronski degradation and 

standard materials characterisation using IR (Infrared spectroscopy), AFM (Atomic 

Force Microscopy), and SEM (Scanning Electron Microscopy).  
We attended a training program intended to provide underpinning of simulation 

and measurement procedures relevant to the development of solar cells, and in 

particular, design criteria for optimization of tandem solar cells. 

 

A.2. Micromorph tandem cell I-V measurements: 

Technologically, it is not straight forward to design a tandem solar cell with 

optimum sub-cell thicknesses for maximum efficiency. In series connected (2T) 

tandem solar cells, the overall short circuit current is limited by the subcell delivering 

the lower current. Current matching implies equal short circuit currents in the two 

sub-cells and thus a maximum overall short circuit current density, but it results in a 

minimum fill factor. 

The solar cell characterizing parameters are determined in the current - voltage (I-V) 

characteristic for tandem solar cell. The I-V curve is given by the superposition of the 

(I-V)-curves of its sub-cells. The total voltage of a cell is the sum of the subcell 

voltages while the total current corresponds to the minimum current of both cells. 

Experimentally, however, the I-V characteristics of the sub-cells are not accessible. 

The subcell layer thicknesses needed for maximum power are only accessible from 

calculations based on the measured quantum efficiency or simulations of the entire 

cell physics. 
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Figure A-1 shows the equipment used to measure the I-V characteristics of the 

micromorph (a-Si:H/ c-Si:H) tandem solar cell from the Institute of Energy Research 

5 – Photovoltaic (IEK-5), Research Center Jülich. 

 

 

 

Figure A-1: Measure equipment of the micromorph tandem cell I-V characteristic at 

Dundee University. 

 

The proposed experimental method consists of measurements of the (I-V)-curve 

under varied spectra. Increasing one subcell current by changing the irradiation in the 

respective wavelength regime is similar to changing the subcell layer thickness. The 

reference tandem solar cell is characterized by measuring the quantum efficiency, 

then, current-voltage (I-V) curves are acquired under varied spectra. In a next step, 

(I-V) curves are acquired while infrared (IR) and blue LED illumination is added to the 

sun simulator spectrum. The chosen LEDs each affect only one subcell. Figure A-2 

shows the measurement spectra of the sun simulator. The black line marks the 

AM1.5 standard spectrum. Then, LED light is added. First only the infrared LED is 

turned on. 
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Figure A-2: The measurement spectra of the sun simulator, and the illuminated 

power density with extra blue and IR LEDs. 

 

The spectrum of the sun simulator is attenuated (orange line) and the infrared (IR) 

and blue LED light is added (marked in red and blue) such that the integrated overall 

power is equal to AM1.5g (black) conditions. The intensity of the two LEDs is 

changed from IR on - blue off to IR off - blue on in equidistant power steps          

(figure A-3) 

The current increase due to additional infrared or blue LED illumination is equivalent 

to an increased bottom or top cell layer thickness, respectively. 

The total short circuit current density Jsc (black squares-figures (A-4)-(A-6)) is 

maximized when the subcell currents are equal. 
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Figure A-3: Solar cell exposed to the sun simulator spectrum, and IR and blue extra 

LEDs  

 

 

Figure A-4: Measured I-V characteristics illuminated only with blue LED. 
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Figure A-5: Measured I-V characteristics illuminated only with IR LED. 

 

Figure A-6: Measured I-V characteristics illuminated with the spectrum of the sun 

simulator.   
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Two LEDs are used in the measurement procedure, each affects only one subcell.  

The spectrum of the sun simulator is attenuated (orange line) and the infrared (IR) 

and blue LED light is added (marked in red and blue) such that the integrated overall 

power is equal to AM1.5g (black) conditions. The intensity of the two LEDs is 

changed from IR on, blue off to IR off, blue on in equidistant power steps. 

Figure A-7 shows the measured Jsc with varied IR and blue intensities extra LEDs, 

which allows the calculation of the fill factor FF variation (figure A-8); depending on 

relative illumination of the top and bottom cells by blue and IR LEDs, respectively.    

 

Figure A-7:  The measured Jsc with varied IR and blue intensities extra LEDs.  

Blue intensity 

(%) 
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Figure A-8:  The measured FF with varied IR and blue intensities extra LEDs. 

 

We can see clearly that the matching currents affect the performance of the cell, the 

Jsc increase due to the additional infrared or blue LED illumination, the total short 

circuit current Jsc is maximized when the subcell currents are equal, but if one of the 

LEDs has less intensity, the total current is minimized. 

 The same remark for the fill factor, in the beginning the fill factor is minimized under 

the bottom current limitation even if we increase the top current, the same thing in the 

last, and the fill factor is minimized under the top current effect. The fill factor is 

maximized when the currents are matched. 
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