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Abstract 
 Crystalline silicon (c-Si) wafer-based solar cells with homojunctions dominate the photovoltaic 

market. These cells feature hole or electron selective contacts formed by p-type or n-type doping 

of the c-Si absorber surface via diffusion or alloying. In this thesis silicon heterojunction (SHJ) 

solar cells which share many similarities with induced junction soar cells (e.g. Metal-Insulator-

Semiconductor) are investigated. In contrast to diffused homojunction cells they rely on thin 

films that are deposited onto the crystalline silicon absorber. Unlike homojunction devices, 

recombination losses at the c-Si surface and the metalized regions can be greatly suppressed 

enabling record open-circuit voltages close to the intrinsic limit of the c-Si absorber. So far, layer 

stacks of intrinsic and doped amorphous silicon (a-Si:H) capped with a transparent conductive 

oxide (TCO) are used to form the hole and electron selective contact. The parasitic absorption in 

this films is the cause for a design trade-off between optical and electrical losses. Hence, the 

efficiency of such cells is typically limited by the short-circuit current and the fill-factor. 

 One main focus of this work is to analyze the cell performance mainly at maximum power 

point conditions which is closely linked to the fill-factor limitations of such cells. The fill-factor 

limitation results from transport related losses and the moderate surface passivation at 

maximum-power point condition as discussed in this work. The transport and recombination 

related fill-factor losses are the key challenges that are tackled in this thesis, experimentally 

and by device simulation. For this purpose solar cells and test structures were fabricated and 

characterized using plasma enhance chemical vapor disposition (PECVD), sputtering, thermal 

evaporation and e.g. illumination level dependent open-circuit voltage, surface photo-voltage 

measurements, respectively. 

 To facilitate the basic understanding, the fundamental requirements on a contact scheme in 

terms of a highly selective hole or electron extraction from the absorber are discussed on the 

basis of numerical device simulations. It is pointed out that, unlike for standard homojunction 

cells, the characteristics of such novel contact schemes might be limited rather by a non-ideal 

excess carrier extraction from the absorber then by surface passivation and ohmic losses. It is 

shown that such a non-ideal carrier extraction is linked to the fact that the contact region is 

operating in high-injection conditions, a result from, e.g. insufficient doping and / or unsuited 

work functions. The importance of analyzing the contact characteristic regarding distinctive 



vi    
 

features which reveal if the carrier extraction is ideal, i.e. obeys the standard p/n-junction theory 

as described by the diode model is pointed out.  

 The interplay between the optical and ohmic transport losses caused by the lateral carrier 

transport in the TCO electrode at the front side were studied in detail. A simple yet successful 

approach, consisting of positioning the emitter at the rear of the cell, was investigated for the first 

time. This cell design makes use of the lateral conductivity of the silicon absorber reducing ohmic 

losses due to lateral carrier transport in the TCO electrode. This rear emitter cell design has 

been widely adopted by the community and seems to become a standard design for SHJ cells. An 

efficiency of 20.8% was achieved using such a cell design. 

 The non-ohmic transport losses caused by the TCO / doped a-Si:H Schottky contact were 

studied by analyzing the interaction between the a-Si:H doping and the work function of the TCO 

(or metal). It is shown that a minimum doping of the a-Si:H is mandatory to form the junction 

with the c-Si absorber and ensure an efficient tunneling transport into the TCO. Furthermore, 

it is shown that for the case that the ITO is replaced by a metal film, the transport-related fill-

factor loss can be reduced and be as low as 1%abs. A simple characterization approach allowing to 

identify and quantify such non-ohmic losses was established. It is based on the measurement of 

the open-circuit voltages as a function of illumination density. 

 The fill-factor limitation due to non-perfect surface passivation was investigated 

experimentally and by device simulation. It is shown that it constitutes a significant fill-factor loss 

which amounts to about 6%abs. The latter is linked to the fact that, unlike for open-circuit 

conditions, for maximum-power point conditions surface passivation is insufficient to allow 

operation near the intrinsic limit of the absorber. Accordingly, the requirements for the surface 

passivation with respect to a very high fill-factor and efficiency are much higher as compared to a 

very high open-circuit voltage. A novel experimental approach is used to distinguish between 

chemical and field-effect passivation of the c-Si absorber by a-Si:H. It reveals that surface 

passivation is mainly limited by the hole contact, which is pointing towards a higher capture 

cross section of electrons at the a-Si:H / c-Si interface. 

 Furthermore, investigations regarding novel thin films adopted from organic electronics 

were conducted. While none of the investigated materials was suited to form an effective electron 

selective contact, the high work function metal oxides tungsten and molybdenum oxide reveal 

to be interesting candidates for the hole selective contact. A significant efficiency improvement 

(~1%abs) compared to cells featuring the p-type a-Si:H could be obtained. The replacement of the 
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p-type a-Si:H leads to an improved current (about 1 mA/cm²) as the parasitic absorption in the 

metal oxides is lower. This metal oxide films were also used as an additional contact layer, 

sandwiched between the p-type a-Si:H and the TCO. A significantly fill-factor gain (about 

1.5 %) is observed in this case as hole extraction from the a-Si:H into the TCO is improved, 

presumably by an improved work function matching. Furthermore, as the metal oxides are 

deposited by soft deposition (thermal evaporation), such films also provide some protection of 

the a-Si:H / c-Si interface from the sputter damage caused by the subsequent TCO sputter 

deposition.  

 The investigation performed in this thesis led to a better understanding of the fundamental loss 

mechanisms in heterojunction solar cells. With this improved understanding it was possible to 

increase the efficiency of heterojunction solar cells up to 22.8% at Fraunhofer ISE, to introduce 

suitable characterization approaches and new contact materials which are promising candidates 

for a new generation of carrier-selective contacts for silicon wafer based solar cells. 
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Zusammenfassung  
 Die Arbeit befasst sich mit grundlegenden Untersuchungen von Silizium Solarzellen deren 

ladungsträgerselektiven Kontakte nicht wie herkömmlich durch die oberflächennahe Diffusion 

oder Legierung des c-Si Wafers (Homojunction), sondern ähnlich wie bei MIS (Metal-Insulator-

Semiconductor) Solarzellen durch aufbringen einer Schicht mit hoher/geringer Austrittsarbeit 

(Hetero- oder Inducedjunction) ausgebildet werden. Anders als bei den Standard-Solarzellen 

werden hier die löcher- oder elektronenselektiven Kontakte durch dünne Schichten, die bei 

geringen Temperarturen auf den Absorber abgeschieden werden, ausgebildet. Insbesondre die 

Verwendung von  amorphen Silizium (a-Si:H) ermöglicht die Rekombinationsverluste an der c-Si 

Grenzfläche und den metallisierten Bereichen stark zu unterdrücken und führt zu sehr hohen 

Leerlaufspannungen, nahe am intrinsischen Limit des c-Si Absorber. Die Effizienz solcher Zellen 

wird typischerweise durch den Kurzschlussstrom und den Füllfaktor beschränkt.  

 Ein Schwerpunkt dieser Arbeit war es, die Verluste vor allem unter Maximum Power Point 

(MPP) Bedingungen, die eng mit dem Füllfaktor (FF) der Zelle verbunden sind, zu analysieren. 

Die Füllfaktorbeschränkungen durch transport- und rekombinationsbedingte Verluste waren 

dabei die wichtigsten Herausforderungen, die in dieser Arbeit experimentell und mittels 

Simulation untersucht wurden. Die Evaluierung neuartiger Materialien, als Alternative zu den 

dotierten a-Si:H Schichten, stellte eine weitere wichtige Fragestellung diese Arbeit dar. Zu diesem 

Zweck wurden Solarzellen und Teststrukturen, unter Verwendung von plasmaunterstützter 

chemischer Gasphasenabscheidung (a-Si:H), Sputtern (ITO) und thermischer Verdampfung 

(Metalloxide) hergestellt. Entsprechende Charakterisierungsverfahren und innovative 

Zellkonzepte wurden etabliert.  

 Es wurden umfangreiche Simulationsstudien durchgeführt, wobei anders als bei bisherigen 

Untersuchungen zwischen den internen und externen Zellparametern unterschieden wurde. Dies 

ermöglichte ein ganzheitliches Verständnis und eine detaillierte Verlustanalyse, welche 

offenbarte, dass für die untersuchten Systeme neben den „klassischen“ Verlusten, die in der 

Standardtheorie zum p / n-Übergang berücksichtigt werden, „nicht-klassische“ Verluste einen 

signifikanten Einfluss auf die externen Zellparamter haben können. Letzteres zeigte sich etwa für 

Kontaktsysteme mit nicht ausreichend hoher Dotierung oder ungeeigneten Austrittsarbeiten. 

Hier konnte das Kontaktsystem die interne Zellspannung nicht vollständig abgreifen, so dass die 

externe Spannung unterhalb der internen Spannung lag. Dies führte nicht nur zu Verlusten bzgl. 
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FF und Leerlaufspannung (Voc), sondern auch zu charakteristischen Eigenschaften der externen 

Zellparametern. So wurde etwa die Analyse der Bestrahlungsstärkenabhängigkeit des Voc 

(Suns-Voc) in dieser Arbeit als eine wirksame Methode für die Identifizierung derartiger „nicht-

klassische“ Verluste etabliert. Dies stellt eine einfache und aussagekräftige Methode dar, die 

bereits im frühen Entwicklungsstadium eine Bewertung der Kontaktsysteme ermöglichte. 

 Die Limitierung der internen Spannung (implizierte Spannung, iV) durch die 

Rekombinationsverluste an der c-Si Grenzfläche wurde durch einen neuartigen Ansatz 

untersucht. Durch Coronaaufladung des a-Si:H(i) / c-Si Systems konnten die chemische und die 

Feldeffekt Passivierung getrennt voneinander untersucht werden. Es wurde gezeigt, dass sich 

eine exzellente Oberflächenpassivierung eher in einem hohen impliziten Füllfaktor (iFF) als in 

einer hohen implizierten Spannung bei Leerlaufbedingungen (iVoc) wiederspiegelt. Während der 

iVoc oft bereits relativ nahe am intrinsischen Limit des c-Si Absorber lag, lieferte für den iVMPP und 

damit den iFF, die Rekombination an der c-Si Grenzfläche noch immer den dominanten Beitrag. 

Dies stellt einen signifikanten FF Verlust im Vergleich zu dem intrinsischen Limit von etwa 

89 % dar, der sich bei den Zellen in einem pseudo Füllfaktor (pFF) zeigte der kaum 83 % 

überschritt. Folglich können deutlich höhere Füllfaktoren und Effizienzen erreicht werden, wenn 

es gelingt die Rekombinationsverluste an der a-Si :H / c-Si Grenzfläche zu verringern . 

 Bezüglich des Abgreifens der internen Spannung wurden verschiedene Kontaktsysteme 

untersucht. Für eine grundlegende Analyse wurde eine Dotiervariation des a-Si:H(p) Emitters 

durchgeführt. Bei unzureichender Dotierung zeigte sich, dass die Kontakteigenschaften vom 

parasitären ITO / a-Si:H(p) Schottky Kontakt dominiert wurde. Ohne Dotierung ergab sich ein 

Spannungsverlust von etwa 300 meV im Kontakt, der externe Voc lag damit bei nur etwa 400 mV. 

Bei ausreichend hoher Dotierung entsprach der externe Voc dem iVoc, beide lagen dann bei etwa 

730 mV. Es konnte gezeigt werden, dass ein Spannungsverlust im Kontakt zu Idealitätsfaktoren 

der Suns-Voc Kennlinie führt, die geringer sind als mit der Standardtheorie zum p/n-Übergang zu 

erklären ist. Eine klare Korrelation zwischen diesen Idealitätsfaktoren und entsprechenden FF 

und Voc Verlusten konnte gezeigt werden. Ein weiterer Indikator für nicht ideales Abgreifen der 

internen Spannung durch das Kontaktsystem war die Temperaturabhängigkeit der FF und Voc. 

So zeigte sich für den FF, dass dieser nicht wie typischerweise durch die Temperaturabhängigkeit 

der Rekombinationsverluste und damit den pFF dominiert wurde, da die Transport behafteten FF 

Verluste keine deutliche Temperaturabhängigkeit zeigten. Die Existenz von nicht-ohmschen 

Transportverlusten führte hier jedoch zu einer deutlichen Abnahme der Transport behafteten FF 
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Verluste, welche die Zunahme der Rekombinationsbehafteten FF Verluste mit der Temperatur 

kompensierten.  

 Neben dem etablierten dotierten amorphen Silizium wurden weitere Kontaktmaterialien wie 

Metalle, TCOs und Materialien aus der organischen Elektronik untersucht. Es zeigte sich, dass 

reine Metalle nicht zur Ausbildung selektiver Kontakte geeignet sind. Neben einem 

ausgeprägten Fermi level pinning zeigte sich die Degradation des c-Si Absorbers durch eine 

a-Si:H Passivierschicht bereits bei moderaten Annealing Temperaturen, eine schlechte Haftung 

und schlechte optische Eigenschaften im Hinblick auf die Rückseiten Reflexion. Es konnte jedoch 

gezeigt werden, dass Silber prinzipiell verwendet werden kann, um die ITO Elektrode auf der 

Rückseite eines a-Si:H (p) Emitters zu ersetzen. So konnte für Hybrid SHJ Zellen, ein Zelledesign 

das im Rahmen dieser Arbeit eingeführt wurde, ein Wirkungsgrad von 22,8% (Voc = 705 mV ,Jsc 

39.9 mA / cm², FF = 81.2%) erreicht werden. 

 Eine Dotiervariation von ITO zeigte, dass die Austrittsarbeit an der ITO / a-Si:H(i) Grenzfläche 

in der gewünschten Weise verändert werden kann. Dies motivierte einen weiteren Versuch den 

parasitären ITO / a-Si:H(p) und ITO / a-Si:H(n) durch eine entsprechende Anpassung der 

Austrittsarbeit des ITO zu verbessern. Auf Zellniveau zeigte sich jedoch ein ähnlicher Einfluss der 

ITO Dotierung für den Löcher- und den Elektronenkontakt. Dies deutete darauf hin, dass neben 

der Austrittsarbeit andere Einflussgrößen für den ITO / a-Si:H Heterokontakt zu berücksichtigen 

sind. 

 Hinsichtlich alternativer Kontaktmaterialen, die in der organischen Elektronik bereits 

Anwendung finden (Cäsiumcarbonat, Lithiumfluorid, PEDOT:PSS, Titandioxid, ITO, Molybdän-

oxid und Wolframoxid) konnte bisher kein Material gefunden werden, dass zur Ausbildung eines 

elektronenselektiven Kontakts geeignet war. Allerdings wurden vielversprechende Ergebnisse 

für den Löcherkontakt auf Teststrukturen mit PEDOT:PSS, Molybdänoxid (MoOx) und 

Wolframoxid (WOx) erzielt. Die Messung der Oberflächenphotospannung zeigte die hohe 

Austrittsarbeit der Schichten und den ausgeprägten p / n-Homoübergang, der für diese Systeme 

in dem Absorber induziert wird. Genauere Untersuchungen auf Zellniveau für die Metalloxide 

zeigten deren allgemeine Anwendbarkeit. Entweder zum Ausbilden eines direkten 

Löcherkontaktes, wenn das a-Si:H(p) ersetzt wurde oder für den Standard Silizium 

Heteroübergang zur Verbesserung des ITO / a-Si:H(p) oder AZO / a-Si:H(p) Kontaktes, wenn das 

Metalloxid als Zwischenschicht verwendet wurde. Mit MoOx als direkten Löcherkontakt konnte 

die Effizienz der planaren Solarzellen vor dem Tempern deutlich verbessert werden im Vergleich 
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zur Referenz (~18,7% vs. ~17,6%). Für WOx als zusätzliche Kontaktschicht konnte eine 

signifikante Verringerung der Transportbehaften FF Verluste im Vergleich zur Referenz erzielt 

werden. Dies zeigte sich in einem deutlichen FF Anstieg (~ 81,1% vs. ~ 79,6%). Schließlich 

wurde für WOx, welches direkt auf c-Si abgeschieden wurde (kein a-Si:H), eine Effizienz 

vergleichbar zu der Referenz beobachtet (~ 17,6% vs. ~ 17,5%). Diese einfache Struktur könnte 

ein attraktives Konzept zum Ersetzen des Al-BSF der Standard Homozellen darstellen. Mit diesen 

Ergebnisse konnte gezeigt werden, dass Kontaktmaterialen aus dem Bereich der organischen 

Elektronik interessante Kandidaten für zukünftige Silizium Solarzellen sind. 

 Schließlich wurden auch die Verluste, die durch den lateralen Transport an der Vorderseite 

von Standard SHJ Zellen entstehen, untersucht. Ein einfacher, aber erfolgreicher Ansatz zur 

Vereinfachung dieses Optimierungsproblems basierend auf der Ausnutzung der Querleitfähigkeit 

des Absorbers wurde etabliert. Dies wird durch das Umlegen des p/n-Übergang von der 

Vorderseite auf die Rückseite erreicht und führt zu geringen Anforderungen an die TCO 

Querleitfähigkeit und das Design der Gridelektrode. Dieses "Rear Emitter“ Design wurde bereits 

von verschiedenen Firmen und Instituten übernommen und hat sich als vorteilhaft in Bezug auf 

die Effizienz erwiesen. Es ist daher wahrscheinlich, dass sich dies zum Standard Zelldesign 

entwickelt.  
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1   Introduction 

1.1 Motivation 
 Around 90% of all photovoltaic (PV) modules are based on crystalline silicon. Like for other 

mass-production (electronic) devices, cost reduction is a main driver for research and 

development. The cost reduction is not directly related to the cost of the device itself but to the 

cost of PV-generated electricity. In this sense, increasing the solar cell efficiency by applying 

advanced cell architectures is one route for crystalline silicon wafer based PV to achieve 

significant cost reduction. This applies especially to the case when high-quality mono crystalline 

silicon (c-Si) wafers are used as absorber material. For this absorber material silicon 

heterojunction (SHJ) solar cells are a promising high-efficiency cell design for which the higher 

production and material cost could translate into lower costs per Watt peak (€/Wp) on module 

level [1], [2]. 

 The unique feature of SHJ cells is that hole and electron selective contacts (emitter and 

back/front surface field) can be formed without significantly increasing the overall minority 

carrier recombination of the solar cell. This is the decisive difference compared to the 

homojunction cells currently dominating the market. For the latter the realization of hole and 

electron collecting regions comes at the expense of increased intrinsic and extrinsic 

recombination in the bulk and at the surface of the doped c-Si regions and even more important 

at the metal/semiconductor contacts. This leads to two basic advantages of SHJ cells over the 

classical homojunction cells. Firstly, the low minority carrier recombination allows for very high 

voltages at both open-circuit and maximum power point conditions. Hence, if well designed such 

devices are characterized by a much higher efficiency potential enabled by a higher open-circuit 

voltage (Voc) and fill factor (FF). The absence of recombination at the metal/semiconductor 

contacts is the most import feature which enables such low recombination losses. The latter also 

leads to the second advantage over homojunction cells, the possibility to apply a simple one-

dimensional junction design. Hence, structuring and alignment steps as e.g. in PRC (partial rear 

contact) cells are not needed during cell production and geometrical constraints, caused by the 

need to optimize regions for either low recombination or efficient carrier extraction / transport, 

are not dictating the optimum device design.  

 While for homojunction cells much knowledge was gathered in the last decades, SHJ cells are 

still rather novel. The classical SHJ combines the advantages of the wafer-based solar cells (high-
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quality crystalline absorber) and the silicon thin-film solar cells (silicon thin-films and 

transparent conducive oxides for selective contacts). Both solar cell approaches on their own can 

benefit from extensive research and development in laboratories and industry over the last 

decades and even more knowledge was gathered for other electronic devices where silicon thin-

films are involved including transistors and (light emitting) diodes. 

 To date the formation of the hole and electron selective contacts in SHJ cells is mainly realized 

by amorphous silicon (a-Si:H). This material has already proven to be a very promising candidate 

as demonstrated by the very high efficiencies reached by various companies and research 

institutes [3]. For the champion cells from Panasonic and Kaneka outstanding efficiencies of 

24.7 % [4] and 24.2 % [5] for large-area devices on Cz wafers using screen printing and Cu 

plating have been reported, respectively. Especially for open-circuit conditions the junction 

recombination can be very efficiently suppressed by these a-Si:H / c-Si SHJs so that device 

recombination is mainly due to intrinsic recombination of the high-quality crystalline silicon 

absorber. This allows for very high open-circuit voltages (Voc) of 750 mV [4] which are only about 

10 mV below the upper limit that is determined by the high-quality crystalline silicon absorber 

[6]. This clearly demonstrates that a-Si:H / c-Si SHJ cells can show a nearly ideal device 

performance for the operation at open-circuit conditions. However, in terms of solar cell 

efficiency the losses at maximum power point are decisive. Consequently, besides an 

improved light management (higher Jsc), a further reduction and understanding of the losses at 

maximum power point conditions (higher fill factors) is essential to improve the device 

performance even further and to evaluate the potential of alternative contact materials such as 

metal oxides for future device structures.  

 For such rather novel SHJ like approaches, metal oxides and other contact materials adopted 

from organic electronics might be interesting candidates to replace the silicon thin films typically 

applied as contact layers. Such materials might allow for a wider variation of the heterojunction 

properties enabling superior junction properties in terms of transparency (higher Jsc), defect 

density (higher Voc) and doping efficiency and more suited work functions (higher FF). 

Improving the temperature stability of the junctions, to allow for higher temperatures for back-

end processing (TCO, metallization, module integration), is another driver for reserve on such 

rather novel contact schemes. Regarding the latter, especially novel or rediscovered approaches 

based on ultrathin dielectric passivation layers and doped poly silicon like contact schemes have 

already proven to be interesting candidates [7], [8]. 



- 3 - 
 
1.2 Research objectives 
 The objective of this thesis is to improve the understanding of the operation principles of 

silicon wafer based heterojunction solar cells. The main focus is set on understanding and 

improving the device limiting fill factor issues linked to recombination and ohmic and non-ohmic 

transport losses. Another objective, which is closely linked to this, is dealing with the 

identification and evaluation of rather novel contact materials for c-Si based solar cells. These 

problems are tackled experimentally and by numerical device simulations. 
 

The main points can be summarized as follows:  

Provide a simple but meaningful methodology to evaluate different contact schemes 

regarding their ability to form a carrier selective contact (emitter/BSF). The key point is 

to analyze whether Voc and FF are limited by “classical” losses such as surface passivation 

and ohmic losses or if a non-ideal carrier extraction is limiting the solar cell 

characteristics. Rather than reaching high efficiencies, the focus is on building a deeper 

understanding of non-classical losses since this constitutes the basis for an efficient 

engineering of such contact schemes.  

Gain a detailed understanding of the FF losses limiting the “classical” silicon 

heterojunction cells. Distinguish between losses caused by ohmic and non-ohmic carrier 

transport and carrier recombination. Find and investigate approaches to reduce these 

losses. 

Screen different “non-classical” contact schemes formed by low-temperature processing 

regarding their potential for future applications.  

Utilize the gained understanding to improve cell performance and integrate novel 

contact materials in solar cells.  
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1.3 Outline 

 This manuscript is divided in the following chapters:  

 Chapter 2 reviews the main theory needed for the discussion in the following sections, namely 

c-Si surface passivation, carrier extraction and the fundamental parameters of the current-

voltage characteristic.  

 Chapter 3 addresses the sample preparation and the metrology used throughout this thesis.  

 Chapter 4 is based on device simulations. First, the need to balance recombination, ohmic and 

shading losses at the front side of a solar is motivated. Distinctive differences between 

heterojunction and homojunction solar cells are pointed out. Then, the basic requirements for a 

carrier-selective contact scheme are motivated. The actual contact properties which are needed 

to ensure an efficient extraction of excess carriers and voltage from the absorber are identified. It 

is found that it is important to distinguish two limiting cases: . 

i)  Providing a high excess carriers density within the absorber by an efficient surface 

passivation of the absorber, which defines the extractable voltage.  

ii)  Enabling a lossless extraction of this excess carrier and voltage from the absorber. 

 Chapter 5 addresses the c-Si surface passivation by a carrier-selective contact scheme. The 

main objective is the analysis of the injection-level dependence of the c-Si surface passivation by 

a-Si:H. It defines the excess carrier density within the absorber and hence the upper limit of the 

extractable voltage. An integral assessment of the Voc and FF limitation by minority carrier 

recombination is performed as this defines the upper efficiency limit that would be reached if 

voltage extraction by the contacts is ideal (for simplicity, voltage “extraction” is used in the 

following to describe the ability of the contact to maintain the majority carrier Fermi-level).  

 Chapter 6 tackles the question of the excess carrier extraction from the absorber. To this end, 

different contact materials are evaluated. Doped amorphous silicon, metals and rather novel 

materials adopted from organic electronics are investigated using test structures, and if 

promising, applied to solar cells. New approaches are introduced which allow to distinguish 

whether surface passivation or excess carrier extraction is the limiting case. 

 Chapter 7 deals with the ohmic losses at the front side. The trade-off between an efficient 

lateral carrier transport enabled by both, a reasonable pitch of the metal grid electrode and the 

TCO conductivity and the corresponding optical losses caused by grid shading and free carrier 

absorption in the TCO are analyzed. A simple yet successful approach to facilitate this 

optimization problem is presented.  

 Chapter 8 summarizes the main finding of this thesis and gives an outlook for future work.  
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2   Fundamentals of Solar Cell Device Physics  
This chapter reviews the main theory needed for the discussion in the following sections, namely 

basic operation principles of a solar cell, the recombination of excess carriers and the 

fundamental parameters of the current-voltage characteristic1. Most discussions are based on 

the approach from the textbook from Würfel [9] according to which “The structure of a solar 

cell is much better represented by a semiconducting absorber in which the conversion of solar 

heat into chemical energy takes place and by two semi-permeable membranes which at one 

terminal transmit electrons and block holes and at the second terminal transmit holes and 

block electrons”. This approach is quite distinct from most standard textbooks. Furthermore, an 

historical review of alternatives to the classical homojunctions are presented and important 

physical aspects are pointed out. 

 

2.1 Semiconductor equations  
 

Current equations for hole and electrons in one direction  

 Two forces are acting on electrons and holes and causing a current flow. A diffusion-driven 

current is caused by an inhomogeneous carrier density, i.e. a gradient of the chemical potential. A 

drift-driven component due to an electric field, i.e. a gradient of the electrical potential ( ). Both 

forces result in a net force which is the gradient of the electrochemical potential. As the 

electrochemical potential is also expressed by the quasi-Fermi level (QFL) of holes (Ef,p) and 

electrons (Ef,n) the contribution of this forces to the hole (Jn) and electron (Jp) current can be 

expressed by [9] 

 

                                                        
1 
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(2.1) 

  (2.2) 

where p and n are the hole and electron densities, respectively. μp and μn denote the respective 

mobility and Dp and Dn the diffusion constant. In consequence a hole and electron current is 

caused by the gradient of their respective QFL. This is depicted in Figure 2.1 for different 

conditions with the help of a band diagram. 

 The total current of charge carriers is determined by the sum of this hole and electron currents 

and replacing the mobility and carrier density in the last term in equations (2.1) and (2.2) by the 

respective conductivity of holes and electrons (σ) leads to [9]  

 The last term shows the important relation between the hole and electron conductivity and 

the gradient of the respective QFL driving the current.  

 With respect to the engineering of a solar cell, different device regions must be designed in such 

 (2.3) 
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a way that that total current in one direction is dominated either by the hole or the electron 

current. Equation (2.3) reveals that for the hole selective contact, this can be achieved if the 

electron conductivity (σn) is reduced to a minimum while the hole conductivity (σp) should 

remain sufficiently high such that a negligible gradient of Ef,p is needed to drive the hole current. 

The importance of such an asymmetry in the hole and electron currents will be discussed in 

detail in section 4.2. 
 

Poisson’s equation  

 The electric field (E), i.e. the gradient of the electrical potential which is driving the drift current 

results from the charge density (Q) in the semiconductor 

With εr and ε0 the permittivity of the respective material and the vacuum, respectively. The charge 

density Q is defined by the mobile charges of the free holes (p) and free electrons (n). Fixed 

charges are represented by ionized dopant atoms and the charged defects states. The ionized 

donors (ND+) are positive and ionized acceptors (NA-) are negative. The contribution of defect 

levels to the net charge is described by Ntr+ and Ntr-. 

 One important quantity related to the electric field is the depletion layer width or screening 

length (Ls) of a junction. Ls describes how far an electric field penetrates into the semiconductor 

and can be expressed by 

 The first square root corresponds to the Debye length of the respective material. The second 

one describes the magnitude of the electrical potential difference which has to be screened in the 

material. Vbi is the built-in potential of a junction which for the classical p/n-junction is defined 

by electrical potential difference which in turn results from the charges of the ionized doping 

atoms on either side of the junction. For a metal / semiconductor like junction Vbi is the result of 

the work function difference between the materials in contact.  

 

 

 

 (2.4) 

 
 

(2.5) 
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Continuity equation  

 The fact that a local increase or reduction of charge carriers is caused by the generation and 

recombination of carriers and a charge carrier flow is expressed by:  

(2.6) 

(2.7) 

With the generation rate G and the recombination rate R. While the photo-generation of excess 

carriers is not treated here the annihilation of excess carriers by recombination and the 

corresponding change of carrier density will be addressed below.  

2.2 Recombination processes2  
 For crystalline silicon the annihilation of excess carriers occurs via three recombination paths 

in parallel. Two of them are intrinsic processes, namely (i) radiative band-to-band recombination 

and (ii) Auger recombination while (iii) defect or impurity recombination through states within 

the bandgap either in the bulk or at the surface of silicon is presenting an extrinsic recombination 

path. Preventing this extrinsic recombination path is one of the major challenge for the 

engineering of solar cell.  

 The different recombination processes are typically characterized by their average carrier 

lifetime (τ), which is the average residence time of an excess carrier in the valence or conduction 

band before it is annihilated by recombination. This lifetime is defined as the ratio of excess 

charge carrier density (Δn) and the net recombination rate (R) 

with Δp = Δn, i.e. an equal excess carrier density of holes and electrons.  

 The experimentally determined lifetime is influenced by all processes as they occur 

simultaneously. This lifetime is referred to as average effective lifetime (τeff). As the 

recombination rates of the individual paths (Ri) are additive τeff can be expressed as sum of the 

reciprocal of each individual lifetime τi 

                                                        
2 For an excellent and recent overview on the recombination processes in the bulk and at the surface of crystalline silicon it is referred to [27]. For the 

recombination in amorphous silicon to Ref [20].

 (2.8) 

 (2.9) 
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Radiative band-to-band recombination 

 The radiative recombination event is presenting the invers process of the photon absorption. 

During band-to-band recombination the energy of the electron-hole pair is passed to one photon. 

As one electron and one hole need to be involved, the recombination rate (Rrad) is proportional to 

the density of the free holes times free electrons. 

With B the coefficient of radiative recombination and p ∙ n =  (p0 + Δn) ∙ (n0 + Δn), where p0 and n0 

are the hole and electron density in thermal equilibrium, respectively. ni is the intrinsic carrier 

density. It can be seen that the key driver for recombination is the deviation between the actual 

carrier density and equilibrium carrier density that is expressed by the term in the parenthesis.  

 The corresponding lifetime is  

Depending on the injection conditions, one of the summands in the denominator is dominating 

the lifetime. For low injection conditions when the excess carrier density is well below the 

equilibrium carrier density which is typically defined by the concentration of the density ionized 

dopant atoms (Δn  p0 + n0 ≈ Ndop), the first summand dominates. τrad is reduced with higher 

doping. For high injection conditions on the other hand for which the excess carrier density 

exceeds the equilibrium carrier density (Δn  p0 + n0 ≈ Ndop), τrad depends only on Δn. However, 

irrespective of the injection conditions, for crystalline silicon τrad is rather large not limiting the 

overall recombination. This is explained by the quantity of B which is small as compared to e.g. 

direct band gap materials. For crystalline silicon, being an indirect band gap material, a phonon 

needs to be involved as well which makes this recombination process less likely compared to the 

two discussed in the following. 
 

Band-to-band Auger recombination 

 For crystalline silicon Auger recombination is the more relevant intrinsic recombination path. It 

requires the interaction of three particles. The recombination rate for two holes and one electron 

is Rhhe. For two electrons and one hole is Reeh. Unlike for radiative recombination, the energy of 

the electron-hole pare is passed to either a hole or an electron and not to a photon. The need for a 

third particle makes Auger recombination more likely at higher carrier densities, e.g. in highly 

doped material or for high injection conditions. 

 ) = ) (2.10) 

 (2.11) 
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 The net Auger recombination rate (RAuger) is the sum of both processes which are proportional 

to the carrier densities involved 

With Cn and Cp being the respective Auger coefficients. The Auger lifetimes for low injection for a 

n-type silicon can be approximated by 

for high injection conditions with 

It follows that for low injection τAuger strongly depends on the doping and for high injection on the 

excess carrier density.  

 For a recent parametrization of the combined influence of radiative and Auger recombination it 

is refereed to Ref [28]. 
 

Defect recombination in the bulk 

Defect recombination is caused by defects states with in the bandgap owing to impurities, but 

lattice defects can also be involved. A model was first presented by Shockley, Read [29] and Hall 

[30] (SRH recombination statistics) which is sufficient for most cases. The net recombination rate 

for a single defect reads 

with the characteristic capture times or lifetimes for holes and electrons 

which are defined by the density of traps (Ntr), the respective capture cross sections (σSRH) and 

the thermal velocity (vth). 

are quantities taking the occupation of the trap level into account. The numerator in the exponent 

relates the energy level of the trap (Etr) to the valence band energy (EV) and conduction band 

 ) (2.12) 

 (2.13) 

 (2.14) 

 (2.15) 

 (2.16) 

 (2.17) 
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energy (EC). NV and NC are the density of states in the valence and conduction band, respectively. 

The corresponding SRH lifetime is 

The influence of the different parameters in the equations (2.15) to (2.17) on τSRH are discussed 

in details in section 5 and 7.  

 According to equation (2.9) the effective bulk recombination lifetime can be expressed by 

For the results presented in this thesis, the influence of τSRH can be neglected since high quality 

float zone silicon was used as substrate material. Hence, the contribution of the absorber to the 

bulk recombination is limited to the intrinsic recombination processes. However, the measured 

effective lifetime is influence by the bulk and surface recombination according to 

Unlike for the bulk, defect recombination at the surface can not be neglected. It follows that the 

measured effective lifetime for the investigations performed in this thesis is defined by the 

interplay between the intrinsic recombination in the c-Si bulk and the defect recombination at or 

near the surfaces of the c-Si wafer.  
 

Defect recombination at the surface  

 At the surface of the c-Si wafer the crystal lattice is interrupted and neighboring c-Si atoms do 

not exist. Such a surface or more precisely the interface formed with the adjacent thin film can 

host a large density of surface states which are continuously distributed over the band gap. The 

annihilation of excess carriers by recombination is very efficient under such conditions. 

Accordingly, the surface of the wafer can act as a sink for the excess carriers causing a hole and 

electron current to flow into this device region. This diffusion current is driven by the reduction 

of the hole and electron density at the surface via recombination. Basically, the recombination at 

the surface can be treated similar to bulk. As the total recombination rate is the sum over the 

contribution from each energy interval the surface recombination rate (Rs) reads [31] 

 (2.18) 

 (2.19) 

 (2.20) 
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With ps and ns the hole and electron density at the surface, respectively. Here, the bulk 

recombination rate (R) having the unit cm-3 s-1 is replaced by a surface recombination rate (Rs) 

having a unit per area, i.e. cm-2 s-1. Furthermore, the bulk defect density (Ntr) is replaced by 

energy dependent interface defect density (Dit) and the capture cross section becomes energy 

dependence as well. 

 The influence of the different parameters is discussed in detail in section 5 and 7 but two 

fundamental strategies exist to minimize Rs. (i) Minimizing the density of defects, i.e. minimizing 

the density of recombination sites. This is referred to as chemical passivation as it is achieved by 

the saturation of the silicon dangling bonds with atoms of a passivating thin film. (ii) Minimizing 

either the hole or the electron density at the surface. In this case the absence of one charge 

carrier species is limiting the recombination event of the electron-hole pair. This is referred to as 

field-effect passivation and results from a diffused or induced junction.  

 Unlike for the bulk the ratio of the excess carrier density at the surface (∆ns) and Rs is not 

expressed by a surface lifetime but by the surface recombination velocity (S) 

To take the modification of the hole and electron density at the surface with respect to the bulk 

by the diffused or induced junction into account an effective surface recombination velocity (Seff) 

is introduced. This quantity describes the recombination at a virtual surface at the edge of the 

depletion region rather than directly at the surface  

With Δnbulk the excess carrier density in the bulk. 

 The recombination at the interface formed between a dielectric passivation layer and the c-Si 

surface is studies extensively in literature, e.g. [32], [33], [27]. The recombination at the interface 

between a semiconductor (a-Si:H) and c-Si is studied in [19], [21], [34].  

 

 

 

 (2.21) 

 (2.22) 

 (2.23) 
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 The measured effective lifetime for the investigations presented in this thesis is defined by  

where defect recombination at the surface is expressed by the last summand. W it the thickness 

of the c-Si wafer. The interplay between the intrinsic recombination in the c-Si bulk and the 

defect recombination at or near the surfaces of the c-Si wafer is investigated in detail in section 5. 

2.3 Fundamental considerations on the excess carrier extraction  
 The thermodynamic losses caused during photovoltaic energy conversion [35], [9], [36] can be 

illustrated with the help of a band diagram as shown in Figure 2.2a. From the left to the right, a 

part of the photon´s energy is lost due to cooling down of the photogenerated electron-hole pairs 

close to the band edges. The mean energy after this thermalization is further reduced by the 

generation of entropy. The latter is related to the rate of excess carrier generation, recombination 

and extraction which defines the density the remaining excess carriers [35], [9], [36]. The free 

energy of the system is than defined by the splitting of the hole and electron quasi Fermi-level 

(QFL, Ef,p and Ef,n), i.e. the implied voltage (iV) which follows from  

(2.25) 

 with Δn = Δp. This quasi Fermi level splitting describes how far the excess hole (∆p) and electron 

(∆n) density deviates from the equilibrium hole (p0) and electron (n0) density owing to the 

interplay between carrier generation, recombination and extraction. Hence, the splitting of the 

 (2.24) 
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Fermi-levels is the main objective of a solar cell. 

 In principle, losses caused by thermalization can be partly overcome by an appropriate solar 

cell design (multiple band gaps, hot carrier devices) but are intrinsic losses for a given system. 

The splitting of the QFL on the other hand, i.e. the excess hole and electron density can be 

influenced to a large extend. Increasing the density of photo-generated excess carriers, lowering 

their annihilation by recombination and reducing their flow into the external circuit increases the 

excess carrier density and thus the QFL splitting. For open-circuit (OC) conditions, when no 

excess carriers are extracted from the device, the corresponding implied voltage (iVoc) is defined 

only by the excess carrier density resulting from the balance of carrier generation and 

recombination. As the carrier generation is more or less constant for a given system, minimizing 

the recombination losses is of major importance to maximize the excess carrier density and 

hence the voltage. However, no power is generated at open-circuit conditions as no carriers exit 

the device, i.e. as no external current flows. For the maximum power point (MPP) conditions, 

when the product of the external current density (JMPP) and the external voltage (VMPP) has its 

maximum. The voltage is lower as compared to open-circuit conditions since carriers are 

extracted from the absorber. For short-circuit conditions the excess carries are extracted 

instantaneously from the absorber as they can travel from the electron contact to the hole 

contact via the external circuit without encountering any resistance. For this conditions no excess 

carrier remain inside the device. Accordingly, no splitting of the QFLs occurs and no voltage is 

generated.  

 For the considerations above (Figure 2.2a), hole and electron contacts have been assumed 

which ensure the lossless extraction of the hole QFL of the absorber at the hole contact and the 

electron QFL at the electron contact. This means the implied voltage built up in the absorber can 

be fully extracted at the external terminals. This is not the case for Figure 2.2b where a significant 

gradient in the hole Fermi-level in the contact region is indicating a voltage loss in the contact 

region. It can be seen that the external voltage drops below the implied voltage for such 

conditions. The ability of a contact to maintain the hole QFL at the hole contact and the electron 

QFL at the electron contact is defined by hole and electron conductivity in the respective contact 

region [9]. For the carrier species for which the contact is intended to be selective, the local 

conductivity must be sufficiently high during operation to guarantee that a negligible gradient in 

the QFL is needed to drive the respective current into the external electrodes. On the other hand, 

the local conductivity of the carrier species that shall be blocked must be as small as possible to 

prevent current to flow of the “wrong” carrier species in the same direction. According to 
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equation (2.3), this guarantees that the total current at the hole (electron) contact is dominated 

by the hole (electron) current while the electron (hole) current is negligible. In other words, a 

strong asymmetry of the local hole and electron conductivity during operation must be ensured. 

For the experimentally relevant systems, the conductivity is almost exclusively tuned by the 

carrier density. A sufficient high doping or an induced junction ensure that already during 

equilibrium a pronounced asymmetry exist. The doping and the induced junction of a hole 

(electron) contact must be chosen in such a way that the much higher hole (electron) density is 

also maintained during operation when additional excess electrons (holes) are generated or 

injected in the contact region.  

 It should be noted that the claim for the local asymmetry in hole and electron conductivity is 

similar to one of the basic assumptions that must be fulfilled for the validity of the classical p/n-

junction theory [37] and the derived diode equitation (discussed below). A basic requirement is 

that low-injection conditions in the contact region are maintained during operation. This means 

that the generated or injected minority carrier density must remain small compared to the 

majority carrier density. If this is expressed in terms of conductivities, for a hole (electron) 

selective contact it reads – the electron (hole) conductivity must remain small compared to the 

hole (electron) conductivity.  

 However, besides maintaining the Fermi-level in the respective contact region, a contact must 

also enable a high splitting of the QFL in the absorber to ensure that the extractable voltage is on 

a high level. In this sense, the contact must be optically transparent to enable the generation of 

excess carriers in the absorber and recombination of the excess carriers must be reduced to a 

minimum.  

 However, the way in which a preferred conductivity of either holes or electrons is 

experimentally realized (e.g. doping, induced junctions) typically comes at the cost of increased 

recombination losses. Hence, the major challenge with respect to contact engineering is to find a 

contact system which enables the preferred conductivity of holes and electrons in specific device 

regions without adding significant recombination losses. For such an idealized contact system the 

recombination losses of the absorber would limit the efficiency. 

 In section 4.2 the important aspect of a contact schemes which enable a low recombination, i.e. 

and efficient surface passivation and more important the selective excess carrier extraction are 

investigated in detail by numerical device simulations. Section 5 and 6 tackle the surface 

passivation and the selective excess carrier extraction experimentally, respectively.  
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 It should be noted that besides in the textbook from Würfel [9] the issues of a non-ideal voltage 

extraction from the absorber is discussed in two PhD thesis from Fraunhofer ISE. Fischer [38] (p. 

161) described the problem of a gradient in the hole QFLs for hole contact of homojunction 

(PERC) cells mathematically. Pysch [22] investigated the hole contact of heterojunction cells. In a 

recent publication from Würfel et al. [39] the issues discussed in a textbook from Würfel [9] are 

investigated by numerical device simulation providing good overview of this problem.  

2.4 Diode equation and J-V parameters 
 

The double-diode model  

 For well working devices the illuminated current-voltage (J-Vlight) characteristic can be 

approximated by the dark forward current-voltage (J-Vdark) characteristics of the p/n diode from 

Shockley [40] and Sha et al. [41] which is shifted by a voltage independent photo-generated 

minority carrier current (Jph) [42], [43]. This is illustrated in Figure 2.3a and expressed by  

(2.26) 

The corresponding equivalent circuit is shown in Figure 2.3b. The dark characteristic of the p/n-

junction is described by the first three summands in the equation above. The voltage 

independent photo-generated excess carrier current (Jph) is given by the last summand. The 

rectifying behavior of the junction and the exponential dependence of the current on the applied 

terminal voltage for forward biasing are determined by the first two summands. The third 

summand takes current losses by an ohmic shunt resistance (Rp) into account. The reduction of 

the terminal voltage by an ohmic series resistance (Rs) is considered by the second summand in 

the numerator of the first three summands. 

 According to the general explanation of a p/n-junction, for the case that a positive voltage is 

applied. Majority carriers from the p-type material (holes) will flow in the n-type material and 

vice versa. Once the other part of the junction is reached these carriers are minority carriers 

which eventually recombine. This is the cause for the recombination driven forward current over 

the junction which increases exponentially with the voltage. For the solar cell this current is 

representing a parasitic current (red in Figure 2.3a) as it is competing with the voltage 

independent current of the photo-generated excess carriers blue in Figure 2.3a). The 

superposition of both yields the actual J-Vlight characteristic. Equation (2.26) reveals that a low 

recombination current calls for minimizing the recombination current prefactors (J0) while the 
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ideality factors (n) [44] influence the slope of the exponential increase of the parasitic current. 

Two different J0 and n values are considered to take two different recombination path into 

account. They are chosen in such a way that the first summand describes the regime of higher 

voltages where the recombination current is in the range of 

second summand describes the 

recombination current for lower voltages where the recombination current is moderate. J0,2 is 

representing the dominant recombination near MPP conditions. It should be noted that 

recombination currents recombination occurring in the bulk of the junction 

region and at its surface. Similar to the definition used for Seff in equitation (2.23), the 

recombination currents can be expressed by a currents into a virtual surface at the edge of the 

depletion region rather than directly at the surface. It reads 

(2.27) 

where iV is the QFL splitting at the edge of the depletion region, i.e. the implied junction voltage. 

The latter is linked to the product of the local hole and electron density which in turn follows 

from the local equilibrium hole and electron density which is defined by the diffused or induced 

junction (p0, n0) and the excess carrier density. A basic assumption for the applicability of the 

diode model is that this junction voltage matches the terminal voltage in equation (2.26). 

J0
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[16] 

and for more recent consideration to Ref [45]. 

 Finally, it should be noted again that one requirement for the validity of equation (2.26) is that 

low-injection condition in the contact region are maintained during operation. In other words, 

that the implied junction voltage from equation (2.27) is maintained in the junction region such 

that the terminal or external voltage matches the implied junction voltage (Figure 2.2a). If this is 

the case the cell characteristic is defined solely by the “classical” recombination and ohmic 

transport losses as described by the diode model. However, an important aspect of this work are 

“non-classical” recombination and transport losses. As will be shown, for such conditions the 

external voltage can drop below the implied junction voltage (Figure 2.2b) and equation (2.26) 

fails to describe the J-V characteristic properly.  

 A simple approach for the identification of such effects is to check for characteristic features of 

the cell characteristics which reveal that the cell does not obey the standard p/n-junction theory 

and the diode equation. To this end, the illumination level and temperate dependence of the cell 

characteristic are investigated in section 6.  

 

Parameters of the J-Vlight characteristic  

 Three fundamental parameters and working condition are used to analyze the J-Vlight 

characteristic (Figure 2.4). For the short-circuit (SC) condition no power (P = V J) is generated as  

the external voltage is zero. Almost all carriers can exit the device, thus the lowest excess carrier 

density within the device is observed. The short-circuit current (Jsc) equals the generation 

current (Jph) from the whole device reduced by the recombination current at zero voltage as can 

be derived from equation (2.26). The Jsc is the current of the photo-generated minority carriers 
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which managed to survive the journey from their place of generation to the separating junction. 

For forward biasing the recombination currents increase which means that Jph is reduced by the 

latter (Figure 2.3a). Hence, the external current of the solar cell is reduced. For a low external 

voltage the parasitic current via Rp is typically dominating over the recombination currents. The 

most efficient working condition is obtained for the maximum power point (MPP) where the 

product of external voltage (VMPP) and current (JMPP) has its maximum (green line in Figure 2.4). 

For further forward biasing open-circuit (OC) conditions are reached when the recombination 

currents eventually match Jph (Figure 2.3a). No external power is generated for this condition as 

no carriers exit the device (J = 0). The highest carrier density within the device is observed and 

all generated carriers must recombine in the device. Equation (2.26) reveals the MPP and OC 

conditions are shifted to higher external voltages the lower the recombination currents are. 

Consequently, low J0’s are mandatory to ensure a high VMPP and Voc.  

 The ratio of power at MPP (PMPP) and the input power from illumination (Pin) defines the 

efficiency (η) for the conversion of radiative in electrical power by the solar cell  

where FF is the fill-factor. It is defined by the ratio of maximum power output of the device and 

the product of Jsc and Voc 

It describes the “squareness” of the J-V curve and is a measure for the transport and 

recombination related losses. In this work, rather than maximizing the efficiency, minimizing and 

understanding this transport and recombination related losses is of major concern. Accordingly, 

the FF plays an important role in this thesis.   

 (2.28) 

 

(2.29) 
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2.5 Alternatives to homojunctions – basic concepts and history3 
 A brief overview of the existing alternatives to homojunctions is presented in the following. 

These approaches share the basic characteristic that the p/n-junction or the high/low-junction 

are not formed by doping of the absorber but rather by a junction with is induced into the 

absorber. This is achieved by a suitable layer or layer stack which is deposited or grown on top of 

the c-Si surface. For example, for the hole selective contact of an n-type c-Si absorber the surface 

becomes inverted if a films with a high work function is placed on top of the absorber. This 

results in a highly hole populated c-Si region similar to the case for a p-type doping close to the 

absorber surface. The absence of the highly doped c-Si regions and the possibility to provide a 

passivation of the c-Si surface provides the decisive advantage in terms minority carrier 

recombination while maintaining the rectifying properties of the classical p/n-junction and 

high/low-junction. In other words the metallurgical heterojunction induces a homojunction 

within the c-Si absorber and passivates the surface of the absorber while allowing for an efficient 

transport of carriers into the electrode. This is the reason why the J-V characteristic of properly 

designed induced junction devices can be described by equation (2.26) which is, strictly 

speaking, derived for a homojunction formed by the doping of the absorber surface. A good 

overview on such induced junction devices using is given in Ref [46]. A large group of devices can 

be assigned to this class of solar cells ranging from metal-semiconductor (MS) and metal-

insulator-semiconductor (MIS) to semiconductor-insulator-semiconductor (SIS) like approches.  

 

Discovery of the heterojunction 

 The application of heterojunctions for electronic devices was proposed in the 1950s by 

Shockley [47] in order to overcome the given limitations for homojunctions. In contrast to 

homojunction devices where engineering of the material and junction properties is limited to the 

doping type and profile as well as the device geometry, heterojunction device engineering quickly 

proved to have unprecedented degrees of freedom.  

 The heterojunction approach applied to solar cells is somewhat inspired by the heterojunction 

transistor first proposed by Shockley in 1951 [47] and in 1954 discussed in detail by Kroemer 

[48]. The latter received the Nobel prize in 2000 for “developing semiconductor heterostructures 
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used in high-speed and opto-electronics”. The advantage of a heterojunction over a homojuncton 

for a transistor was summarized by Kroemer as; 

“In order to obtain a low ratio of electron to hole current (which means a high selectivity of 

the contact, in this case to holes), it is necessary in a semiconductor with constant band gap 

to dope the p-side of the junction much more heavily than the n-side. There are practical 

limits, however, as to the magnitude of doping possible, and there are situations where a high 

doping of the emitter is undesirable for other reasons. In all cases, an improvement could be 

obtained if the injection deficit (which means the opposite of selectivity) could be decreased 

by other means instead of, or in addition to, the high doping.” [48]  

“The underlying central principle is the use of energy gap variations beside electric fields to 

control the forces acting on electrons and holes separately and independently of each other. 

The resulting greater design freedom permits a re-optimization of doping levels and 

geometries ….By a judicious combination of energy gap variations and electric fields it then 

becomes possible, within wide limits, to control the forces acting on electrons and holes, 

separately and independently of each other, a design freedom not achievable in 

homostructures.” [49] 

 In Figure 2.5a the band diagram of such a wide-gap emitter is shown. It can be seen that the 

higher Eg of the p-type emitter adds an additional barrier for the electrons from the n-type base 

without changing the doping of the emitter region and without influencing the hole current from 

the emitter in the base. In this case the additional barrier in the conduction band results from a 
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graded electron affinity which is increasing towards the base. Another significant advantage of 

the wide gap layer that is not apparent from this graph is that its intrinsic carrier density is lower 

compared to a material with a lower band gap. The drop of ni with increasing band gap (Eg) reads  

According to  and n0 =  / p0 =  / NA the electron density and hence electron 

conductivity is decreased in the p-type emitter. This also means that the asymmetry of the hole 

and electron conductivity in the hole contact region is more pronounced. It results in a lower 

electron (or recombination) current according to  

which improves selectivity of the contact to holes in addition the heterobarrier. It means that 

besides increasing the hole density by doping (or an induced junction) increasing the band gap 

offers another degree of freedom to lower the parasitic electron current. The modification of the 

asymmetry of the hole and electron density, i.e. the reduction of the electron density by the 

increase of Eg and p-type doping is shown in Figure 2.5b. 

 It should be noted that unlike the current III-V heterojunction device (transistors, LEDs, solar 

cells) for silicon heterojunction solar cells the junction is not formed between two high quality 

crystalline materials. While the silicon absorber can be a quality crystalline material, this is 

typically not the case for the contacting thin films. These are either amorphous or contain a 

certain crystalline fraction. The abundance of defects in such materials leads to doping 

efficiencies, mobilities, lifetimes and diffusion length which are much lower compared to a 

crystalline material. Hence, another distinction to III-V devices is that the reduction of 

recombination at the metallurgic interface is not based on lattice matching but on an amorphous 

buffer layer for which hydrogen and oxygen atoms are involved in the chemical passivation of the 

interface. In addition, compared to the III-V systems fewer degrees of freedom exist to tune the 

material and the heterojunction properties. 
 

(2.30) 

(2.31) 
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SIPOS and poly-silicon emitters:  

 The most prominent (but not the first) transfer of a heterojunction from a silicon based 

heterojunction bipolar transistors (HBT) [51] (1979, Sony) to a silicon based solar cell was done 

in 1984 by Yablonovitch et al. which nicely showed the very low recombination and high Voc 

potential of such a contact scheme [50]. 

“… a narrow band-gap active layer (the absorber) is sandwiched between two wide band-gap 

layers of opposite doping …. It is usually assumed that the wide band-gap heterocontact 

layers must be single crystal and lattice matched to the active layer to assure high 

performance. While this has been very successful for the III-V class of semiconductors, it is not 

actually a necessary condition. The wide band-gap layers need only be of sufficient electronic 

quality to support the quasi-Fermi Ievel separation in the high quality narrow-gap active 

layer. Due to its larger band gap, the heterocontact material may be disordered and of poor 

quality and still be able to support the voltage generated in the active layer (i.e. maintain a 

constant majority carrier Femi-level  in the wide band gap layer). That is the key point. The 

other main point is that the interface states at the heterocontacts must be passivated.”  

 A very high Voc of 720 mV was obtained thanks to a passivating and carrier selective n-doped 

SIPOS (semi-insulating polycrystalline silicon [poly-Si]) emitter for the structure shown in Figure 

2.6a while the aspect of an efficient current extraction (FF) and parasitic absorption remained 

unknown. 
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 However, it should be noted that, as well as for a poly-Si, depending on the thermal budget 

applied during processing the out diffusion of doping impurities into the absorber might lead to 

the formation of a lightly doped and shallow homojunction [16] as sketched in Figure 2.6b. In this 

case the SIPOS serves the purpose of a doping source that remains an active part of the device, i.e. 

is not removed. It is featuring the unique property of providing a c-Si surface doping that is 

sufficient high to form a junction but low enough to prevent the detrimental effects associated 

with commonly applied doping schemes, e.g. increased Auger recombination, band gap 

narrowing and a less efficient passivation of highly doped surfaces. The interfacial oxides 

provides excellent passivation of this lowly doped (or undoped) electrically transparent diffused 

(or induced) emitter. At the same time, thanks to its high band gap and low ni, SIPOS is 

eliminating the recombination at the metal / SIPOS interface. For the case without out-diffusion 

the structure corresponds to an SIS like structure featuring an induced junction. For the case with 

out-diffusion it might be described as an buried homojunction [14] or an MINP structure (more 

below) where the oxide and the high band gap SIPOS are passivating the shallow homojunction 

underneath.  

 Recent results from Fraunhofer ISE [52] and ISFH [53], [8] connect to the pioneering work of 

poly silicon based contacts [54], [55], [56], [57]. The TOPCon (tunneling oxide passivated 

contact) scheme developed by Feldmann et al. at ISE [45] could demonstrate that carrier 

transport and efficiency can be excellent for such contact schemes. It should be noted that the 

investigations performed in this thesis contributed significantly to the TOPCon development 

which is evidenced by the publication list in the appendix.  
 

Conductor-insulator-semiconductor stacks  

 Adapted from the working principle of the metal-oxide-semiconductor field effect transistor 

(MOS-FET) induced junctions bases on the conductor-insulator-semiconductor approach (CIS) 

[46] like the MIS [58], [59] and SIS [60] structure were applied to silicon solar cells. Back in 1974 

Green et al. [58] and Shewchun et. al. [59] showed that for a “pinned” MIS devices a minority 

carrier (of the absorber) selective Schottky contact [61] can be formed by the application of a 

metal featuring a suitable work function. Basically, for the hole selective contact a material is 

need which enables a high work function close to the valence band of the absorber to induce a 

highly hole populated (p++) surface region. For the electron selective contact a material is need 

which enables a low work function close to the valence band of the absorber to induce a highly 

electron populated (n++) surface region. Hence, for these devices the function of the doped c-Si 
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region, i.e. the modification of the conductivity in the contact region, is fulfilled by the gate 

material. This can be either a metal, a metal like and degenerately doped semiconductor (e.g. 

TCO) or a highly doped semiconductor (e.g. poly-Si) featuring suitable work function. In 1980 

Shewchun et. al. [60] showed that MIS and SIS are basically one and the same type of device. It 

was shown that a substantial inversion of the c-Si surface and thus a high concentration of the 

absorbers minority carriers remained for non-equilibrium conditions, i.e. for a forward bias. For 

such a device, the J-V characteristic is similar to that of a p/n-junction formed by the opposed 

doping of the absorber, i.e. a homojunction. A schematic of an MIS cell is presented in Figure 2.7a. 

The benefits of MIS cells were outlined by Godfrey et al. in 1979 [62]; 

 “It has been shown that a class of metal- thin-insulator (< 30 Å)-semiconductor (MIS) contact 

has electronic properties identical to an "abrupt one-sided" p-n junction diode. New 

experimental support for this mode of operation has recently been described. This class of MIS 

cell has advantages over actual p-n junction diodes as used in solar cells in three areas:  

 (a) lower-temperature processing giving longer lifetimes in completed devices;  

(b) collecting junction located right at the surface;  

(c) elimination of heavy doping effects obtained with diffused junctions.  

 It has been suggested that these advantages could lead to more efficient cells than diffused 

cells.” 
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 The ultra-thin tunneling oxide sandwiched between the gate material and the absorber is a vital 

part of the devices as it provides chemical passivation of the inverted or accumulated c-Si surface.  

However, to enable an efficient tunneling transport its thickness should not exceed 20 Ȧ [64]. 

Another important aspect of such tunneling dielectrics is that they reduce the parasitic Fermi-

level pinning compared to the bare c-Si surface [65]. The latter is a basic requirement to prevent 

that actual work function is pinned, typically to near mid-gap. Hence, one of the major concerns 

of induced junction devices is not only to find contact materials with suitable work functions but 

also to ensure that Fermi-level pinning is reduced to a minimum. This is analogous to the 

problem of the modification of the Schottky barrier height by surface effects which is well known 

from other induced junction devices [66], [67]. To describe the effective work function difference 

which defines the induced band bending (φc-Si) and the built-in potential of the induced junction 

(Vbi, see also Figure 2.8), the standard formula for the Schottky barrier height is slightly modified. 

The electron affinity of the c-Si absorber is replaced by the work function of the absorber (WFc-Si) 

which leads to 

 WFM,vac is the bulk or vacuum work function of the contact material (e.g. metal) which is pinned 

to a material specific surface energy which is typically close to mid-gap (the charge neutrality 

level, ECNL). S is a the slope parameter which describes to which extent WFM,vac is pinned to ECNL 

 . (2.32) 
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(see Figure 2.9). S = 1 describes the Schottky limit of no pinning where WFM,eff matches WFM,vac. 

S = 0 corresponds to the Bardeen limit of pinning to ECNL. S = 0.25 is an experimentally obtained 

value discusses in section 6. In terms of work function engineering this means that not only 

WFM,vac must be close to the valence / conduction band of the absorber. S must be close to unity 

as well. In principle, if the latter is not fulfilled ECNL must be close to WFM,vac to yield a high 

effective work function difference. However, ECNL can hardly be tuned experimentally. This 

illustrates that work function engineering goes beyond choosing an appropriate contact material, 

i.e. WFM,VAC and that the surface properties and interactions have to be taken into account as well 

[66], [67]. For example, as mentioned before adding a thin electric layer is known to increase S 

which relaxes the demands on WFM,VAC and hence the choice of the applicable contact materials.  

 Further requirements on the contact layer / stack are a high transparency for the relevant 

spectrum and a sufficient vertical and lateral conductivity. For the MIS cell shown in Figure 2.7a, 

the metal electrode is only locally applied but the high sheet resistance of the induced junction 

requires a very dense spacing of the grid electrode. The lateral transport can be improved to 

some extend if dielectrics featuring a suitable fixed charge are applied which induce a junction 

also in-between the local metal grid electrode.  
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  Encouraging results from the company SILEVO were presented recently [68]. While not fully 

disclosed, it is claimed that an MIS approach for the cells is used. Comparing the SILEVO cell 

(Figure 2.10) to the so-called HIT-cell (Figure 2.11 and Figure 2.12b), for the SILEVO cell the 

passivating buffer layer is made of silicon dioxide and it is featuring a silicon-based thin film with 

a graded doping. The latter is undoped and hence less defective near the SiOx / c-Si interface but 

highly doped close to the TCO electrode. The high doping induces the junction into the c-Si and 

ensures an efficient tunneling transport into the TCO. For the amorphous silicon based 

heterojunction solar cells (Figure 2.12b) an additional SiOx is not needed/applied and a two layer 

stack of amorphous silicon are used. An undoped and less defective amorphous silicon film near 

the c-Si serves as the buffer layer. On top a highly doped film is deposited to form the junction 

with the c-Si and the TCO.  
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 MIS or SIS contacts can also be applied to homojunction solar cells where the actual c-Si 

junction is already formed by diffusion. The main purpose is to provide passivation of the 

metal /semiconductor regions while maintaining an efficient carrier extraction from the doped 

c-Si region. Such contacts are featuring a tunneling oxide and might be assigned as passivating 

Schottky contacts. A MIS approach is used e.g. for the metal-insulator-np junction (MINP) cell 

[69],[63] which is sketched in Figure 2.7b. However, combining a good interface passivation of 

the highly doped c-Si and a sufficient carrier transport is far from easy and calls for a high degree 

of control over the thickness and quality of the tunneling dielectric. It was shown recently in Ref. 

[70] that the onset of surface passivation falls together with a significant increase of the contact 

resistivity for a thermally grown SiO2 and ALD Al2O3 thickness of about 22 Ȧ and 16 Ȧ, 

respectively. These values are in good agreement with the result from Shewchun et al. [60] who 

could show that for MIS or SIS cells on undoped c-Si surfaces the thickness of the dielectric 

should be below 20 Ȧ to avoid tunneling-limited operation, i.e. allow for an efficient carrier 

extraction from the c-Si absorber.  
 

 A rather recent approach is the application of the organic/inorganic hetero structure including 

c-Si as the absorber material. Efficiencies above 12 % have been reached for lab-type devices so 

far (e.g. [71],[72], [73]). The application of a III-V material / silicon hetero structure might be 

another appealing approach. The applicability of gallium phosphide as emitter for single junction 

solar cells is discussed on the basis of numerical device simulations in Ref. [74]. 
 

 Unfortunately, approaches which relay on schemes adapted from microelectronics (MOS-FET, 

HBT, etc.) could not prove their suitability for industrial production yet. Hopefully the 

applicability of such approaches for the next generation silicon solar cells and their relevance to 

the PV industry will be demonstrated in the near future.  
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2.5.1 Amorphous Silicon / Crystalline Silicon Heterojunction  
A heterojunction approach which could already proof a very high efficiency on industrial scale is 

the structure formed between amorphous silicon (a-Si:H, Eg ~ 1.7 eV) and c-Si absorber 

(Eg ~ 1.1 eV). It was successfully applied to solar cells by Sanyo (now Panasonic) in 1992 [76] 

and is known as the HIT (heterojunction with intrinsic thin layer) solar cell which is sketched in 

Figure 2.11. However, pioneering work started back in 1974 by Fuhs et al. [77]. Whilst the 

approaches discussed above could benefit considerably from the experience gained from 

transistors and optoelectronic devices, this SHJ approach is strongly related to silicon based thin 

film solar cells from which the carrier selective contacts (doped and undoped SiTFs) and the TCO 

electrode are adapted. For such devices a hetero structure between a-Si:H / alloyed a-Si:H,  a-

Si:H / μc-Si:H and a-Si:H / poly-Si was presented e.g. by Hamakawa et. al. in 1983. Different 

absorber materials were discussed in this publication as well. It is worth mentioning that the 

early wafer based a-Si:H / c-Si SHJ cells from Sanyo were produced on both mc-Si and c-Si 

absorber material [78]. The Voc of the early a-Si:H / c-Si cells from Sanyo was only about 600 mV, 

yet an efficiency of 18.1 % has been achieved for monocrystalline absorbers.  

Taguchi et al. [79] motivated this silicon based heterojunction approach by; 

“The most prominent features of the HIT solar cell can be summarized as follows. 

1. Simple structure: A high efficiency can be obtained with no complicated structural 

techniques, such as partly heavy doping or a partial oxidation method. 

2. Simple low temperature process: Due to the simple structure, the process is very simple and 

cost effective. In addition, the process temperature is so low (<200°C) that degradation of the 

minority carrier lifetime for the substrate is negligible even for low-quality Si materials. 

3. Simultaneous realization of surface passivation and p-n junction: With the insertion of a 

very thin intrinsic a-Si layer at the a-Si/c-Si heterojunction, surface recombination is 
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drastically suppressed. Therefore, during the junction fabrication process, good surface 

passivation on the c-Si surface is also realized. 

4. The BSF structure can be realized with the same process: The HIT structure is also suitable 

for fabricating the Back Surface Field (BSF) structure. The same process with a different 

impurity can be used to obtain the BSF structure and good surface passivation. 

5. Stability: The Staebler-Wronski effect, which is seen in a-Si based solar cells, is not seen in 

the HIT Cell. This is probably due to the fact that the a-Si layers are very thin and contribute 

little to the power generation. Besides the degradation of the carrier lifetime caused by the 

metastable defect related to the boron-oxygen complex does not apply to the HIT cell which 

uses phosphorous doped CZ Si.  

 6. Improved high-temperature performance: One disadvantage of c-Si solar cells for practical 

use is their poor high-temperature performance compared with a-Si solar cells. The HIT cell, 

which has both a-Si and c-Si, shows an improved high-temperature performance. … The HIT 

cell has better temperature dependence than the conventional p-n diffused cell. …The HIT cell 

showed 8.8% higher output power under this condition”. 

 

Impressive improvements have been achieved in the last two decades. In 2013 Panasonic and 

Kaneka have presented champion cells from their R&D lines featuring excellent efficiencies of 

24.7 % [80] and 24.2 % [5] on large area, respectively. The cell parameters from the Panasonic 

HIT cell and the homojunction champion cell from the UNSW and SunPower are shown in  

Table 2-1, the respective device design is sketched in Figure 2.12. A comparable and very high  

Table 2-1: Cell parameters of very-high efficiency silicon solar cells.  

device grid electrode 

structuring / 

alignment 

area VOC JSC FF η 
(cm²) (mV) (mA/cm²) (%) (%) 

Panasonic / 

HIT [80] 
screen printing w/o 101.8 750 39.5 83.2 24.7 

UNSW /     

PERL [81] 

photolithography, 

PVD + plating 
photolithography 4 706 42.7 82.8 25.0 

SunPower / 

Gen 3 [82] 

applied schemes 

unknown + plating 

applied schemes 

unknown  
155.1 721 40.5 82.9 24.2 
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efficiency above 24% was achieved. The homojunction champion cell is featuring a designated 

illumination area (4 cm²) efficiency of 25.0 % [85], [81] for 1 sun standard test conditions (STC) 

and a thick FZ c-Si absorber. The designated area represents the illuminated cell area which is 

smaller than the total device area due to masking of the cell during measurements. More 

important some active parts of the device, i.e. the bus bar, lie outside the illuminated area which 

means that their negative influence on the efficiency is not considered for the efficiency given in 

Table 2-1. Whilst this is a common approach for concentrator cells, it is rather uncommon for 

standard cells. This makes a comparison with the intrinsically lower but more relevant total area 

efficiency very difficult. Moreover, it is a small area lab-type cell for which very complicated 

process steps were used. It comprised photolithography for the multiple structuring and 

alignment steps, heavily and lowly doped c-Si regions, tiny feature sizes, double layer anti 

reflection coating, PVD and plating for the metal electrodes. Thus, it becomes clear that a very 
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complex cell design and process flow are required to obtain such high efficiencies for a 

homojunction device. 

 Keeping this in mind it is quite impressive that the total area efficiency of the 101.8 cm² 

Panasonic cell featuring a CZ wafer and screen-printed electrodes lacks behind the designated 

area efficiency from the homojunction champion cell from UNSW by only 0.3 %abs. The 24.7 % are 

representing the highest efficiency for a c-Si solar cell on large area which is based mainly on the 

very high Voc and FF. Another important advantage in terms of performance is the lower 

temperature coefficient enabling a higher yield for the operation at higher temperatures. It can 

be seen in Figure 2.12 that the SHJ consist of an (i) intrinsic a-Si:H buffer layer. This film provides 

the chemical passivation of the absorber. It is capped by (ii) doped a-Si:H which defines the 

selectivity of the contact to either the holes or electrons. This SiTF stack is capped by the TCO 

that serves as an optical layer and for the lateral carrier transport towards the local metal grid 

electrode. The rear is featuring either a 1D metal electrode or a 2D grid electrode. The latter 

allows light to enter also from the rear (bifacial design) which can increase the output power in 

the field [79]. The deposition of the two semiconductor films, TCO layer and the metal electrodes 

on each side of the wafer does not require any structuring and alignment step. Thus, a 2D carrier 

transport is caused only by the local grid electrode whereas for the PERL and SunPower cell the 

carrier flow is much more complex. A 3D transport is caused by the local diffusions and openings 

of the dielectrics. The transfer of the very high efficiencies from the lap-type PERL cells to 

industrial like devices was not successful in past. However, SunPower managed to take this 

hurdle. Their champion cell is characterized by an excellent total area efficiencies of 24.2 % on 

large area [82] but very high efficiencies are reached in production, too [86]. On the other hand 

already several companies and institutes managed to produce large area SHJ cells with 

efficiencies well above 20 % in their R&D lines [3]. This clearly states the high efficiency potential 

of SHJ devices fabricated by industrial like approaches. Yet, the economic aspects of such devices 

including the yield in high volume production, etc. remain to be shown to fully evaluate its 

potential for the PV industry. 
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Band diagram and basic function of each layer 

 Figure 2.13 shows a sketched equilibrium band diagram of the standard SHJ depicted in Figure 

2.12b. A band diagram with individual layers before contact formation is given Figure 2.14. It can 

be seen that the c-Si absorber is sandwiched between three thin films on each side, two a-Si:H 

films and one TCO. Similar films are applied to the front and rear with the only significant 

difference that a p-type a-Si:H film (green) is used at the side facing the sun (front) and a n-type 

a-Si:H film (red) is used at the rear.  

 The passivating buffer layer is found on both sides and consists of an nominal undoped a-Si:H 

with a thickness of 5 to 10 nm. Its very low defect density and sufficiently high hydrogen content 

enable the chemical passivation of the c-Si surface [20]. An atomically sharp a-Si:H(i) / c-Si 

interface [87] and a clean c-Si surface [88] are further prerequisites for an excellent passivation. 

Another very important aspect is the high band gap of the buffer layer. As will be discussed in 

section 4.2, it allows to decouple the c-Si passivation from the abundance of defects in the doped 

a-Si:H, TCO and metal films which are placed onto the buffer layer. While the a-Si:H(i) thickness 

needs to be high enough to provide the passivation [89] it must be thin enough to allow for an 



2.5  Alternatives to homojunctions – basic concepts and history - 35 - 
 
efficient carrier transport from the absorber in the adjacent films [75]. Another limitation for the 

upper limit of the thickness is imposed by need to prevent the significant parasitic absorption of 

photons [75] which should be rather absorbed in the c-Si to contribute to the photo-current.  

 The function of the doped a-Si:H is twofold. At one hand its work function must be high /  low 

enough to induced the junction into the c-Si (green and red shaded dotted lines in Figure 2.13). 

This is similar to the MIS or SIS induced junction devices motivated before but here the work 

function is tuned by the doping of a-Si:H. As indicated in Figure 2.14, p-type doping leads to an 

increase of the work function as the Fermi-level is pushed towards the valence band energy 

(~5.6 eV). For n-type doping the Fermi-level is pushed towards the conduction band (~3.9 eV) of 

a-Si:H. It is important to note that the abundance of defects lowers the doping efficiency 

significantly below the level of c-Si and that this applies in particular for p-type doping [81]. 

Accordingly, the Fermi-level and work function of doped a-Si:H remain well below the respective 

majority carrier band (either EC or EV). So the free carrier density is comparatively low and far 

from degenerate. 

Another approach which allows for tuning the work function (to a lower extend) is the alloying of 

a-Si:H [90], [91]. This was successfully demonstrated for the first time for SHJ devices in the 

course of this work [92] but is not further discussed here.  

 The second function of the doped a-Si:H is  to ensure an efficient charge carrier transport into 

the TCO. The common TCOs can be described as a highly doped high band gap n-type 
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semiconductor. Its work function is around 4.8 eV [93] which means its far away from both the 

conduction band energy (~3.9eV) and the valence band energy of the a-Si:H (~3.9eV) as 

indicated in Figure 2.14. Hence, a work function difference between the TCO and the doped a-Si:H 

exists. This induces a parasitic band bending (grey shaded dotted lines in Figure 2.13). As the free 

electron density in the TCO is typically much higher compared to the doped a-Si most of the band 

bending must be screened in the doped a-Si:H. This leads to the formation of a parasitic junction 

which is opposed to the one which is induced in the c-Si. Thanks to the metal-like nature of the 

TCO this TCO / doped a-Si:H contact can be approximated by an Schottky contact. The interplay 

between the induced c-Si junction and the parasitic Schottky is discussed in detail in section 4.2. 

In short, if the opposing Schottky contact is less pronounced, only the carrier extraction from the 

doped a-Si:H is hampered. For such conditions the J-V characteristic is influenced only by a non-

ohmic series resistance. On the other hand, for a very prominent Schottky contact not only the 

doped a-Si:H in the vicinity of the TCO becomes depleted. The whole a-Si:H and the c-Si junction 

underneath become depleted. For such conditions voltage and excess carrier extraction from the 

absorber by the p/n- or high/low-junction is adversely affected. Low-injections conditions in the 

contact region are not maintained and the asymmetry of hole and electron conductivity is 

insufficient. For such conditions the standard p/n-junction theory and equitation (2.26) fail to 

describe the J-V characteristic. To overcome such limitations the screening length within the 

a-Si:H must be sufficiently small, which was shown by the present author in Ref [94]. According 

to equation (2.5) this calls for a sufficient high doping and a small work function mismatch. If 

ensured, only a part of the a-Si:H becomes depleted and due to the narrow Schottky barrier 

tunneling into the TCO becomes an efficient transport path [95]. Besides the spatially distributed 

induced junctions, abrupt hetero barriers are also present at the TCO / a-Si contact. While for the 

electron contact the conduction band offset is not an issue. The valance band offset between the 

n-type TCO and the p-type a-Si:H is presenting a barrier which has to be overcome. However, this 

seems not to be an intrinsic limitation as proven by the high FF reached experimentally. 

According to simulations [96] band-to-band tunneling can be an efficient transport path at such 

junctions.  

 With respect to the TCO, ideally a high work function TCO at the hole contact and a low work 

function TCO at the electron contact would be applied to minimize the influence of the Schottky 

barrier. However, the function of the TCO goes well beyond providing an efficient carrier 

extraction from the doped a-Si:H. Simultaneously it must feature a high lateral conductivity, good 

contact to the metal electrode, negligible parasitic absorption and an appropriate refractive index 
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for light-coupling into the device the front and internal reflection at the rear. This leads to a 

design trade-off. For example, a high conductivity should be enabled by a high mobility rather 

than by a high free carrier density to avoid parasitic free carrier absorption which lowers the 

photo-current in the absorber [97], [98]. Hence, optimization of the TCOs is focused rather on the 

electrical and optical bulk properties than on the interface properties, i.e. the Schottky contact 

formed with the doped a-Si:H.  

2.6 Chapter Summary 
 The basic solar cell theory and important aspect of induced junction silicon solar cells were 

reviewed. It was pointed out that the operation principle of the amorphous silicon / crystalline 

silicon heterojunction (SHJ) solar cell shares many similarities with the MIS and SIS devices. 

Common to all of them is that the junction which enables the selective hole and election exaction 

from the absorber is formed by an induced homojunction rather than by a homojunction which is 

formed by doping of the absorber. The standard p/n-junction theory can be applied to all of them 

as long the contact regions are operating in low-injection conditions. While this is easily fulfilled 

for the highly doped c-Si region of the classical homojunction carrier selectivity comes at the cost 

intrinsically higher recombination losses, a more complex device design and hence a lower 

intrinsic efficiency potential for such cells. Basically, the opposite is case for induced junctions 

cells. While recombination can be greatly suppressed by the low defective high band gap buffer 

layer the applied thin films might suffer from limited doping and unsuited work function. Hence, 

maintaining low-injection conditions and a pronounced asymmetry of the hole and electron 

conductivity in the contact region during operation might be a loss mechanisms one should be 

aware of when dealing with such devices.  

 While in the next section the basic technology and metrology is outlined, more fundamental 

considerations on important aspect of a carrier selective contact are found in section 4.  
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3   Technology, Characterization and Simulation  
In this chapter, the basic technology used for the fabrication of the test samples and solar cells 

is presented. In addition, the metrology and important aspects regarding the conducted device 

simulation are outlined.4  

3.1 Technology: Preparation of solar cells and QSSPC and Suns-Voc samples 
 In the course of this thesis a baseline process for SHJ cells was developed that allows for a 

efficiency of 20.8% on textured wafers. This includes the front-end processing (mainly wafer 

cleaning), the a-Si:H films from a new cluster tool, the back-end processing (metallization and 

definition of active cell area) and the characterization which were developed together with 

diplomat students and technicians.  

3.1.1  Process flow 
 Firstly, the process flow for the cells is illustrated. Secondly, the process flow for test structures 

(lifetime/QSSPC and Suns-VOC samples) which require fewer process steps is described. The 

process sequence typically used for solar cell and sample processing is shown in Figure 3.1 (left), 

the structure of the finished samples on the right side.  
 

Solar cells 

 The first step was the cleaning of 4 inch FZ wafers or the quarters of an 4 inch FZ wafer by an 

RCA cleaning sequence [101]. Before the deposition of each a-Si:H layer (two undoped, one p- 

and one n-doped) the samples were dipped in diluted HF (~1%) for 2 minutes and rinsed in 

deionized water to remove the native/chemical oxide. It should be noted that the HF-dip and 

rinsing in water performed before deposition of a-Si:H on the second side of the wafer was also 

needed to remove particles which adhered on the surface. These particles originated from the 

sample holder (quartz plate) which was in contact with this side of the sample wafer during 

a-Si:H deposition on the first side of the sample. Before ITO sputtering another HF-Dip was 

performed and a shadow mask was used for the ITO deposition. The corresponding ITO windows  
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 (Figure 3.1,right) define the active cell area. For the solar cells, the shadow mask was designed to 

be compatible with the back-end processing developed for homojunction cells via 

photolithography. Accordingly, seven small area cells (2.2·2.2 cm²) are formed on one 4 inch 

wafer. For the solar cells, ITO was typically deposited only at the front and a stack of thermally 

evaporated Ti/Pd/Ag was used to finish the rear. While this rear side is characterized by poor 

rear side reflection, omitting the TCO at the rear has some advantages. (i) It saves one ITO 

deposition step and thereby avoids sputter damage at the rear side. (ii) Ti ensures good electrical 

and mechanical contact to both the p- and n-doped silicon thin films. The front metal electrode 

was defined by photolithography and a subsequent lift-off step of a Ti/Pd/Ag stack. Both, thermal 

and e-gun evaporation have been used for deposition of the metal stack. Damage of the junction 

at the front by the e-gun process was not observed which is most likely explained by the presence 

of the photo-resist and/or the TCO which shield the a-Si:H / c-Si interface.  

 The process flow above is used if the p/n junction is placed at the front. For solar cells having 

the p/n junction at the rear the definition of the active cell area and hence the cell process are 

more complex. Before RCA cleaning and the a-Si:H depositions a passivating and insulating stack 

of a thermally grown oxide (SiOx) and PEVCD silicon nitride (SiNx) activated by an FGA anneal is 

applied to the rear. Then, 2·2 cm² windows are opened by photolithography and wet chemical 
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etching. Following the process sequence described above, the seven cells are separated in 2.5·2.5 

cm² pieces by a chip saw. Another additional process step was needed in the very beginning for 

such “rear emitter” cells. To allow for the alignment of the front side metallization into the 

2·2 cm² opening of the SiOx/SiNx at the rear, a laser was used to create corresponding features at 

the wafer front side (alignment symbols).  

 It should also be mentioned that non-textured, shiny etched wafers were used for most 

investigations. Hence, combined with the poor rear side reflection, especially the moderate JSC 

limited the efficiency of the solar cells to about 18%.  
 

Lifetime/QSSPC and Suns-VOC samples 

 Depending on the specific research question, fewer process steps as for the solar cells are 

sufficient. For testing the c-Si passivation by a-Si:H, a TCO deposition and metallization are not 

needed. Such lifetime/QSSPC samples (Figure 3.1, right) were used for example for the 

optimization of the a-Si:H buffer layer. If only the ability of the contact to extract a voltage from 

the absorber was of concern the samples were characterized after TCO deposition on both sides, 

i.e. without metallization. These Suns-Voc samples were used extensively for example for 

investigating the Schottky contact between the doped a-Si:H and the TCO and to evaluate novel 

contact materials. It should be noted that these Suns-Voc samples can be used as lifetime/QSSPC 

samples as well. For both, quarters of a 4 inch wafer have been used as indicated in Figure 3.1, 

right. 
 

Post deposition annealing 

 After an initial characterization, the samples were typically annealed on a hotplate in ambient 

air and were characterized again. It is important to note that the process temperatures during 

ITO deposition and back-end processing (metallization) were below about 110°C and that 

therefore the a-Si:H and ITO films were hardly annealed unintentionally. As the typically applied 

annealing temperature of 180°C is well above this temperature, the different material and 

junction properties strongly respond to such an annealing. This is very helpful in gaining a 

fundamental understanding of the important factors which determine the final junction 

properties. Such information cannot be gained from cells where higher temperatures during TCO 

deposition or for curing of the paste (metallization) are applied. For the latter case, the different 

effects influencing the final cell characteristic by annealing might be superimposed and are hard 

to separate. 
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3.1.2 Deposition tool 
 For the deposition of a-Si:H and ITO a new four chamber single wafer cluster from Oxfords 

Instruments was used (Figure 3.1). The majority of the a-Si:H depositions were done in the two 

capacitively-coupled parallel plate reactors powered by a 13.65 MHz generator and the processes 

were developed by the author of this thesis. ITO deposition was done by magnetron sputtering 

and the basic process conditions were provided by Oxford instruments. For more detailed 

information about the cluster tool it is referred to Ref. [22] and for the process conditions to Ref. 

[102].  

3.2 Characterization  
 

J-V 

The typical solar cell characterization consists of measuring the J-V characteristic at STC 

conditions (1 sun / 1000 W/m², 25°C, AM1.5) with an in-house setup. For more detailed 

investigations of the J-V characteristic sometimes the temperature dependence (15°C-70°C) and 

illumination dependence (0-1 sun) were analyzed with the LOANA-system (pv-tools). The latter 

setup was also used for (temperature dependent) quantum efficiency and reflectance 

measurements and for obtaining the (temperature dependent) Jsc-Voc characteristic.  
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Suns-Voc 

 Measuring the J-V characteristic was typically supplemented by measuring the illumination 

level dependence of the open-circuit voltage with the Suns-Voc setup [103] from Sinton 

Instruments at about 25°C. In short, by increasing the illumination intensity (flash lamp) the 

excess carrier generation in the sample is increased and the corresponding splitting of the hole 

and electron quasi Fermi-level at external terminals is probed (more details in e.g. Ref. [45]). It 

should be noted that the Suns-Voc setup and the analysis sheet were slightly modified to allow for 

measurements with illumination intensity well above 1 sun. Hence, with two individual 

measurements the illumination level dependence of the external Voc can be measured for the 

standard range from about 0.03 up to 3 suns and for higher illumination intensities of up to about 

200 suns as shown Figure 3.3. Typically, the slope5 of the Suns-Voc curve is analyzed at specific 

points (usefulness discussed in Sec. 6.1.). As a standard, a pseudo current-voltage and power 

density-voltage characteristic yields the open-circuit voltage at 1 sun conditions (Voc) and the 

pseudo fill-factor (pFF).  
 

Suns-iVoc 

While the former approaches allow analyzing the external open-circuit voltage of solar cells and 

Suns-Voc samples, the characterization of the lifetime/QSSPC samples and the Suns-Voc samples 

regarding their illumination level dependence of the effective photo-conductance gives profound  

                                                        
  

 



- 44 -  3  Technology, Characterization and Simulation 

 insight regarding the surface passivation. With the WCT-120 setup from Sinton Instruments 

[104] the excess carrier density which results from the interplay of generation (flash lamp) and  

recombination is probed without making contact to the sample (more details e.g. in Ref [45]). 

This excess carrier density corresponds to an average splitting of the quasi Fermi-levels inside 

the sample, i.e. an implied voltage. The analysis of the illumination level dependence of this 

implied open-circuit voltage is in line with the analysis of the external voltage from the Suns-Voc 

setup. It includes the generation of a pseudo current-voltage and power density-voltage 

characteristic which yield an implied open-circuit voltage at 1 sun conditions (iVoc) and an 

implied fill-factor (iFF). The local slope of the Suns-iVoc curve at specific points is determined as 

well. To allow for such an analysis, the analysis sheet was adapted for the quantitative evaluation 

of the influence of recombination on the implied MPP conditions (generation of pseudo J-V curve) 

and to determine the local slope at specific points.  

3.2.1 Interpretation of fill factor losses  
 For a holistic interpretation of the FF losses observed in the J-Vlight characteristic the 

contribution of different factors need to be separated. The latter can be done relatively easy by 

choosing adequate characterization techniques as indicated in Figure 3.5 and discussed in more 

detail in section 5.1. The upper FF limit is defined by the one sun Voc and the respective ideality 

factor and is called FF0 (green bar). It follows from Green´s empirical expression [105] which is 

given in equation (5.1). The iFF (blue bar) accounts for the fact that, unlike the FF0 the 

dominating recombination mechanism may change at MPP with respect to OC conditions. This is 

sometimes referred to as non-ideal recombination effects. In the double-diode model this is 

expressed by the presence of the second diode. The iFF is determined from the Suns-iVoc 

characteristic obtained from injection level dependent photo conductance (QSSPC) or photo 
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luminescence (PL) measurements [106], [107] and defines the upper FF limited of the 

investigated structure. For the pseudo pFF the voltage is actually measured rather than 

calculated from the excess carrier density within the wafer like it is done for the iFF. Hence, a 

non-ideal voltage extraction and more common a shunt resistance modify the pFF with respect to 

the iFF. As the measurements before are current-less, they are free of transport related losses 

and basically quantified the recombination related FF losses. Hence, the comparison of the pFF 

and the FF from the J-Vlight characteristic allows the identification of ohmic and non-ohmic 

transport related FF losses. 

3.3 Numerical device simulations  
 

AFORS-HET 

 For insight regarding AFORS-HET the reader is referred to the textbook chapter from Stangl et. 

al [99], [108] and the PhD thesis from Leenderts [21] and Varache [23]. The input parameters 

can be found in the master thesis of Markus Reusch [109], a master student supervised by the 

author. 

Sentaurus 

  Regarding the simulations with Sentaurus, general information can be found in the PhD thesis 

from Rüdiger [110]. The input parameters used here can be found in the diploma thesis from 

Sebastian Schroer [100], a diploma student supervised by the author. 
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4  Relevant Design Parameters for Carrier Selective Contacts: A Simulation 
Study  
  In order to achieve a more fundamental understanding of carrier selective contacts, in this 

chapter important aspects for the engineering of material and junction properties are 

investigated in detail.  

  In the first section, the fundamental challenge of balancing the power losses at the front side of 

solar cells is analyzed by spreadsheet calculations based on the diode model. The limiting losses 

caused by excess carrier recombination, the lateral carrier transport and the grid shading are 

compared for homojunction and heterojunction cells. It is highlighted that for heterojunction 

cells the absence of an increased recombination in the metalized region results in a less complex 

design trade-off which enables not only a higher Voc but also a more efficient lateral transport.  

The second part is beyond the knowledge that can be gained from the analytical expressions of 

the diode model. Numeral device simulations are used to analyze the very basic requirements on 

a carrier selective contact scheme regarding voltage and excess carrier extraction from the 

absorber. It is highlighted that for the experimentally relevant cases the major requirement 

regarding contact engineering is to maintain low-injection conditions in the contact region 

during operation, i.e. to maintain the asymmetry of the hole and electron conductivity. Moreover, 

the relevant material parameters which allow the TCO / a-Si:H / c-Si contact system to maintain 

low-injection conditions are investigated in great detail. The second part of this simulation 

chapter is also intended to motivate the approaches used in the in the following experimental 

sections for the validation of different contact schemes. 

  The second subsection is partly adapted from the author’s publication [111].  

4.1 Contact recombination: Homojunction vs. heterojunction 
 A unique feature of SHJ cells, the absence of minority carrier recombination at the 

metal/semiconductor interface. In the following its implications on the optimum design of the 

front side grid electrode, are discussed on the basis of a simulation study. A comparison of SHJ 

and homojunction cells is presented to reveal the distinctive difference reading the balancing of 

the recombination and transport losses, which is needed to maximize the efficiency.  
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4.1.1 Motivation 
 As outlined in section 2 and further below in section 4.2 the high band bap a-Si:H of the silicon 

heterojunction allows to decouple the minority carrier recombination at the c-Si surface from the 

abundance of surface states at the electrode´s interface (S0 = 107 cm2/Vs). This is an important 

advantage of SHJ cells over the homojunction cells for which the electrode is in direct contact 

with the absorber. Such a metal/semiconductor contact is characterized by significant minority 

carrier recombination which leads to the fact that device optimization is dictated by balancing 

minimum minority carrier recombination at the metallized and non-passivated regions (high 

VMPP and Voc) while maintaining an efficient majority carrier transport (low sheet and contact 

resistance). SHJ on the other hand are not subjected to such design constrains as recombination 

in the metallized and non-metallized regions is similar and also typically much lower. 

 For a quantitative interpretation of the aforementioned facts the results of a comparative 

analytical simulation study based on the two-diode model (equation (2.26)) is performed. For the 

sake of clarity, it should be pointed out that high-injection effects in the contact region or a non-

ideal voltage extraction are not of importance for the investigations here. Such effects will be 

investigated in subsequent sections. 

4.1.2 Simulation Details  
 The Excel-based tool Gridmaster [112] was used for the comparison of four different cell 

designs which are sketched in Figure 4.1. Figure 4.1 a) shows the standard SHJ and b) the 

standard homojunction design with a homogenous c-Si doping at the front. In Figure 4.1 c) and d) 

homojunction cells for which the complexity of the front was increased to reduce the 

recombination in the metallized device regions, are shown. Figure 4.1 c) depicts the classical 

selective emitter structure where a highly doped c-Si region below the metallized regions is 

introduced. For Figure 4.1 d) the metallized regions are passivated by a fictive contact scheme, 

similar to a MINP [69], [113], [114] structure or a local heterojunction which are placed on top of 

a doped c-Si region.  

 The influence of the rear surface is greatly simplified. The same 1D rear side was assumed for 

all devices and as constant input parameter the recombination within the absorber and at the 

rear are described by a rather low recombination current pre-factor (J0,b) of 10 fA/cm². It should 

be noted that the low J0,b and the absence of the 2/3 D transport paths at the rear are 

representing a very optimistic scenario for the partial rear contacts of the homojunction devices  
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in terms of minority carrier recombination and the FF loss caused by the lateral transport at the 

rear. The influence of non-ideal recombination effects (J0,2) reflected by the two diode model and 

a shunt resistance (RP) have not been considered. Therefore, pFF equals FF0. The variable input 

parameter is the sheet resistance (Rsheet) which is linked to the J0 of the front side (bulk and 

surface recombination of doped c-Si region) as depicted in Figure 4.1. The data for the 

homojunction cells (blue and red) are inspired by Ref [115]. For the homojunction cells the J0 

contribution of the font surface region which is passivated by the dielectric layers is quantified by 

J0,pas (blue) whereas the recombination at the unpassivated and metallized device region is 

expressed by J0,met (red). For the passivated contact a much lower J0,met (green) was assumed 

which was chosen to be ten times J0,pas. It is assumed that the vertical majority carrier transport 

(contact resistance) is not affected. For SHJ cells (black) an additional contribution from J0,met to 

the overall device recombination can be neglected which means J0,pas = J0,met. For the 

homojunction cells quite optimistic values for J0,pas were assumed which shall represent the high-

quality surface passivation currently reached for lab-type cell processing of the doped c-Si 

regions and the dielectric passivation schemes. For the SHJ cells three scenarios have been 

assumed. Perfect c-Si passivation, quantified by the J0 of 1 fA/cm² shown in Figure 4.1 in black. 

This J0 result in a VOC of 743 mV. Additionally, a J0 of 5 and 30 fA/cm² were assumed to 



- 50 -  4  Relevant Design Parameters for Carrier Selective Contacts: A Simulation Study 
 
demonstrate the influence of heterojunction schemes with less perfect performance in terms of 

c-Si passivation. These J0 values correspond to a VOC of 735 and 710 mV, respectively. It should be 

noted that Vocs above 730 mV have been reported for large area a-Si:H based SHJ cells [80], [5], 

[3].  

 Concerning the metallization scheme, 60 μm wide Cu plated fingers, three bus bars and a device 

area of 15.6 cm× 15.6 cm= 243 cm² have been assumed. For a realistic description of the 

homojunction cells the width of the metal / semiconductor interface, i.e. the Ni seed layer, is 

smaller and was assumed to be 30 μm for all devices. For the selective emitter (d in Figure 4.1) a 

constant Rsheet of 25 Ω/sq below the seed layer characterized by the corresponding J0,met from 

Figure 4.1 was assumed. As a simplification, neither for the TCO nor the doped c-Si an increase of 

the contact resistivity with increasing Rsheet (and lower doping) was considered. A moderate and 

constant contact resistivity (ρc) of 1 mΩ cm² was assumed. Further simplifications refer to Jsc. For 

both, the SHJ and homojunction cells, a decrease of the Jsc with decreasing Rsheet was neglected. 

For the homojunction cells such Jsc losses are caused by a reduced blue response [116], [117] and 

increasing FCA within the highly doped c-Si regions [118]. Such losses are significant for an Rsheet 

below about 100 Ω/sq. For a medium and low-mobility TCO a reduction of FCA will be observed 

as well when reducing Rsheet [119]. However, we assumed that a high-mobility TCO is at the front. 

Excellent optical properties can be combined with an Rsheet as low as 40 Ω/sq for such materials 

[120], [98]. While the optical losses causes by the TCO electrode can be significantly reduced for a 

high μ-TCO, parasitic absorption in the a-Si:H contributes to an intrinsically lower Jsc as compared 

to the transparent front side of homojunctions. This Jsc loss is at least 1 mA/cm² [119] but is 

neglected here, hence overestimating the Jsc of SHJ cells.  

 With all input parameters at hand, Gridmaster optimizes the front metal grid electrode (“H- 

pattern”) for the four cells designs from Figure 4.1 by using one global two-diode model with a 

lumped series resistance [112]. Gridmaster calculates the optimum amount of grid fingers by 

balancing the optical and electrical losses to obtain the maximum efficiency. An example of a SHJ 

cell is shown in Figure 4.2 for three different Rsheet. For a too low amount of fingers and a large 

pitch (left from dashed vertical lines) the efficiency will be limited by series resistance related 

losses caused mainly by the inefficient lateral majority carrier transport or the contact resistance 

as the contact area decreases. For homojunction cells, this is partly compensated by reduced 

recombination at the metal/semiconductor area. For too many fingers and a narrow pitch (right 
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from dashed vertical lines) the increased metalized fraction will increase shading losses and for 

homojunction cells also the recombination losses. 

4.1.3  Simulation results: Heterojunction vs. homojunction 
 Figure 4.3 (a) – (h) collect some results of the three SHJ cells (black, grey, light grey) and the 

three homojunction cells (red, blue, green) as a function of Rsheet. 

Generally, with the increase in Rsheet the lateral transport within the solar cell becomes less 

efficient. This has to be compensated by a reduced pitch of the grid electrode (Figure 4.3h) which 

is linked to an increasing amount of fingers. This increases the shading losses and for all cells a 

reduction of the Jsc (c) is observed. This Jsc reduction is stronger for the cells featuring a lower 

recombination at the metal/semiconductor region and an increase in Voc (a) is observed for the 

homojunction cells while the Voc is not affected for the SHJ cells. This behavior well be discussed 

in more detail the flowing.  

In terms of the overall device recombination, the global J0 of the solar cells reads [112] 

(4.1) 

and J0,global is shown in (f). The last term in the upper equation quantifies the contribution from 

the metal/semiconductor device region and is denoted as J*0,met. As the fraction of the 

metal/semiconductor area (Fmet) increases with Rsheet (numbers in h) the contribution of J*0,met to 

J0,global increases depending on the specific J0,met (Figure 4.1). Hence, for the homogeneous emitter 

(red) and to lesser extend for the selective emitter (blue) the contribution of the metallized cell 
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area to J0,global (J*0,met / J0,global in e) is significant and becomes more pronounced for increasing 

Rsheet. For the SHJ cells this is not the case as J0,met = J0,pas (Figure 4.1). For the local passivated 

contact (green) the contribution of J*0,met to J0,global (e) is even slightly reduced with increasing 

Rsheet and the recombination in the non-contacted regions (J0,pas) remains dominating the overall 

recombination. Here, the contribution from the increasing metallization fraction (h) is 

overcompensated by the reduction of J0,met (Figure 4.1). 
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 J0,global is reflected in the Voc (a) of the solar cells. For the SHJ cells no dependence of the Voc on 

Rsheet is observed as J0,pas = J0,met. Voc is constant and amounts to 743 , 735 , 710 mV. For the 

homojunction cells on the other hand a strong correlation between Voc and Rsheet is observed. For 

a high Voc, a very high Rsheet is mandatory to benefit from a low J0,pas and either a selective emitter 

(blue) or a passivated contact (green) are needed to limit the contribution from the 

metal/semiconductor device region J*0,met (e). A similar J0,pas of 5 fA/cm² was assumed for the 

homojunction cells with a Rsheet of 250 Ω/sq (Figure 4.1) and for one of the SHJ cells (grey in 

Figure 4.3). Comparing the Voc of the homojunction cells with the one of this SHJ cell 

(J0 = 5 fA/cm²) for an Rsheet of 250 Ω/sq, only with the passivated contact the Voc of the SHJ is 

reached. For the selective and homogeneous doping the influence of J*0,met is significant and 

causes a Voc reduction of 16 mV and 32 mV despite the excellent passivation in-between the grid 

fingers. 

 Graph (g) reveals that a structure with a lower J0,met has a positive influence on the series 

resistance related FF loss (pFF-FF) which is dominated by the lateral majority carrier transport. 

That the increasing FF loss with increasing Rsheet is less pronounced for all SHJ cells, irrespective 

of the surface passivation quality, is an intrinsic advantage over the homojunction cells. It is 

explained by the fact that for the optimization of the grid electrode a higher metallization fraction 

and thus a smaller pitch can be tolerated (h). Thus, the optimization of the amount of fingers can 

be focused solely on balancing the optical losses and the electrical losses caused by the lateral 

transport while the contribution from J*0,met can be neglected for this optimization problem.  

 In terms of FF (b), for the homojunction cells the more pronounced FF loss (g) is partly offset by 

an increasing pFF (g) which is caused by the increase of the Voc (a) and hence the FF0 (pFF = FF0). 

For the passivated contact the gain in pFF is higher than the FF loss from the less efficient lateral 

transport which results in an increase of the FF with Rsheet (b). For the SHJ cells the FF 

dependence on Rsheet is determined only by FF loss caused by the lateral transport (pFF – FF) as 

the Voc and thus pFF are not affected by Rsheet.  

 Concerning the device efficiency (c) especially for a low Rsheet the SHJ devices are clearly 

outperforming the homojunction devices. For the latter a high Rsheet (low J0,pas) and a 

sophisticated cell design (selective emitter) are mandatory to reach very high efficiencies. It is 

important to note that for the SHJ, which is featuring a moderate level of surface passivation (J0,pas 

of 30 fA/cm²), the efficiency for a Rsheet of 100 Ω/sq is still above the one of the more complex 

selective emitter cell. The efficiency of the fictive passivated contact approach is not discussed as 
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especially its influence on the transport related FF losses [113], [121] is subjected to large 

uncertainties and its integration in the standard cell process might be challenging as well.  

4.1.4 Conclusion  
 The low J0,pas of SHJ cells and the facts that J0,pas is not a function of Fmet, not coupled to Rsheet  and 

matches J0,met allows the unique combination of a very low device recombination (high Voc and 

FF0) and an efficient lateral carrier collection (low pFF-FF). This applies in particular if a high 

mobility TCO is used at the front which allows for Rsheet as low as 40 Ω/sq without generating 

significant optical losses. Additionally, such a highly conductive TCO allows for a very high pitch 

which reduces the shading by the grid electrode. The application of such low Rsheet is not 

reasonable for homojunction devices as the extrinsic and intrinsic recombination in the bulk and 

at the surface of such highly doped c-Si regions results in a very high J0,pas. While a lower c-Si 

doping improves J0,pas, it has a negative influence on J0,met and the lateral carrier transport 

(increased Rsheet and ρc). Hence, for homojunction cells an improved minority carrier 

recombination (lower J0,global) always comes at the cost of the majority carrier transport and the 

need for sophisticated device designs like highly doped regions only below the metal and tiny 

contact fractions. Such features might be hard to implement in an industrial cell process which 

makes the success of homojunction cells with very high efficiencies unlikely [122]. This is not a 

problem for the SHJ based cells and related concepts. Irrespective of c-Si passivation quality 

(J0,pas), such design constraints are not observed as the metalized region do not add 

recombination losses (J0,pas = J0,met). This allows the unique combination of an efficient lateral 

transport (low pFF-FF) and a very low recombination (high Voc and FF0).  
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4.2 Basic aspects for carrier selective contacts  
 The photovoltaic conversion efficiency is defined by the competition between two processes: 

Harvesting the photo-generated free holes and electrons at the respective spatially separated 

external device terminals and the charge annihilation via recombination within the device before 

reaching the external terminals. In this section the basic electrical layer and interface properties 

responsible for this interplay are discussed on the basis of numerical device simulation (AFORS-

HET).  

 As a unique feature, much attention is paid to the difference between the implied and external 

voltage. This allows to identify whether the contact is limited by its ability to enable a high excess 

carrier density within the absorber or to selectively extract this excess holes or electrons. After a 

short motivation, the homojunction and the two metal-semiconductor like contacts are compared 

and the role of the electric field is discussed. Afterwards, the a-Si:H based silicon heterojunction 

is investigated. It is pointed out that voltage and excess carrier extraction is strongly defined by 

the interplay between the parasitic Schottky contact and doped a-Si:H / c-Si junction underneath. 

This is followed by considerations on a semiconductor buffer layer and two rather hypothetical 

contacts for which electrons and holes can move in opposite directions.  

4.2.1 Motivation: Non-ideal voltage extraction.  
 A graphical motivation of the basic objective of this chapter is given in Figure 4.4. As outlined in 

section 2, two basic requirements have to be fulfilled for a high external voltage. (i) A high 

density of excess holes and electrons within the absorber that defines the upper limit of the 

extractable voltage (implied voltage). (ii) An ideal extraction of this voltage so that the external 

voltage matches the implied voltage. The ideal case is shown for structure a) in Figure 4.4. The 

implied voltage is close to the band gap and the external voltage matches the implied voltage. For 

b) the external voltage matches the implied voltage but the implied voltage is low, caused by a 

high recombination at the surface (or in the bulk) of the absorber, a low generation rate or a 

significant amount of carriers are extracted. For structure c) the external voltage is not limited by 

the ability of the contact to passivate the absorber surface (high iV) but the contacts fails to 

selectively extract the absorber´s excess holes. The external voltage is limited by a voltages loss 

in the contact region, i.e. a gradient of the majority carrier quasi-Fermi level in the hole contact. 

The basic prerequisite to avoid such conditions is to enable a sufficiently high hole conductivity 

during operation and to block the electrons. The conductivity of electrons must be negligible as 

outlined in section 2. Experimentally, the local conductivity is almost exclusively modified by the  
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carrier density. By doping or an induced junction. It follows that during operation the local 

majority carrier density (nmaj) must remain well above the local minority carrier density (nmin), 

i.e. nmaj ≫ nmin. Here nmin is the combination of generated and the injected minority carriers. 

Claiming for nmaj ≫ nmin is synonymous to the claiming for low-injection conditions during 

operation in the contact region.  

  To highlight the importance of low-injection conditions, in Figure 4.5 the simulated J-Vlight 

curves of two distinctive cells are shown. The black curve represents a cell for which nmaj ≫ nmin 

is fulfilled in the contact region, in case of the red one this is not fulfilled. Clearly, a non-ideal 

characteristic is observed for the latter. The green line is the characteristics where the external 

voltage is replaced by the implied voltage, the J-iVlight curve. The same J-iVlight curve is obtained for 

both contacts as the ability of the contacts to passivate the wafer is similar. It can be seen that for 

the case that voltage extraction is ideal (black) the J-Vlight the J-iVlight curve coincide. For the red 

curve the non-ideal voltage extraction is dominant for working conditions where the excess 

carrier density within the device is high. Which means for maximum power point and open 

circuit conditions. Accordingly, FF and Voc are reduced whereas Jsc is hardly effected. 
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 As a design rule, the built-in potential (or diffusions voltage) of a junction must always exceed 

implied voltage to avoid such a non-ideal voltage extraction. For a junction formed by doping this 

is expressed by [9]  

For an induced junction this can be expressed by the work difference between both contact 

materials  

The equations above show that the requirements on doping and the work function increase with 

increasing QFL splitting and implied voltage, i.e. increasing excess carrier density. 

The fact that the way in which the junction is formed is intrinsically linked to an electrical 

potential difference for both cases is responsible for the circumstance that the built-in potential 

equals the respective c-Si band bending. However, while this suggests that the electric field is the 

relevant force driving holes and electrons in different directions. The electric field has to be 

regarded as an “accompanying phenomenon of a structure …. and not an essential property of a 

solar cell” [9]. Rather, the gradient of electrochemical potential, i.e. the gradient of the respective 

Fermi-level is the important force (equation (2.3).  

 

 In terms of a low minority carrier recombination and hence a high implied voltage a high Vbi is 

also needed. This is explained by the facts that a low minority carrier density, which limits the 

recombination for low injection conditions, follows from a high majority carrier density (and 

(4.2) 

(4.3) 
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thus a high Vbi) via . Adding a factor that lumps together the recombination 

activity of the contact, i.e. the surface recombination velocity, we end up with the well known 

recombination current pre-factor  

This quantity must be minimized as it is presenting the parasitic current caused by minority 

carrier recombination which is opposed to the current of the majority carriers. The superposition 

of both currents is expressed by the diode model (equation (2.26)).  

 

 Basically, the total current into the external electrode for the hole contact, which is the sum of 

the hole (majority) and electron (minority) carrier current must be dominated by the hole 

current (Jtotal ≈  Jp >> Jn) and the voltage drop needed to drive the hole current must be minimal. 

For the electron contact Jtotal ≈  Jp << Jn must be fulfilled as it is motivated in Figure 4.6. An intuitive 

explanations on the possibilities to lower the parasitic current of the “wrong”, the minority 

carrier species in the contact region is given in Ref [16] and requires minimizing the product of 

the density and velocity term in the equations below (charge not a variable) 

As motivated above, the charge carrier density terms for the “wrong” current can be reduced by 

doping or an induced junction. The transport velocity term can in principle be reduced by 

lowering the mobility of the wrong carrier species. Another approach would be to reduce the 

transition rate of the “wrong” carrier species in the contact region. The transition can, among 

(4.4) 

(4.5) 

(4.6) 
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other factoring be influenced by asymmetric hetero-barriers, recombination rates or tunneling 

probabilities. Common to all asymmetries is that they must avoid the transport of the “wrong” 

species without hampering the transport of the other one for which the contact is intended to be 

selective for. Rather hypothetical contacts based on the transition rate limited case of asymmetric 

hetero-barriers, and asymmetric recombination rates as well as the influence of an asymmetric 

mobility are discussed in the end of this chapter.  

 For a good overview on the aspects of the selective carrier extraction, besides the textbook 

from Würel et. al [9], the recent publication from Würfel et. al [39] is suggested to the reader. In 

the latter it was nicely shown that   

“.. the difference in conductivities of electrons and holes on the way to “their” contact is the 

decisive condition for selective transport and that this condition has to be maintained even 

under illumination. This means that the electrons move—on their way toward the electron 

contact—through regions with a large electron conductivity, while the current of the holes in 

that direction is suppressed by a very small hole conductivity, although the force they are 

subjected to, the gradient of their electrochemical potential, may be much larger than that of 

the electrons. The opposite happens for holes and electrons on the way toward the hole 

contact.” 

 

Approach  

 For the results presented here the focus is set on the trends and their explanations rather than 

on quantitative results. Some of the contact systems are greatly simplified and are rather fictive. 

Nevertheless, they give valuable insight into the basic design constrains for a carrier selective 

contact. For the sake of clarity, the investigations focus on the hole contact but the same findings 

apply to the electron contact. The electron contact assumed here is idealized and does not limit 

the device performance. The same holds for the c-Si absorber. An intrinsic c-Si absorber was 

assumed while defect recombination was neglected. Apart from the hole contact, ideal optical 

properties were assumed. Hence, for an ideal contact an efficiency close to the intrinsic limit of 

the c-Si absorber (~29 %) is reached. To facilitate comprehension of the different simulation 

studies, a sketch in the beginning of each subsection motivates the simulated structure and the 

variables. 

 



- 60 -  4  Relevant Design Parameters for Carrier Selective Contacts: A Simulation Study 
 
4.2.2 p/n-Homojunction 
Influence of doping and chemical surface passivation  

 Figure 4.7 shows a structure in which the hole contact is defined by a 5 nm thin c-Si layer for 

which the p-doping was varied from undoped to near degeneracy as shown in the table in Figure 

4.7. The corresponding work function (WF) of the p-layer and the work function difference 

(∆WF) to the intrinsic c-Si absorber are also indicated. Any doping related variations of the c-Si 

material properties of the 5 nm layer, e.g. Auger bulk recombination or other heavy doping 

effects have not been considered. The simulated structure most closely corresponds to a 

homojunction formed with an idealized very thin epitaxially grown c-Si layer and a perfect 

metallurgical c-Si(p) / c-Si(i) interface. It should be noted that mainly due to its very low 

thickness and high mobility the p-region is highly (electrical) transparent for the injected 

minority carriers [123], [124], [16] which makes the structure very sensitive to the surface 

recombination at the electrode. S0 describes the chemical c-Si surface passivation by the contact 

and is varied from very low to the thermal velocity, i.e. 1 to 107 cm/s. The latter reflects the case 
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of an unpassivated metal / semiconductor interface. The computed results are plotted vs. S0. 

From the top to the bottom graph in Figure 4.7, this includes the external and implied voltage at 

1sun open-circuit (OC) conditions and the equilibrium c-Si band bending in the dark. The ratio of 

the hole and electron density directly at the interface between the electrode and the c-Si(p) for 

OC conditions and for the equilibrium (EQ) and in the dark. Finally, the efficiency obtained from 

the J-Vlight curves. The different colors denote the different accepter doping levels of the c-Si(p) 

film. 

 Starting with the EQ conditions, the results in green in Figure 4.7 reveals that for an undoped 

c-Si film, i.e. when contact is made between an intrinsic c-Si thin film and the intrinsic absorber 

flat-band conditions are observed. The induced band bending (φc-Si) is zero (upper graph, dotted 

lines) and the p/n ratio at the interface (middle graph, dashed-dotted lines) is unity. The latter is 

shows that the p/n ratio at the interface is not modified with respect to the absorber. For 

increasing doping φc-Si is increased according to equation (4.2) which results in significant 

increase of the hole density and p/n ≫ 1 (dashed-dotted lines). It is important to note that φc-Si 

matches ∆WF = WFc-Si(p) - WFc-Si(i). While this correlation is typically not indicated for a 

homojunction formed by doping it clarifies that the built-in voltage of a homojunction formed by 

doping can be quantified in a similar way it is done for an induced homojunction (equation (4.3)). 

Shown by the sketch of the simulated structure, for the highest doping WFc-Si(p) matches the 

valence band energy of the c-Si absorber. For this case φc-Si and ∆WF corresponds to Eg/2 which 

is 0.56 eV for the c-Si absorber.  

 In terms of c-Si passivation, for OC conditions it can be seen that regardless of the doping, S0 = 1 

cm/s is sufficient to ensure a very high density of excess carriers within the absorber, i.e. an iVoc 

(dashed lines) which is limited by the intrinsic limit of the absorber (~760 mV). For moderate 

chemical passivation and increasing S0 increasing the doping is beneficial for surface passivation 

and hence the iVoc. This is explained by the reduced electron density at the interface (equation 

(4.4). It is is typically referred to as field-effect passivation and lowers the demands on the 

chemical passivation (S0). In terms of external voltage it can be seen that voltage extraction is 

ideal only for sufficiently high doping. The external Voc matches the iVoc only for the case that 

p/n ≫ 1 is maintained for OC conditions (dotted lines). If p/n is approaching unity a voltage loss 

in the contact region reduces the external voltage well below the implied voltage. In other words, 

the contact fails to selectively extract the excess holes from the absorber. It can be seen that for a 

given doping p/n  is reduced the better the chemical passivation. This is again explained by the 
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fact that for higher excess carrier densities maintaining low-injection becomes more challenging. 

Accordingly, for insufficient doping the voltage loss becomes even higher the lower S0 is. 

 Such a voltage loss is not only observer for OC conditions but also for MPP conditions (not 

shown here but discussed below). The iVMPP and the VMPP show the same behavior like the iVoc 

and the Voc. Accordingly, a voltage loss in the contact region at MPP also leads to a reduced FF. 

The efficiency reveals that a sufficient high doping and surface passivation are essential 

ingredients. For the highest doping and S0 < 1000 cm/s an high efficiency close to the intrinsic 

limit (29.1%) is obtained.  

 The major advantage of homojunctions is that p/n ≫ 1 is easily fulfilled doe to its high net 

doping. However, for the commonly applied techniques doping is higher than actually needed. 

This results in heavy doping effects. A rather intrinsic limitation is the unpassivated 

metal / semiconductor interface. It follows, that voltage extraction is typically ideal but the 

higher recombination limits the implied voltage and hence the efficiency.  

4.2.3 MS contact: An induced p/n homojunction  

Influence of electrode’s work function and chemical surface passivation  

 The structure investigated here corresponds to a metal-semiconductor contact. The work 

function of the transparent metal like electrode (WFelectrode) and S0 at the c-Si surface underneath 

are variable. WFelectrode was chosen to match the values of the p-doped c-Si film from the previous 

section.  

 Figure 4.8 reveals that the behavior of the induced homojunction matches that of the 

homojunction formed by doping from above (Figure 4.7). It follows, that in principle there is no 

difference if the highly hole populated device region close to the external electrode is realized by 

p-doping or by a high WF electrode. 

 While the MS structure is a very simple one, finding a material with a proper WF is one of the 

major challenges for this structure. An intrinsic limitation is set by the absence of passivation at 

the metal / semiconductor interface which is covering the whole surface. In this sense, in the next 

subsection section a buffer layer is added to this structure.  
 

 Yet, before moving to the next subsection, we take a more holistic view comparing the hole and 

electron contact. Additionally, a basis for an experimental approach used in section 6 is provided. 

The investigated structures are sketched in Figure 4.9. One with a hole contact of a 1 Ωcm n-type 

absorber (green) and one with an electron contact of a 1 Ωcm p-type absorber (red). Three 
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different levels of surface passivation (S0) were assumed. The work function for both contacts is 

changed from the conduction band to the valence band of the c-Si absorber. For the hole contact 

∆WF = WFelectrode - WFc-Si(n) defines the built-in potential and p/n >> 1 must be fulfilled. For the 

electron contact ∆WF = WFc-Si(p) - WFelectrode and n/p >> 1 must be fulfilled.  

  The results in Figure 4.9a are mirrored around the mid-gap energy of the c-absorber (4.61 eV). 

For a hole contact the work function must be close to the valence band energy of the absorber. 

For the electron contact it must be close to the conduction band energy of the absorber to 

maximize ∆WF and to obtain a highly inverted surface. The slope of φc-Si is unity as φc-Si ≈ ΔWF. 

ΔWF is about 900 meV for both contacts if matching the valence / conduction band of the 

absorber. For such conditions the induced hole and electron densities are in the range of that 

obtained for the standard p/n-junctions formed by doping. At mid-gap the p/n ratio is close to 

unity for both, the hole and electron densities corresponds to about the intrinsic carrier density 

and ∆WF  is about 350meV.  

 Regarding surface passivation and the iVoc and iVMPP, for moderate and poor chemical 

passivation, the increased of φc-Si leads to improved field effect passivation. With respect to the  
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external voltage, a sufficient high/low WF is needed to extract this implied voltage. It can also be 

seen that for improved chemical passivation and higher implied voltage a higher/lower WF is 

needed to ensure an ideal voltage extraction. Another important feature is that the slope of the 

external voltage is also unity, up to a level where the external voltage saturates since the implied 

voltage becomes limited by the intrinsic c-Si bulk recombination. However, for real devices the 

influence of Fermi-level pinning or adjacent junctions other than the induced p/n-junction (see 
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Figure 4.16) will cause a different behavior. Both aspects are addressed in section 6.3 and 6.1, 

respectively. 

4.2.4 MIS like contact: a-Si:H buffer 
Decoupling the chemical surface passivation from the defects of the electrode  

 The structure simulated here corresponds to the MS structure from Figure 4.8 but features an 

additional 5 nm thick undoped a-Si:H buffer with a band gap of 1.7 eV in-between the metal like 

electrode and the c-Si absorber (Figure 4.10). It should be noted that in a classical MIS structures 

dielectric buffer layers (e.g. SiO2) with a thickness of 1-2 nm are typically applied. However, as 

AFORS-HET does not support tunneling as transport mechanism we had to restrict the 

investigations to a semiconductor buffer.  

 For the simulated structure, S0 refers to the recombination at the interface between the metal 

like electrode and the buffer. c-Si surface defects are neglected which is equivalent to a perfect 

chemical passivation of the absorber by the buffer. To account for the fact that the hole contact 

region is extended by the undoped a-Si:H buffer the p/n ratio for EQ and OC is shown in Figure 

4.10 for the c-Si interface (bottom graph) and as before directly at the electrode (middle graph). 
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The latter is also representative for the p/n ratio in the bulk of the buffer. 

 Compared to the MS device from Figure 4.8 two major differences arise when introducing a 

buffer. The most important is that the c-Si passivation and thus the iVoc are decoupled from S0 at 

the interface between the electrode and the buffer. Irrespective of S0 and WFelectrode the iVoc is 

limited by the intrinsic recombination of the absorber and is close to 760 mV. In other words the 

abundance of defects at the electrode / buffer interface that is characterized by a high S0, is not 

“seen” by the minor carriers (more further below). In terms of the external voltage, again a 

WFelectrode close to the valence band of the absorber is needed to ensure an ideal voltage 

extraction. Comparing the p/n ratio at the c-Si surface (bottom) and at the interface of the 

electrode (middle) it can be seen that the occurrence of high-injection conditions for which p/n is 

close to unity is limited to the interface region (and the a-Si:H part of the junction). Unlike for the 

MS structure the p/n ratio at the c-Si interface remains well above unity. 

 The second aspects is that some band bending is also induced into the buffer. The latter is 

reflected in the slightly lower c-Si band bending (490 vs. 560 meV) but becomes more obvious 

from the lower hole density at the c-Si surface as compared to the values of the MS structure in 

Figure 4.8. To compensate for the fact that a high hole density has to be induced in the undoped 

buffer as well and to obtain a similar inversion of the c-Si surface, WFelectrode has to be increased  

to values well above the valence band energy of the c-Si absorber. For the results in magenta the 

WF matches the valence band of the a-Si:H buffer. Further discussion based on simulations 

reading the buffer can be found in section 4.2.5, 4.2.7 and 6.3.2.  

  

4.2.5 Classical SHJ: a-Si:H doping and TCO work function  
 Now we turn to the standard SHJ. Compared the MIS like structure from above p-doping of an 

additional a-Si:H layer is applied to tune the p/n ration in the contact region. Basically, the need 

for this additional p-doped a-Si:H layer in the conventional SHJ structure is explained by the 

unsuited work function of the TCO electrode. It will be shown how that a parasitic junction is 

induced by the TCO which needs to be compensated for by the doped a-Si:H. First the influence of 

such an unsuited TCO work function on the band diagram is discussed in detail for the relevant 

working conditions. Then the interplay between the a-Si:H(p) and the work function and its 

influence on the external as well as internal cell parameter is demonstrated. Finally, the influence 

of the a-Si:H(p) thickness and screening length is discussed.  
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Band diagrams 

 The influence of WFelectrode on the overall contact properties shall be motivated in the following 

in detail. To this end, the structure from Figure 4.11 is investigated. The a-Si:H p-type doping is 

kept constant and WFelectrode is chosen to either result in flat-band (5.3 eV, black) or depletion 

conditions (4.8 eV, red) at the electrode / a-Si:H(p) contact. The focus is on the band diagram, the 

local electric field and the local currents and carrier densities and how this properties change for 

the relevant working conditions.  

 First it should be demonstrated how the equilibrium hole density of the individual layers before 

contact formation (p00) is changed during contact formation. And how this results in the 

equilibrium hole density (p0) of the actual SHJ structure. In the lower graph of Figure 4.11 p00 

(thin solid lines) is shown. In the p-doped a-Si:H p00 has the highest value, it is much lower in the 

undoped a-Si:H buffer and the undoped absorber. While in the undoped films it amounts to the 

respective intrinsic carrier density of ~5∙105 and 1010 cm-3 it is ~9∙1015 cm-3 in the a-Si:H(p). It 

should be noted that the latter is 3-4 orders of magnitude lower compared to a highly doped 

crystalline silicon regions of the homojunctions. After contact formation between this layers the 
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p0 indicates the local hole density. The increase of p0 in the undoped a-Si:H and the c-Si reveals 

the induced p/n-junction and the formation of the highly hole populated region. For the flat-band 

case where WFelectrode matches the work function of the a-Si:H(p) (black) the equilibrium hole 

density at the a-Si:H / c-Si interface and at the interface to the electrode amounts to 5∙1018 and 

1∙1015 cm-3, respectively. For the much lower and unsuited work function of the TCO electrode 

(red) this values are only 3∙1017 and 4∙106 cm-3, respectively. The latter shows that the p-doped 

a-Si:H close to the electrode becomes virtually intrinsic (p0 ≈ n0). Hence, a high density is in the 

contact region is not ensured here. This becomes also apparent from the band diagram where the 

Fermi-level near the electrode is situated rather close to mid-gap then close to the valence band. 

With respect to the induced junctions for the flat-band case, ∆WF = WFa-Si:H(p) - WFc-Si(i) ≈ 5.3 – 4.6 

= 0.7 eV which defines the total electrical potential difference which is responsible for the band 

bending seen in the band diagram. It is shared by the a-Si:H(p) (~0.05 eV) the a-Si:H(i)  

 (~0.12 eV) and the c-Si (~0.54 eV). 
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The work function difference for the case where the parasitic junction forms is only ∆WF = 

WFelectrode- WFa-Si:H(p) ≈ 5.3 – 4.8 = 0.5 eV. An opposed band bending in the a-Si:H(p) is observed, 

the Schottky barrier. The parasitic junction stretched through the a-Si:H into the c-Si, which 

means that the c-Si band bending is also reduced. For this case the electrical potential difference 

and band bending are shared as follows, a-Si:H(p) (~-0.29 eV), a-Si:H(i) (~0.18 eV) and the c-Si 

(~0.5 eV).  

 For the unsuited TCO work function, upon operation a very low excess carrier density is 

sufficient to push the hole contact in high-injection conditions. This is shown for MPP and OC 

conditions in Figure 4.12. For both cases the hole density (dashed red lines) exceeds the 

equilibrium hole density (p >> p0) and p/n at the interface to the electrode is close to unity. The 

non-ideal voltage extraction and the gradient in the hole QFL are highlighted in green. Such 

conditions are not observed for the flat-band case. The hole density is much higher, hardly 

changed with respect to equilibrium and well above the electron density. A gradient in the hole 

QFL is not observed and the external voltage matched the implied voltage for all working 

conditions. The local currents are also shown in Figure 4.12. The numbers in the current density 

graphs quantify the recombination current density in different device region. From left to right, 

at the electrode´s interface, within the doped and undoped a-Si:H and in the c-Si. For OC 

conditions device recombination is clearly limited by the absorber for flat-band conditions 

(black) as indicate by the fact the most of the generation current recombines in the absorber 

(41.5 mA/cm²). This is not the case for the unsuited work function, only 30.3 mA/cm² recombine 

in the absorber and a significant fraction in the a-Si:H and at the interface to the electrode6. For 

MPP conditions the recombination is much lower as current exits the device (JMPP). Now the 

generation current is nullified by both the JMPP and the global recombination current. Again, at the 

interface of the electrode the recombination current is higher compared to flat-band conditions.  
 

J-V and Suns-Voc characteristics  

 The non-ideal voltage extraction leads to some peculiarities of J-V and Suns-Voc characteristics 

which can be exploited to identify losses arising from a poor carrier selectivity. The left graph in 

Figure 4.13 shows the J-Vlight curves (solid lines) and J-Vdark curves shifted by the Jsc (dashed lines) 

from the two cells above (black, red) and another one with WFelectrode = 5.0 eV (grey). The J-Vlight 

curves for which the current is plotted vs. the implied voltage are shown as well (J-iVlight, green  
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 dotted lines) and are identical for all variations. The cell featuring flat-band conditions (black) 

shows the characteristics of a properly operating device. The J-Vlight and J-Vdark characteristics 

overlap which means the shifting approximation, i.e. the superposition principle is valid. 

Furthermore, the external and the implied voltage are identical for all working conditions (green 

line matches the black). This conditions are not fulfilled for the unsuited work functions. The J-

Vlight characteristic shows an s-shaped behavior which is reflecting the influence of the opposing 

Schottky contact. The superposition principle fails and the external voltage is below the internal 

voltage as none of the J-Vlight curves matches the J-iVlight curve. 

 Another import particularity of such contacts is the illumination level dependence of the 

implied and external voltage at OC conditions. The Suns-iVoc and Suns-Voc of the three cells are 

shown in in the right graph in Figure 4.13. It can be seen that the deviation between both curves, 

which is the voltage loss in the contact region, becomes more pronounced with increasing 

illumination intensity. This follows from the fact that maintaining low-injection conditions and an 

ideal voltage extraction becomes more challenging with increasing illumination intensities and 

excess carrier density. Accordingly, the Suns-Voc curves deviates from the Suns-iVoc curve 

depending on the ability to maintain an ideal voltage extraction. Another observation is that for 

high illumination intensities and high excess carrier densities the iVoc´s are rather similar. This is 

explained by the fact that the overall recombination becomes dominated by the contribution 

from the intrinsic c-Si bulk recombination rather than the recombination by the contacts at its 

surface. Consequently, for above 1 sun the same Suns-iVoc curves are observed.  
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 As will also be shown in the experimental section, one striking feature of such Suns-Voc curves is 

that the voltage loss in the contact region manifests itself in a slope of the Suns-Voc curve which 

deviates from the one of an device which performs ideal in terms of voltage extraction. 

Furthermore, the application of illumination intensities well above 1 sun conditions makes the 

investigation more sensitive to the voltage loss in the contact region. This allows an easy 

evaluation of different contact schemes reading an ideal voltage extraction. 
 

Interplay of a-Si:H doping and TCO work function:  

 Now, in addition to WFelectrode the influence of the a-Si:H doping is taken into account. Both 

parameters are changed in such a way that they cause flat-band, depletion and accumulation 

conditions. The external and implied cell parameters are studied for MPP and OC conditions in 

detail as it is also of great concern to point out that a good carrier selectivity at OC does not imply 

a well-working device. More precisely, it shall be pointed out that the requirements on the carrier 

selectivity at MPP are more stringent as compared to OC.  

 Three different doping levels have been chosen for the p-doped layer as shown in (Figure 4.14). 

The idealized case where WFa-Si:H(p) matches the valence band energy (5.6 eV), this layer is 

degenerately doped and shows rather metal like behavior. And the more realistic case where the 

Fermi level is 0.3 or 0.42 eV below the valence band and WFa-Si:H(p) amounts to 5.3 and 5.18 eV, 

respectively. We also considered the case where the p-doped layer is omitted and the contact 

properties are defined by the metal like electrode (MIS like structure from section 4.2.4). 

WFelectrode is changed from a very high value of 5.6 eV which matches the valence band energy of 

a-Si:H to a very low value of 4.8 eV which is near mid-gap of a-Si:H. 

 Figure 4.14 shows how the electrode´s work function and the p-doping of the a-Si:H layer 

interact. The different a-Si:H doping levels are distinguished by the color, the case in which the 

doped layer is omitted is shown in green. Basically, Figure 4.14c reveals that in terms of 

efficiency (solid lines) a high doping of the a-Si:H is needed and WFelectrode has to be well above 

the valence band energy of the absorber (5.18 eV). The high WFelectrode is needed to prevent the 

depletion of the contact and a high doping helps to restrict this depletion to a small fraction of the 

p-doped layer where it has only a small influence on the overall SHJ properties. The implied 

efficiency (dashed lines) on the other hand, which is reflecting the upper efficiency limit imposed 

by the c-Si surface passivation by the contact and the intrinsic c-Si bulk recombination is hardly 

effected by WFelectrode and the a-Si:H doping. Basically, the implied efficiency would be the one 

obtained if low-injection conditions could be preserved in the contact region. 
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 For a detailed investigations first the EQ conditions are infestigated, more precisely the hole 

density in the contact region in Figure 4.14b. The p/n ratio at the interface to the electrode (dash- 

dotted lines) is defined solely by WFelectrode and increases with WFelectrode. At the c-Si surface (solid 

lines) the p/n ratio is additionally influenced by the doping and WF of the a-Si:H(p) in-between. 

The lower the a-Si:H(p) doping is the stronger is the influence of WFelectrode. This is because for 

decreasing net doping the a-Si:H(p) layer loses its ability to shield the parasitic built-in potential 

which results from the difference between WFelectrode and WFa-Si:H(p). For a low doping this 

parasitic band bending penetrates further into the contact and also modifies the carrier density 

at c-Si surface. The vertical dotted lines indicate where WFelectrode = WFa-Si:H(p) which corresponds 

to the flat-band conditions for a given a-Si:H doping, i.e. where WFelectrode does not modify the 

contact. The p/n ratio at the c-Si surface (solid lines) reveals that for WFelectrode < WFa-Si:H(p) the 

contact region below the electrode gets depleted from holes. For WFelectrode > WFa-Si:H(p) the hole 

density is further increased, i.e. holes are accumulated in the contact region. For an extremely 

high net doping (black lines) the equilibrium carrier density in the a-Si:H and c-Si part of the SHJ 

are virtually unaffected by WFelectrode as the induced band bending is restricted to the a-Si:H(p) in 

close proximity to the electrode and does not penetrate further into the contact. The screening 

length of the doped layer is the relevant parameter which determines the electrostatic shielding 

and the interaction between the the electrode and the a-Si:H / c-Si part of the SHJ underneath7. 

However, it can be seen that for a sufficiently high WFelectrode, more precisely for 

WFelectrode > WFa-Si:H(p), the doped layer is superfluous (green lines). This follows from the fact the 

work function of the electrode can provide a highly hole populated and inverted contact region 

alone (MIS like device).  

 In general, the local modification of the carrier density in the a-Si:H and at the c-Si surface by 

WFelectrode result from the induced band bending and the built-in potential, respectively. The 

equilibrium band bending induced into the absorber (φc-Si) is shown by the dotted lines in Figure 

4.14a. For flat-band conditions at the electrode / doped a-Si:H interface (vertical lines), the upper 

bound of φc-Si is defined by the work function difference between the doped a-Si:H and c-Si  
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absorber, i.e. ∆WF = WFa-Si:H(p) - WFc-Si(i). If the p-layer is omitted (green) ∆WF = WFelectrode -WFc-Si(i) 

defines the upper bound for the induced band bending. However, as motivated before some band 

bending is lost in the buffer or if lowly doped, in the p-layer itself. Hence, φc-Si is always below 

∆WF if a buffer is present. For the intrinsic c-Si absorber the maximum φcSi is about 

Eg,c-Si / 2 = 0.56 eV which follows from ∆WF = Ev,c-Si - WFc-Si(i) = 5.18 – 4.62 = 0.56 eV. The band 

bending lost in the buffer is best quantified for the MIS structure. Here, WFelectrode has to be well 

above 5.18 eV and hence well below the valence band of the c-Si absorber to approach this upper 

limit. Furthermore, only for the unrealistic high p-doping where WFa-Si:H(p) = 5.6 eV the standard 

configuration featuring a doped a-Si:H layer yield’s such a high band bending. This highlights that 

the presence of the buffer comes at the expense of a higher WF of the electrode and/or p-layer 

which has to be well below the valence band energy of the c-Si absorber.  

 Figure 4.14b shows that under open-circuit conditions the p/n ratio at the interface to the 

electrode (dotted lines) and the c-Si absorber (dashed lines) is reduced as compared to EQ 

conditions. Especially in the a-Si:H part of the SHJ the p/n ratio is approaching unity for a low 

doping and a low WFelectrode as it is indicated by the p/n ratio at the interface to the electrode. That  
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 the recombination in the a-Si:H bulk and at the interface to the electrode are also strongly 

increased for such conditions can be deduced from Figure 4.14d and was shown before in Figure 

4.12. The lower the p-doping and WFelectrode are, the higher is the parasitic current which flows in 

the a-Si:H part of the SHJ triggered by the recombination there.  

 In Figure 4.15i the voltage losses in the contact region for MPP (dashed lines) and OC 

conditions (solid lines) are shown. It is the difference between the implied and the external 

voltage for MPP conditions (Figure 4.15e) and OC conditions (Figure 4.14a). The excellent 

passivation of the c-Si by the contact for OC conditions and the lack of extrinsic c-Si bulk 

recombination allow for a nearly constant and very high iVoc of 755-765 mV as shown by the 

dashed lines in Figure 4.14a. The same holds for the MPP conditions, a very high and constant 

iVMPP of 702-709 mV (Figure 4.15e) is reached. It can clearly be seen in Figure 4.15i that with 
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lower doping and lower WFelectrode the hole contact loses its ability to maintain the hole quasi 

Fermi level in the SHJ. An important finding is that this voltage loss is always much higher for  

MPP conditions as compared to OC conditions (dashed and solid lines in Figure 4.15i). Besides 

the voltage at MPP, the current (density) at MPP is also significantly reduced as compared to 

short-circuit (SC) as shown in Figure 4.15h. Hence, the FF from the J-V characteristics (solid lines) 

in Figure 4.15g is well below the implied FF (iFF* = iVMPP ∙ JMPP / iVoc ∙ JSC). 
 

 Summarizing the result from above, to match the implied efficiency (Figure 4.14c) and hence 

preserve low-injection conditions in the contact region either a suited electrode featuring a high 

WFelectrode well above the absorbers valence band has to be applied as shown for the MIS like 

device. Or, if the latter cannot be ensured, an additional doped layer is needed that partly 

compensates for the unsuited WF of the electrode. The higher the a-Si:H doping is the higher is 

the tolerance to WFelectrode. In general, for the optimization of the SHJ both the a-Si:H and 

electrode properties have to be considered to maximize the efficiency.  

 Experimental investigations of the influence of the a-Si:H doping, an improved work function 

matching and high work function electrodes which allow to omit the doped a-Si:H are presented 

in chapter 6. 

 

The induced c-Si band bending as an indirect measure for the contact’s selectivity  

 It should be noted that except for the idealized very highly doped p-layer (WFa-Si:H(p) = 5.6 eV, 

Figure 4.14) the equilibrium band bending which is induced into the absorber (φc-Si) is a good 

measure for the selectivity of the contact. This is shown in Figure 4.16a where the efficiency is 

plotted as a function of φc-Si and the equilibrium p/n ratio at the c-Si surface. The lower the 

p-doping of the a-Si:H is the more sensitive is the efficiency to φc-Si. This follows from the fact that 

with decreasing doping the a-Si:H layer loses its ability to shield the parasitic band bending 

which is induced by the TCO electrode into the a-Si:H. This is most pronounced for the MIS like 

structure where φc-Si is governed solely by the properties of the electrode as a doped layer is 

omitted. This again explains the close affinity of SHJ cells to the other class of induced junction 

devices, namely MIS or SIS devices. The most notable difference is that SHJ cells are featuring a 

semiconductor buffer and that the (lowly) doped and undoped a-Si:H are prone to operate in 

high-injection conditions. A problem, which is not observed for the metals and degenerately 

doped TCO or pol-Si films of MIS and SIS cells and their dielectric buffer layers, respectively. 



- 76 -  4  Relevant Design Parameters for Carrier Selective Contacts: A Simulation Study 
 

 For the voltage at open-circuit and MPP conditions a roughly linear dependence on φc-Si for the 

regime where external voltage is limited by selectivity rather than surface passivation (V < iV) is 

observed. An ideal voltage extraction (V ≈ iV) is observed for an φc-Si and p0/n0 of about 520 meV 

and 5 1017 cm-3, respectively. For this conditions p0 at the c-Si surface is about 1 1019 cm-3. For 

V < iV the slope is unity for the case that no doped a-Si:H is present and where φc-Si defined mainly 

by WFelectrode. This is similar to the results from Figure 4.9. The presence of the doped layer result 

in the WFelectrode / a-Si:H(p) and a-Si:H(p) / c-Si double junction causing the steeper slope.  A slope 

below unity is observed for the case that WFelectrode is constant and that the doping is variable 

(grey lines in Figure 4.16b).  Some band bending is need in this case to account for the parasitic 

WFelectrode / a-Si:H(p) Schottky contact.  
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 The correlation between φc-Si and the different cell parameter and the efficiency is an important 

finding since φc-Si can experimentally be easily determined e.g. by surface photo-voltage (SPV) 

measurements [18] ,[126], [89]. This technique was pioneered for SHJ device at the HZB Berlin 

and has proven helpful for the analysis of the induced junction which results from the TCO and 

a-Si:H properties in this thesis. Experimental results are presented in chapter 6. 

 

a-Si:H(p) thickness and bulk defects: Effective screening length 

 Here, we shall briefly look at two other parameters that influence how the electrode and the 

doped a-Si:H interact. As indicated in Figure 4.17, (i) the thickness of the p-doped layer was 

increased from 5 to 15 nm and (ii) a lower defect density for a 5 nm p-doped layer was assumed. 

For the latter, the defect density corresponds to the one of the undoped a-Si:H buffer. The net 

doping and thus the free hole density is the same for all p-layers, Eact amounts to 0.3 eV which 

corresponds to WFa-Si:H(p) = 5.3 eV.  

 The results for the three different p-layers are plotted vs. WFelectrode in Figure 4.17. In can be 

seen that in terms of Voc a higher a-Si:H(p) thickness (blue vs. black) can tolerate a lower 

WFelectrode to some extent. This is due to the fact that for the thicker layer the depletion is 

restricted mainly to the doped layer itself and does not modify the junction properties 

underneath. This can be inferred from the fact that φc-Si and the equilibrium p/n ratio at the c-Si 

surface (solid lines) are not affected by WFelectrode for the thicker p-layer. The local depletion of 

the doped layer can be deduced from the reduced equilibrium p/n ratio at the electrode´s 

interface (dashed dotted lines). The bottom-right graph shows that the voltage loss in the a-Si:H 

part of the SHJ is reduced for the thicker p-layer for MPP conditions as well. Nevertheless, with 

regards to the efficiency for an increased thickness of the doped layer (at the illuminated side) 

the improved external voltage is compensated by the increased parasitic absorption in the 

thicker p-layer. The current loss in the additional 10 nm is significant and amounts to about 2 

mA/cm².  

 For both 5 nm layers (black and red) comparable conditions are observed for flat-band 

conditions, i.e. WFelectrode = 5.3 eV. However, for the more relevant case of a lower WFelectrode and a 

depleted a-Si:H, the a-Si:H(p) with the same net doping but less bulk defects (red) shows a worse 

performance. The voltage loss in the contact region is much higher for both OC and MPP 

conditions and the efficiency is strongly reduced for this layer. This is explained by the higher 

screening length of the less defective layer. As nicely motivated for silicon thin film cells in Ref  



- 78 -  4  Relevant Design Parameters for Carrier Selective Contacts: A Simulation Study 
 

[127], for SHJ cells by Varache [23], [125] and by the present author in Ref [95] (equation (2.5)) 

the reduced density of defects in the a-Si:H bulk also means that the density of rechargeable 

states is reduced. For the layer with the lower defect density the screening length exceeds its 

thickness which means that additional rechargeable states in the undoped a-Si:H and the c-Si part 

of the SHJ underneath are needed to screen the parasitic band bending. Consequently, the 

depletion is not only restricted to the doped layer but stretches far into the c-Si part of the SHJ. 

This global depletion can be inferred from the influence of WFelectrode on φc-Si and the equilibrium 

p/n ratio at the c-Si surface which is much higher for the less defective 5 nm layer (red). Hence, 

while the bulk defects of the a-Si:H are detrimental in terms of doping efficiency they seem to be 

essential to mitigate the problem of the opposing Schottky contact. 
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4.2.6 Role of electric field 
A p/n junction without an electric field 

 In this subsection the relevance of the electric field for the carrier selectivity and the movement 

of holes and electrons in opposite directions shall be briefly discussed on the basis of the fictive 

device structure which is also found in chapter 6.8 of the textbook from Würfel [9] and is 

qualitatively discussed there. It shall be shown that the electric field, that inevitably forms when 

enabling a highly hole populated device region via doping or by an induced junction, is a side-

effect rather than it is actually governing the carrier selectivity.  

 This issue was also discussed by Cuevas et. al. [128] and Würfel et. al. [39] more recently. It was 

also pointed out that while an electric field results from the way in which a high hole density in 

the contact region is reached. The important fact is that the local hole density is increased while 

the electron density is decreases and not the presence of the accompanying electric field. Taking 

into account that the dominant driving force that governs the parasitic current of the “wrong” 

carrier species (electrons) from the absorber into the hole contact is the diffusive force acting on 

the electrons. The concentration gradient seen by the electrons of the absorber can be reduced if 

less electrons recombine at the hole contact.  This is reached by the increase and decrease of the 

equilibrium hole and electron density in the contact region, respectively, according to 

Hence, the unwanted property of the hole contact to act as a sink for the electrons is diminished 

in this way. It ensures a small electron current and hence that the total current is dominated by 

the hole current. 
 

 To demonstrate the irrelevance of the electric force acting on the electrons, two p/n junction 

devices were simulated which are distinguished by their hole contact. The band diagram, the 

local electric potential (φ), electron affinity (χ) and hole, electron density are shown in Figure 

4.18 for EQ (left) and OC (right) for both structures. The reference structure (grey) corresponds 

to a highly doped p/n homojunction where the p-side is featuring a spatial variation of the 

acceptor doping density (NA) as shown by the green line. This p-contact has the constant band 

gap and the electron affinity of c-Si. For the sake of simplicity, the maximum doping density in the 

p-doped region and of the n-doped absorber was set to the density of states in the valence and 

conduction band (degenerately doped). It means that in the highly doped region Ef and the 

valence and conduction band merge, respectively. Hence, the difference between the work  

(4.7) 
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function of the p- and n-region amounts to the difference of EV and EC and thus the band gap. The 

electric potential difference that results from the contact formation between both materials for 

EQ is defined by this quantity and thus amounts to 1.12 eV as shown in the middle graph. For the 

band diagram of the reference structure only this electric potential difference is responsible for 

the bending of the bands. 

  

 To get the same distribution of carriers within the fictive device (red) for EQ conditions but 

omit the electric field, an identical spatial variation of the acceptor doping (doping profile) was 

assumed but the accompanied variation of φ with p-doping has to be compensated. This is done 

by a spatial variation of the composition of the material. This means we have to construct a 

heterojunction that not only as a graded doping but also a grading of χ in the p-layer. To this end, 

χ at x = 0 nm is reduced by 1.12 eV compared to the reference and approaches the values of c-Si 
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(4.05 eV) at the end of the p-region as shown in Figure 4.18 in red. This results in the parallel 

shift of the band diagram towards lower energies compared to the reference but the same band 

bending is observed. 

 A peculiar shape of the electrical potential is observed at the junction which might be explained 

by a dipole [128]. Nevertheless, it can be seen that the band bending does not follow this 

behavior and is identical to the one for the reference structure in grey. Hence, the only difference 

between both structures visible in the band diagram is that the band diagram of the fictive 

structure is shifted by the lower χ at x = 0 nm. The band bending is identical but originates from 

the electric field for the reference structure and for the fictive structure only the variation of χ is 

responsible for the band bending. For the latter an electric field does not exist and the bending of 

the bands can be understood as a graded conduction (and valence) band offset which is similar to 

the structure in Figure 2.5. 
 

 Looking at the results for OC conditions (right in Figure 4.18), except for the electric field an 

identical behavior is observed for both structures. For both φ and thus the band bending are 

reduced by the same amount. However, φ is pointing in opposite directions. The increase of the 

hole and electron density within the device and the accompanied compensation of the space 

charges causes the reduction of the internal field. As the recombination parameters (S0, …) and 

the equilibrium carrier concentrations are identical for both devices the recombination for OC 

must be identical too. This is actually true and quantified by the external voltage for OC 

conditions which amounts to Voc = 810 mV for both devices (intrinsic c-Si recombination was 

neglected). The external voltage corresponds to the splitting of Ef,p and Ef,n in the p- and n-region, 

respectively, as voltage extraction is ideal, i.e. no gradient in the majority carrier Fermi-level is 

observed in the contact region. The remaining band bending at OC is defined by Vbi - Vext and 

amounts to 1120  mV – 810  mV = 310 mV for both structures. The fact that the electric field of 

the fictive structure is pointing in the opposite direction and is also much higher clearly shows 

that the blocking behavior of the electric field preventing the parasitic electron injection from the 

absorber into the p-region cannot be the relevant force governing the selectivity of a p/n 

junction.  



- 82 -  4  Relevant Design Parameters for Carrier Selective Contacts: A Simulation Study 
 

 These findings are corroborated by the right graph in Figure 4.19 where the parasitic electron 

current, i.e. the recombination current is shown for OC conditions as a function of S0. Two 

currents are shown, one which is injected from the n-absorber into the p-region (near the p/n 

junction) and the one at the interface to the electrode for which S0 was varied. The variation of S0 

was chosen to change the recombination activity of the p-region and to probe how the n-injection 

from the absorber responds for both systems. No difference is observed. The electron currents 

are the same irrespective of the chemical passivation and the position in the hole contact. The 

annihilation of electrons (and holes) by recombination at the surface which increases with S0 acts 

as a sink for electrons in the same way, despite the opposing electrical field. The left graph 

reveals that despite this significant difference in the drift force acting on the carriers, both devise 

behave exactly alike for OC conditions and the identical high efficiency reveals that this is also the 

case for MPP and short-circuit conditions.  
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4.2.7 Important bulk parameters for semiconductor buffer layers 
Band gap, mobility and thickness:  
Transition between electrically opaque and transparent buffers  

 In the following the influence of the electrical band gap (Eg), hole and electron mobility (μp, μn), 

thickness and bulk defect density of the buffer layer are investigated. This is different from the 

standard consideration for a buffer layer, which is its chemical passivation of the c-Si absorber. 

The aim is to point out the important parameters which allow the buffer to decouple the iVoc of 

the absorber from the abundance of defects at the interface at the electrode. The simulated 

structure is given in Figure 4.20. As the iVoc is the main concern flat-band conditions have been 

assumed (no field-effect passivation). Accordingly, the absence of an induced or doped junction 

limits the external Voc to below 400 mV for all structures. Moreover, when changing Eg of the 

buffer the conduction and valence band offset are kept similar to avoid asymmetries for the hole 
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or electron injection from the absorber caused by asymmetric hetero-barriers. It should be 

remembered that tunneling is not considered in the simulation. However, it is very likely that 

tunneling is a relevant recombination and transport path for the a-Si:H / c-Si hetero-junction 

[20], [129], [130]. So the result presented here present an upper limit for the iVoc as additional 

tunneling related recombination processes are not considered. In Ref [131] important 

parameters for buffer layers enabling a high iVoc, other than chemical passivation, are also 

addressed.  

 The left graphs in Figure 4.20 show the iVoc as a function of S0 at the interface of the electrode 

for four different band gaps (different colors) of a 5 nm thick buffer. In the upper graph results 

with and without defects in the bulk of the buffer are compared. It can be seen that with 

increasing band gap the iVoc becomes less sensitive to S0 and the bulk defects. For an Eg of 1.7 eV 

the iVoc is only about 10 mV below the intrinsic limit for an very high S0 = 107 cm/s. The iVoc rises 

with decreasing S0 and if bulk defects are neglected the intrinsic limit is reached for S0 = 1 cm/s 

regardless of Eg. It can be seen that for such a well-passivated interface additional bulk defects do 

not contribute to recombination for a high band gap. Hence, for a sufficiently high Eg surface and 

bulk recombination of the buffer are virtually eliminated. 
 

 Referring to the intuitive explanations from Ref [16] on the possibilities to lower the 

recombination current pre-factor and hence the recombination current this can be easily 

understood by 

It shows that for an electrically opaque region [132] the reduction of ni which comes along with 

the increase of Eg (Figure 2.5) yields a lower recombination owing to a decreased electron 

density (purple in equation (4.8). The ocher-colored part in the equation above suggests that a 

low mobility will have a positive influence too. That the low mobility of a-Si:H actually is a key 

ingredient to allow for a high iVoc is shown in the lower-left graph in Figure 4.20. The results for 

the high band gap buffer show that a low mobility makes the buffer electrically opaque and 

prevents the carriers from reaching the recombination active interface. To ensure that the buffer 

is opaque the width of the buffer must be above the effective diffusion length. The lower-right 

graph indicates that even for a high band gap, for a too low thickness the buffer becomes 

transparent and hence sensitive to S0. The transition between opaque and transparent for the  

(4.8) 
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layer with the mobility of a-Si:H is at around 10 nm. For higher mobilities thicker layers are 

required to avoid reaching the recombinative interface. The results for the a-Si:H layer suggest 

that its effective diffusion length is in the range of 10 nm, for thicknesses below the layer 

becomes transparent and the iVoc is strongly reduced. Interestingly, this is in the same thickness 

range for which a saturation of the iVoc is observed experimentally. In short, the high band gap 

limits the recombination in the bulk of the buffer and the low mobility and a sufficient thickness 

keep the carriers within the low recombination active bulk which prevents them from reaching 

the highly recombinative electrode / buffer interface. 

 In Figure 4.21 it shall be motivated that the buffer decouples the c-Si passivation not only from 

the properties of the interface shared with the electrode but from the bulk properties of a layer 

which is placed on top of the buffer as well. This variation is intended to be representative for the  

case when μc-Si layers which are featuring a lower band gap (higher ni) and a higher mobility 

(electrically transparent) are grown on top of the a-Si:H buffer instead of the commonly applied 

high band gap amorphous layers. Besides the band gap also the bulk defects of the top layer are 

variables. It can be seen that the reduction of the band gap of the top layer and thus its increase 

of ni has only a small influence on the iVoc. For the 5 nm buffer which is not totally opaque (Figure 

4.20 right) the iVoc remains above 750 mV. This however is not a surprising result as for the 

worst case scenario where the buffer is in direct contact to the electrode and S0 ≈ 107 cm/s a 

similar high iVoc was observed for this buffer for the structure investigated before. It should be 

noted that the reduction of the minority carrier density for the case that a junction is formed 

leads to further significant reduction of the density term in equation (4.8).  
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4.2.8 Selectivity from an asymmetric surface recombination velocity 
 Now we turn to the fictive and rather unrealistic contacts and come back to the issue of ideal 

voltage extraction. The ability of an asymmetric transition rate for electrons and holes directly at 

the interface of the electrode to enable an asymmetric hole and electron current into the 

electrode is discussed here. With this we are aiming to minimize the velocity term of the equation 

(4.5) and (4.6). It should be noted that the carrier selectivity of all contact schemes discussed 

before was bases on the asymmetry of the density terms.  

 In theory, the easiest way to ensure that the charge transfer at the interface between the 

absorber and the external electrode is dominated by holes is to minimize the recombination rate 

of electrons while keeping the recombination of holes high enough to not limit their transition 

rate, i.e. the hole current. In this sense, the surface recombination velocity of electrons and holes 

(S0,n, S0,p) at the interface between the absorber and the electrode were changed over an extreme 

range. The local hole and electron current density at the interface are described by  

 A sketch of the simulated structure and some key results of the simulations are shown in 

dependence of S0,n in Figure 4.22. As no p-doping was assumed and the electrode is not 

characterized by a certain work function (no induced junction), the carrier distribution in the 

hole contact region is not modified with respect to the bulk of the absorber for equilibrium (EQ) 

which results in flat-band conditions at the surface of the intrinsic absorber. This is evidenced in 

the middle graph where  (dotted lines). 

 Let’s first look at the ability of the contact to passivate the c-Si absorber for OC conditions, i.e. to 

provide a high excess carrier density within the absorber and a high iVoc (dotted lines upper 

graph). For S0,p = S0,n (black) a value of 1 cm/s is sufficient to approach the intrinsic limit imposed 

by the c-Si bulk recombination (~ 760 mV). For S0,p ≠ S0,n the iVoc is limited by the higher S0 over a 

wide range. Going to extremely low S0,n a very high S0p = 107 cm/s can be tolerated in terms of 

surface passivation. Even though such conditions (S0,p  >> S0,n ) are unrealistic for semiconductors 

system, it can be seen that such a contact has the ability to ensure a high external Voc as well 

(solid lines). However, only for an extremely low S0,n and an extremely high S0,p the gap between 

iVoc and Voc is small. The middle graph showed that the p/n ratio at the interface is unity for EQ.  

    (4.9) 

    (4.10) 
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During operation, the carrier densities are altered and it can be seen that for the parameters for 

which a reasonable external Voc is reached the interface is populated predominantly by electrons  

and not holes (p/n << 1) for the hole contact. Despite the clear dominance of electrons at hole 

contact the extremely low transition rate of electrons (S0,n) ensures that the overall current is still 

dominated by the holes. It should be noted as well that the rearrangement of free carriers near 

the interface during operation causes an electric field which is reflected in a corresponding band 

bending in the contact region (not shown). This field however, is pointing in the “wrong” 

direction not blocking the electrons from reaching the interface but rather attracting them.  

 It should be pointed out that in principle, such a contact can show excellent performance for 

short-circuit and MPP conditions as well as it is reflected in the efficiency which is approaching 

the intrinsic-limit of the c-Si absorber for the extreme symmetry between S0,n and S0p. A carrier 

selective contact scheme that is based on such a pronounced asymmetry of S0,n, S0p  is rather of 

academic importance for semiconductor based systems. Its relevance is discussed for organic 

systems in literature [133], [134], [135] and might be of some relevance for organic / inorganic 

hybrid systems [136] as well. 
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4.2.1  Selectivity from an asymmetric mobilities and hetero-barriers 
 The ability of two other variables to influence the velocity term in the equations (4.5) and (4.6) 

and hence rather fictive contacts are investigated. This are the mobilities and the band offsets 

which are tuned in such a way the electron current is reduced to a minimum without hampering 

the hole current. Hence, similar to above the possibility to obtain reasonable selectivity by other 

means then an asymmetric equilibrium p/n ratio is discussed.  
 

Carrer selectivity from asymmetric mobilies  

 The influence of the mobility and thickness is discussed on the basis of Figure 4.23. The 

structure is similar to the one from Figure 4.20 but the band gap is fixed to 1.7 eV and the 

absorption coefficient of the buffer is either the one of a-Si:H (ka-Si:H) or is set to zero (k0) to 

neglect the influence of photo-absorption and excess carrier generation in the buffer. The 

equilibrium p/n ratio is close to unity due to flat-band conditions. Hence, low low-injection 

conditions in the contact region and p/n ≫ 1 are not maintained during operation.  

 Accordingly, if a-Si:H like parameters (black) with similar mobilties are assumed for the 

undoped buffer the Voc (dashed and solid lines) is well below the iVoc (dotted line) and limited to 

about 350 mV. If the mobility of electrons is significantly reduced (blue and red) the Voc is higher 

but still limited to below the iVoc. The highest Voc is obtained for the thickest film featuring an 

extreme asymmetry of the mobilities (red) and only if photon absorption in the buffer is 

neglected (solid lines). This behavior might be explained as follows. As motivated in section 4.2.1, 
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for the hole contact the electron current must be negligible. With a very low electron mobility the 

absorber´s electrons can not reach the electrode and this becomes even more unlikely the thicker 

the buffer is. However, this contact only works if the parasitic supply of electrons originating 

from photon absorption in the buffer itself is switched off (solid lines).  

 

Carrer selectivity from  asymmetric hetero-barriers  

 The basic question here is if an increased conduction band offset hampers the parasitic electron 

current from the absorber and hence ensures the dominance of the hole current. The investigated 

structure is sketched in Figure 4.24 and corresponds to the one from above with the exception 

that the electron affinity (χ) of the a-Si:H like buffer is changed to tune the conduction band offset 

(∆EC). By reducing χ of the a-Si:H(i) buffer while keeping all other parameters constant, an 

increased conduction band offset between the buffer and the absorber is observed as indicated in 

Figure 4.24. Again, the equilibrium p/n ratio is close to unity in the contact region due to flat-

band conditions.  

 It can be derived from Figure 4.24 that a ∆EC of 580 meV is not sufficient to significantly 

suppress the parasitic electron current. Even, if the additional electron current caused by photon 

absorption in the buffer is neglected the external voltage remains well below the internal voltage 

and is limited to about 580 mV (even for much thicker films). It should be noted that the 

maximum Voc takes a value which is very similar to ∆EC. However, it is not further investigated if 
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this is a fundamental correlation. The data clearly suggest that carrier selectivity can only be 

ensured if the asymmetry of the hetero barriers is very high and if the contribution from photon 

absorption to the current of the wrong carrier species is negligible.  

 

 Similar to the investigations in section 4.2.8, the results above clarify that to obtain reasonable 

selectivity by other means than an asymmetric p/n ration extreme assumptions have to be made 

for the material and junction parameters which are not fulfilled by semiconductor based contact 

systems. This is explained by the fact that a highly asymmetric p/n ratio can be easily obtained 

experientially by doping or an induced junction. The tunability of the other parameters (S0, μ, 

∆E, photon-absorption, …) on the other hand is limited by rather fundamental reason explained 

by material science. Hence, in terms of contact engineering the density terms in equations (4.5) 

and (4.6) are the determining factor for carrier selectivity of common systems.  

 

4.3 Chapter Summary 
 In the first part, the fundamental challenge of balancing the power losses at the front side was 

addressed by comparing homojunction and heterojunction cells on the basis of spreadsheet 

calculations (diode model). The complex design trade-off of homojunction cells between a low 

minority carrier recombination in the metalized and passivated regions, an efficient lateral 

majority carrier transport (low Rsheet) and low optical losses (mainly grid shading) was 

demonstrated. It was shown that an improved minority carrier recombination is intrinsically 

linked to a less efficient majority carrier transport and the need for sophisticated device designs 

for the homojunction. For heterojunction cells this design problem is, in principle, less complex 

which is explained by the fact that recombination is not increased in the metalized region. This 

allows for the unique combination of a very low recombination (high Voc and FF0) and an efficient 

lateral transport (low pFF-FF). It results not only in an intrinsically higher efficiency but also in a 

much simpler device design.  

 

 In the second part, important conditions that allow for the selective excess carrier extraction 

from a c-Si absorber have been discussed for a variety of hole selective contacts systems on the 

basis of numerical device simulation. As a unique feature both the ability of the contact to 

passivate the absorber, i.e. to provide a high implied voltage, and the ability of the contact to 

extract this voltage from the absorber were analyzed independently. Unlike for the standard 
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investigations where it is assumed that voltage extraction is ideal (external voltage matches 

implied voltage) this allowed for an holistic evaluation of the contacts and to asses by which 

cause the external device characteristic was limited. The results revealed that in principle a 

variety of material properties can provide an ideal voltage extraction from the absorber. 

However, for the common contact schemes selective carrier extraction is always based on 

maintaining low-injection conditions in the contact region. In other words, the majority carrier 

density needs to remain well above the minority carrier density in the contact region during 

operation. Such a strong asymmetry of the hole / electron density has to be ensured 

experimentally by sufficient doping in the contact region and/or materials featuring suited work 

functions which lead to the formation of an induced junction and hence induced asymmetry of 

the hole / electron density. It was shown that for fictive contact schemes carrier selectivity can be 

obtain by other means. However, extreme assumptions had to be made for the material and 

junction parameters which are far from the one that can be fulfilled by semiconductor-based 

contact systems. While a highly asymmetric hole / electron ratio can be obtained experimentally, 

this is not the case for a highly asymmetric hole / electron recombination rate, mobility, hetero-

barrier, negligible photon-absorption, etc.. The tunability of these parameters is rather limited 

due to fundamental aspects explained by material science.  

 Basically, within this chapter it was clearly demonstrated that non-optimized contact schemes 

may provide sufficient c-Si surface passivation but may fail to selectively extract the excess 

carriers of the absorber. This highlights that unlike proper designed cells which obey the 

standard p/n-junction theory, not only the “classical” losses, i.e. minority carrier recombination 

and ohmic transport losses might limit the cell characteristic. Hence, a non-ideal voltage 

extraction must be taken into account for the analysis of the FF and Voc losses of 

novel / alternative contact schemes as a possible loss mechanism. 
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5 Limit of the Internal Voltage at MPP and Open-Circuit Conditions:             : 

Chemical and Field-Effect Passivation of the Absorber 
In this chapter the injection level-dependent surface passivation of an a-Si/c-Si contact is 

investigated experimentally and using numerical device simulations. The main objective is the 

interaction between chemical and field-effect passivation which defines the excess carrier density 

within the absorber and the corresponding implied voltage at maximum power point and open-

circuit condition. By doing so, information on the extractable internal voltage for both working 

conditions and hence the upper efficiency limit imposed by surface passivation is gained. Deep 

insight regarding the influence of an induced band bending and junction, defects at the c-Si 

surface and the absorber doping is obtained from numerical simulations. Regarding the 

experimental investigations, for the first time, field effect passivation at the a-Si:H(i) / c-Si is 

tuned by the deposition of either positive or negative Corona charges rather than by the 

deposition of n-type or p-type a-Si:H, respectively. Much attention is paid to the FF limitation 

imposed by the c-Si surface passivation, an aspect hardly studies so far. 

This chapter is partly adapted from publication [137] and the master thesis of Markus Reusch 

[109], a master student supervised by the author. 

 

5.1 Motivation  
 If well designed, the recombination at the a-Si:H / c-Si contacts can be suppressed very 

efficiently for open-circuit (OC) conditions so that the overall recombination of high efficiency 

SHJ cells is limited mainly by the intrinsic recombination of the high-quality crystalline silicon 

(c-Si) absorber. This is reflected in very high open-circuit voltages (Voc) of up to 750 mV [80], [3] 

which are only several mV below the upper limit defined by the crystalline silicon absorber [6]. 

This clearly demonstrates that SHJ cells can show a nearly ideal device performance for the 

operation at OC conditions. However, to evaluate the efficiency limitation by surface passivation a 

more holistic view is needed which takes the surface passivation at maximum power point (MPP) 

conditions and hence the FF limitation by surface passivation into account. To this end the 

injection-level dependent passivation of the c-Si is investigated experimentally and by 1D 

numerical device simulations regarding the influence of chemical and field-effect passivation. 

 We use a well proven experimental approach, i.e. Corona charging that allows to distinguish 

between chemical and field-effect passivation [138]. The performed Corona charging and 
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consecutive QSSPC measurement approach shows some affinity to the interface characterization 

of gate dielectrics by C-V and SPV measurements. However, for C-V measurements an applied 

gate-voltage defines the surface band bending and induced junction close to the c-Si surface. For 

SPV measurements on the other hand the contactless method of Corona charging is used to 

manipulate the surface band bending and therefore the dominance of a certain carrier species 

near the surface [139].  

 It should be noted that previous Corona charging experiments are restricted to dielectric 

passivation layers8 and that the passivation quality is evaluated only for a constant injection-level 

(typically 1015 cm-3) rather than for constant working conditions (MPP or OC). The latter makes it 

difficult to draw conclusion about its implications on the device efficiency. Accordingly, the 

presented methods distinguish itself from previous investigations as it allows for the 

investigation of (i) semiconductor passivation layers (a-Si:H) and (ii) the quantitative assessment 

of the influence of the junction recombination on MPP and OC conditions. In addition to this, 

unlike for the investigations from Leendertz et al., field-effect passivation is not tuned by 

changing the doping type and density of an doped a-Si:H layer which is place on the undoped 

a-Si:H buffer. Rather, a thin dielectric is deposited onto the a-Si:H buffer and a Corona charge is 

deposited on top of the SiOx / a-Si:H(i) / c-Si stack which allows to tune the surface conditions 

over a wide range from depletion to flat-band and accumulation conditions. The investigations 

presented here are not aiming for the extraction of exact numbers for the interface defect density 

and distribution (chemical passivation) and the charge density (field-effect passivation). Rather 

the qualitative behavior and make a link to the experimental easily accessible parameters like the 

iVoc and iFF by the QSSPC and other techniques like e.g. the Suns-PLI [106] method are of 

concern.  

 
Overview: FF limitation by surface passivation 

 Assuming that the overall device recombination is limited by the same mechanism for both 

MPP and OC conditions, according to Green´s empirical expression [105] the upper FF limit reads 

                                                        

 (5.1) 
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which neglects series resistance and shunt resistance related losses and the change of the 

dominating recombination mechanism between OC and MPP conditions (constant ideality factor 

(nOC)). Assuming that the device recombination is limited by Auger recombination and that high 

injection conditions are maintained for MPP this translates into an upper limit of the fill factor 

(FF0) of 89% (nOC = 2/3 for high-injection Auger). This upper limit is shown in Figure 5.1 as a 

function of noc and Voc. It can clearly be seen that FF0 is increasing with higher Voc and lower noc. 

This is related to the fact that with increasing Voc the excess carrier concentration in the absorber  

and hence the implied voltage increase for both the OC and MPP conditions. Consequently, the 

increase in Voc is accompanied by an increase of the VMPP which results in a higher FF according to 

equitation (2.29). 

 Considering the relation between the experimentally achieved FF and the Voc for both 

homojunction and heterojunction devices in Figure 5.1 a saturation of the FF at around 83 % is 

observed independent of the Voc. Unfortunately the reason for this FF-limitations remains 

speculative. According to the right graph in Figure 5.1, it can not be distinguished between a low 

implied fill-factor (iFF) caused by insufficient surface passivation at MPP, a low pseudo fill-factor 

(pFF) which results from a low shunt resistance or if transport related losses (FF-pFF) are of 

major concern. However, for our standard SHJ devices and the SHJ cells from EPFL [143] the pFF 

is hardly exceeding 83 % thereby representing a significant FF limitation considering the 

relatively high Voc of about 715 mV for the devices from EPFL. It should be noted that a too low 
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shunt resistance is not limiting these pFFs which clarifies that unlike for OC conditions surface 

passivation for MPP is representing a significant loss mechanisms. 

 Basically, the FF limitation by interface recombination is a well-known fact from e.g. (i) high-

efficiency homojunction solar cells caused by the SiO2 / c-Si(p) interface [144] (Aberle et al. 

1993) 

“Despite exceptionally high open-circuit voltages, record high-efficiency PERL (passivated 

emitter, rear locally diffused) silicon solar cells recently developed at the University of New 

South Wales demonstrated relatively low fill factors. This behavior is shown to result from a 

surface recombination velocity at the rear Si-SiO2 interface that increased with reducing 

voltage across the cell, leading to non-ideal J-V curves with high ideality factors (>1.3) near 

the maximum power point. When corrected for series resistance losses, the Air Mass 1.5 

(AM1.5) fill factor of actual PERL cells is found to be limited to values below 82.9 %, as 

opposed to the ideal theoretical limit of 85-86 % for silicon cells operation in low injection 

conditions.“  
 
and (ii) for the early amorphous / crystalline heterojunction devices (HIT) where both an 

improved Voc and FF was observed if an buffer layer in-between the absorber and the defective 

doped overlayer was added [75] (Swada et al. 1994) 
 

“… Voc is improved by ~30mV and FF of more than 80% (increased from ~72% to 80%) is 

obtained with the HIT structure. That is clearly due to a reduced surface recombination at the 

a-Si/c-Si interface.” 
 
 Recent results from Descoeudres et al. [143] explain the observed difference in the pFF for 

p- and n-type SHJ cells by the asymmetry of the captures cross sections for the a-Si:H passivated 

c-Si surface (same problem as for SiO2). Leendertz et al. [89] gave an excellent overview on the 

interplay of chemical and field-effects passivation by the undoped / doped a-Si:H stack over a 

wider injection range on the basis of “lifetime samples”. Unfortunately, the implications on the 

iVoc and iFF and thus the efficiency were not discussed in detail.  

 

5.2 Simulation: Influence of interface defects and absorber  
 The influence of the injection-level dependent chemical and field-effect passivation of the 

absorber surface on the excess carrier lifetime and the implied voltage are illustrated in the light 

of the defect recombination at the a-Si:H / c-Si interface. The latter is described by the SRH 
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formalism which is extended by the influence of a surface band bending equation (2.21) which 

alters the local hole and electron density at the surface with respect to the bulk. For a more 

profound description of the interface recombination as described by the extended SRH 

formalisms the reader is referred to Aberle et al. [33]. For an excellent and recent overview of the 

recombination at the dielectric passivation layer / c-Si interface the reader is referred to the PhD 

thesis of Richter [27]. More SHJ specific literature where, e.g. the approximation of the 

amphoteric nature of the dangling bond defects by the SRH statics and the injection-level 

dependent charge in the a-Si passivation layer are discussed and semi empirical fit routines have 

been developed to quantify the influence of chemical and field-effect passivation can be found in 

[145], [146], [147], [148].  

5.2.1 Input parameters and qualitative influence of variables  
 To demonstrate the influence of the different interface parameters 1D numerical device have 

been performed with AFORS-HET [108] [99]. To this end, the injection-level dependent effective 

lifetime of double side planar “lifetime structures” was simulated. The illuminated side of an 

100 μm thick n-type absorber (5 Ω cm dark resistivity) is featuring an insulator boundary 

offering the definition of a defect density (Dit) and a fixed charge density (Qfix). The non-

illuminated side of the absorber is characterized by a very low and constant surface 

recombination velocity (S) of 0.01 cm / s for holes and electrons. Consequently, the contribution 

of rear to the total device recombination is neglected. The chemical passivation is governed by 

the Dit at the front which is characterized by one acceptor and one donor like mid-gap defect. This 

deep defect level corresponds to the maximum “recombination activity” of a defect and thus a 

worst case scenario according the defect recombination statistics from Shockley and Read [29] 

and Hall [30] (SRH recombination). The Dit is varied from 0 to 1011 cm-2. A further very important 

parameter that is hard to access experimentally but is required to describe the “recombination 

activity” of a given defect density and distribution is the capture cross section ( ). Unfortunately, 

only the c-Si interface properties passivated by thermally grown SiO2 are well investigated for 

microelectronic MIS/MOS devices [149] and solar cells [138]. A consistent set data for a-Si:H was 

not found by the author. In addition to this, just like the Dit, the capture cross section varies 

within the band gap and is increasing towards mid-gap [33]. Within this simulations the capture  
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cross sections of the mid-gap defects was set to 10-16 cm² for both holes and electrons if not 

otherwise stated. Thus, n / p is unity. Whilst the characteristics of the defects potentially 

available as recombination centers is described by the Dit and  the actually recombination that 

takes place at the interface is also defined by the concentration of holes and electrons at the 

interface (ps and ns). For the simulations the n/p ratio at the interface is manipulated by a fixed 

charge density (Qfix) which allows ns and ps to deviate from its concentration in the bulk of the 

absorber as carriers are either repelled or attracted by Qfix. This adds another significant degree 

of freedom to reduce interface recombination. As sketched in Figure 5.2 (bottom), a sufficient 

high positive Qfix will reduce the concentration of the absorber´s holes (minority carrier species) 

and increase the concentration of electrons (majority carrier species) in the interface region. 

Thus, if Qfix is sufficient high recombination is limited by the absence of the holes in this device 

region which makes the recombination of an electron-hole pair less dependent on the actual 

density and distribution of recombination sites, i.e. the Dit. Such conditions correspond to the 

induced electron selective contact of the absorber (ns >> ps). These are conditions similar to the 

case when a n-doped a-Si:H layer is placed on the absorber. In this case the chemical passivation 
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is supported by the so-called field-effect passivation as the majority carrier of the n-type 

absorber are accumulated at the interface (high/low junction). For a negative Qfix holes are 

attracted and electrons are repelled from the interface causing a field-effect passivation as well 

(Figure 5.2, top). For a high negative Qfix holes are the majority carrier species in the interface 

region and electrons are the minority carriers (ps >> ns). This leads to an inverted interface of the 

n-type absorber and an induced p/n-junction. It should be noted that similar conditions are 

observed for the induced p/n-junction formed by the p-doped a-Si:H layer of the standard SHJ. 

Without a surface charge we have flat-band conditions where the hole and electron density at the 

interface are not altered as compared to the bulk. The absence of a pronounced field-effect 

passivation makes such conditions very sensitive to the chemical passivation, i.e. the Dit. For the 

simulations Qfix is varied from 0 to (+/-) 1012 cm-2. A comparative value for experimentally 

observable negative Qfix  is reported for highly doped p-type a-Si:H as -1 1011 cm- [89]. For the 

only common dielectric passivation layer featuring a negative Qfix (Al2O3) a very high Qfix of well 

below -1 1012 cm-2 is reported in Ref. [141].  

 The contribution of the bulk recombination of the c-Si absorber is either assumed to be limited 

by the intrinsic recombination (Auger and radiative recombination) or the recombination in the 

c-Si is neglected. The latter case reflects the academic case where device recombination is limited 

solely by the chemical and field-effect passivation at the illumined interface. The presented 

results include the injection-level dependent lifetime and the corresponding implied cell 

parameter (e.g. FF, Voc and efficiency) obtained from the corresponding implied J-V curves.  

5.2.2 Simulation Results  

Dit and Qfix 

 In Figure 5.3 the influence of the Dit and Qfix on the overall device recombination at the implied 

MPP (left) and implied OC conditions (top-right and middle-right) as well as the corresponding 

implied efficiency9 (right-bottom) are shown. It can be seen that the requirements on the 

interface passivation are much higher for the MPP conditions as compared to the OC condition. 

To approach the intrinsic limit of the absorber at OC (iVoc ~767 mV) a higher Dit and lower Qfix are  
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tolerated as compared to the MPP conditions (iFF ~89.4 %). Consequently, the implied efficiency 

strongly benefits from a further reduction of interface recombination as the iFF further improves  

whilst the iVoc is already limited by the intrinsic c-Si recombination. The limitation by the 

intrinsic recombination within the absorber can also be determined from the local ideality 
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factors at MPP (left-middle) and OC condition (right-middle). For the chosen absorber dark 

resistivity of 5 Ω cm high-injection Auger and radiative recombination are the liming 

recombination path for both working conditions for negligible surface recombination. 

Accordingly, the ideality factor corresponds to about 0.7 for both OC and MPP [6]. It is also shown 

in Figure 5.3 (left-bottom) that intrinsic FF limit corresponds to a very high iVMPP of about 

700 mV, a voltage well above the Voc of common homojunction devices.  

 A closer look at the corresponding injection-level dependent effective lifetime characteristics in 

Figure 5.4 for some of the Dit and Qfix combinations from Figure 5.3 might give a more intuitive 

understanding of the observed behavior. We start with the influence of the Dit by moving along 

the y-axis in Figure 5.3 for a very low and negligible Qfix of -1 1010 cm-2. First, it can be seen in 

Figure 5.4 (top-left) that for high excess carrier densities (Δn) the intrinsic recombination within 

the absorber (black line) is strongly increased by high-injection Auger recombination which is 

reflected in the drop of the effective lifetime. The achievable Δn level for 1 sun illumination 

(diamonds) is limited to about 2.5∙1016 cm-3 which corresponds to the maximum achievable 

quasi-Fermi level splitting and iVoc of 767 mV. For this 1 sun OC conditions an effective lifetime of 

about 1 ms is required to reach the intrinsic limit. For the given absorber doping and thickness a 

higher iVoc can only be reached by increasing the illumination above 1 sun or by decreasing the 

operation temperature (300 K for this simulations). It can be seen as well that the (implied) MPP 

conditions (stars) are always shifted to lower Δn and thus to much higher lifetimes. The lower Δn 

level at MPP for a real device is explained by the fact that a current und thus excess carriers are 

extracted from the device (JMPP > 0) whilst the illumination and thus the excess carrier generation 

rate are virtually constant. For the (implied) MPP conditions here, no carriers are extracted (OC 

conditions) but the lower Δn is reached by lowering the illumination intensity and thus the 

generation rate. For the intrinsic MPP limit which is still dominated by high-injection Auger 

recombination Δn amounts to about 7∙1015 cm-3 which corresponds to the iVMPP of about 700 mV 

from Figure 5.3 (left-bottom). A much higher lifetime of 12 ms is required to maintain such a high 

excess carrier density. This shows that for maintaining the intrinsic limit for such low Δn the 

requirements on the interface passivation are extreme and much higher for MPP as compared to 

OC conditions.  
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 In terms of interface defects, it can be seen in Figure 5.4 (top-left) that the defect recombination 

is less pronounced the lower the Dit. Such conditions, i.e. when the recombination is limited 
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rather by the amount of the available recombination sites than by the availability of the holes or 

electrons are reflected in a parallel shift of the τeff(Δn) characteristics towards higher lifetimes. 

This becomes even more obvious from the SRH lifetime which is limited solely by surface 

recombination (dashed lines) as here the c-Si bulk limitation is not observed for high excess 

carrier densities. 

 

 The corresponding injection-level dependent hole and electron concentration at the c-Si surface 

and the band bending (bb) which is induced in c-Si are shown in Figure 5.4 (left-middle). As Qfix is 

negligible the induced bb is low and the ratio of ps/ns is close to unity. The concentration of both 

species at the interface is increasing with Δn. It thus becomes clear that a lower Dit does not 

modify the ps/ns ratio but allows for a higher concentration of both excess holes and electrons at 

the surface and in the bulk for a given generation rate and working condition. For a Δn above of 

1015 cm-3 the small bb vanishes and ps and ns are equal to the hole and electron concentration in 

the bulk. The latter is indicated by the fact that ps and ns lie on the angle bisector (black dotted 

line) and thus match Δn which is dominated by the excess carrier density in the bulk. For low Δn 

a small bb is observed which is higher the higher the Dit. This bb is caused by the charge of the 

defect states at the interface. Accordingly, a slightly depleted surface instead of flat-band 

conditions are observed for low Δn. This fact can at least partly explain the reduction of lifetime 

for Δn below 1015 cm-3 as the hole concentration (minorities of absorber) at the interface is 

increased as compared to the bulk. However, the influence for a negligible Qfix is not of relevance 

for the SHJ cell as for the formation of the hole and electron contact always a highly hole and 

electron populated surface and thus an inversion and accumulation of the c-Si surface is present. 

The results discussed so far thus correspond to case when only an undoped buffer layer is 

present and chemical passivation is the dominant passivation mechanism. 

 Conditions similar to a hole contact for a constant but moderate chemical passivation by the 

buffer layer are shown in Figure 5.4 (right-top). In this graph we move parallel to the x-axis in 

Figure 5.3 by changing Qfix for a high Dit of 5∙1010 cm-2. It can be seen that besides a low Dit the Qfix 

at the c-Si surface can reduce surface recombination considerably. With increasing Qfix mainly the 

low Δn regime and thus the MPP conditions benefits from a lower recombination and higher 

lifetime. This is explained by the fact that for a moderate density of excess electrons and holes the 

dominance of holes at the surface, i.e. the inversion can be easily maintained which is not the case 

for higher Δn levels. As can be seen in Figure 5.4 (right-middle) the bb decreases with increasing 
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Δn and the ps/ns ratio is approaching unity. Consequently, the highest bb is observed in the dark 

due to the lack of excess carriers (not shown). This shows that the reduction of surface 

recombination by suppressing a certain carrier species, in this case electrons (solid lines) is more 

efficient the lower Δn. Accordingly, for very high Δn the lifetime defined solely by the surface 

recombination (dashed lines in Figure 5.4 right-top) converges to a constant level that is defined 

only by the Dit of 5∙1010 cm-2.  

 The result above are indicating that in principle both a very low Dit or a very high Qfix alone are 

sufficient to allow for excellent surface passivation. Nevertheless, for all passivation schemes 

which also have to provide a carrier selective transport a moderate thickness of the buffer 

(undoped a-Si:H or tunnel oxide) and a highly hole and electron populated device region near the 

interface have to be provided at the same time. Unfortunately, chemical passivation (Dit) and the 

induced junction (Qfix) are coupled to some extent. This also holds for the SHJ in which a doped a-

Si:H layer is present on top the undoped a-Si:H buffer. The increased doping, which means 

increasing Qfix, is related to the doping and Fermi-level induced defect formation [150], [151]. 

This defects can partly be “seen” by the c-Si minority carriers close to the surface. This 

deteriorates the chemical passivation by the SHJ depending on the buffer layer and doped layer 

properties. The combined influence of the Dit and negative Qfix on the surface recombination is 

shown in Figure 5.4 (left-bottom). Here we move along a line from a Qfix and Dit of -1010 cm-2 and 

1011 cm-2/eV  towards -2.5∙1011 cm-2 and 109 cm-2/eV in Figure 5.3.  

 For the sake of completeness, Figure 5.4 (right-bottom) shows the case of a buffer layer with a 

moderate chemical passivation and a positive charge. The charge corresponds to conditions 

similar to the electron contact formed by an n-doped overlayer. It can be seen that the 

characteristic for the field-effect passivation obtained for accumulation is very similar to the one 

for the negative charge which causes inversion conditions (right-top). 
 

Capture cross section  

 So far, the capture cross section was set to 10-16 cm² for both holes and electrons. This means 

that a preferred capture of either holes or electrons by the mid-gap defects was not taken into 

account. First the influence of a symmetric ( n / p = 1) but reduced capture cross sections is 

shown, then the case of asymmetric capture cross sections is investigated.  

 In Figure 5.5 the influence of the capture cross section is shown. The top-left graph shows 

results for a constant Dit  and near flat-band conditions, i.e. a negligible Qfix. The reduction of the 

capture cross sections has a similar influence like reducing the density of defects (Figure 5.4 top-
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left). The only difference here is that for the constant Dit the defect charge remains constant 

which explains why the drop in the effective lifetime in the lower Δn range is less pronounced as 

compared to Figure 5.4 (top-left). This reflects that chemical passivation is defined by both the Dit 

and .  

 The influence of asymmetric capture cross sections is shown in the top-right graph in Figure 

5.5. The increase of the capture cross section of the minority carrier species at the interface ( p), 

holes for the flat-band conditions, is assumed for the red and magenta case. It leads to an 

increased defect recombination which is reflected in a drop in the low-injection lifetime and the 

iFF. The influence of the majority carrier capture cross section ( n, green and light green) on the 

low-injection lifetime is less pronounced and dominant for the high-injection and transition 

regime where the recombination becomes limited by both the electrons and holes. Accordingly, 
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the drop in iFF is less severe. Thanks to the low Dit OC conditions are limited by intrinsic c-Si bulk 

recombination for all variations. This explains why the iVoc is hardly affected by the properties of 

the surface defects.  

 The influence of an increased capture cross section of the minority carrier species for a highly 

hole populated / inverted c-Si(n) surface ( n) is shown in the bottom graph in Figure 5.5. This 

setup corresponds to a p-emitter stack with a very low Dit. It can be seen that  of the minority 

carrier species at the surface (electrons) shows a strong influence mainly in the lower Δn region 

and is thus counteracting the positive influence of the high negative Qfix. In the corresponding Δn 

region SRH recombination is the dominating recombination channel which is more pronounced 

the more efficient the capture of the local minority carriers, i.e. the higher min. As the influence of 

n / p and Qfix are superimposed it is hard to clearly separate both effects. Based on simulations 

not shown here the dip in the effective lifetime for n / p of 5, 10 and 50 between OC and MPP is 

explained by the fact that for Δn below 1015 cm-3 the high Qfix is keeping the lifetime on a higher 

level. But for Δn between 1015 to 1016 cm-3 the bb is already strongly reduced and the influence of 

n is dominating. For above Δn = 1016 cm-3 the ps/ns ratio (not shown here but can be deduced 

from the middle-right graph in Figure 5.4) is approaching unity and a specific minority carrier 

species at the surface does not exist anymore. Consequently, the recombination becomes limited 

by the capture of both the holes and electrons as the interface gets into high-injection. As p is 

below n the hole capture is limiting the recombination for this conditions and the lifetime 

increases again for very high Δn. For n / p = 100 the low Δn region is totally dominated by the 

high n and not superimposed by the field-effect passivation. Accordingly, the increase of the 

lifetime towards the high-injection regime is more pronounced. The dashed lines are indicating 

the contribution from surface recombination only and are converging towards a constant value at 

very high Δn which is defined by the constant Dit. 

 

 Finally, Figure 5.6 shows the influence of an asymmetric capture cross section for the following 

six junction configuration: Near flat-band conditions, inversion and accumulation for an n-type 

absorber (left) and the same for an p-type absorber (right). Conditions similar to a hole selective 

contact, e.g. a p-doped layer (ps >> ns) forming the p/n or high/low-junction are denoted in green 

in both graphs. Conditions similar to a electron selective contact, e.g. a n-doped layer (ns >> ps) 

forming the high/low-junction or p/n in red. Flat-band conditions (ns ~ ps) are illustrated in blue.  
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As discussed before for the n-type absorber, the low injection lifetime suffers from an increased 

defect recombination for the case that Min,s > Maj,s, i.e. if the capture cross section of the minority 

carrier species at the interface is  

 higher than that of the majority carrier species. In Figure 5.6, the dominance of the minority 

carrier species at the surface is tuned by both the sign of Qfix and the doping type of the absorber. 

Consequently, for flat-band p > n (blue dotted line, left) and n > p (blue dashed line, right) 

have a detrimental influence for an n- and p-type absorber, respectively. The same holds for 

accumulation (red dotted line, left and green dashed line, right). For both cases, flat-band and 

accumulation, the minority carrier species at the interface is the minority carrier species of the 

absorber. For the inverted interface it is the other way around and interface recombination is 

limited by the majority carrier species of the absorber for low-injection conditions. Consequently, 

n > p (green dashed line, left) and p > n (red dotted line, right) have a detrimental influence 

for an n- and p-type absorber, respectively. These results point out that defect recombination is 

always sensitive to the capture cross section of the local (induced) minority carrier species. It 

holds for a hole or electron selective contact which is presenting the p/n-junction (inversion) or 

high/low-junction (accumulation) of an n- or p-type absorber. 
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Absorber doping 

 Another parameter that determines the excess carrier density at MPP and OC and thus the iVMPP 

and iVoc is the doping concentration (Nd) or dark resistivity (ρdark) of the absorber. Its influence 

on τeff(Δn) is shown in the top of Figure 5.7. An excellent p-contact for an n-type absorber has 

been assumed, i.e. a high Qfix = -1011 cm-2 and a low Dit = 5∙109 cm-2/eV. The lower graphs show  

the corresponding iFF and the implied voltage at MPP and OC. These parameters are plotted 

either versus ρdark (left) or the ratio of the average excess carrier density within the absorber (Δn) 

at the respective working condition (MPP and OC) to Nd (right). The graphs include the results 

without surface recombination, i.e. the intrinsic limitation by the c-Si bulk recombination (orange 

and grey dashed lines).  
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 For the assumed interface parameters, defect recombination at the interface is sufficiently 

suppressed so that the excess carrier density can reach values above the absorber doping 

density. Accordingly, the overall device recombination at OC conditions is limited mainly by high-

injection Auger recombination within the absorber. This is indicated in the bottom-right graph by 

the fact that ΔnOC / Nd > 1 for the Voc (red line). The excess carrier density at MPP on the other 

hand is always lower which makes the occurrence of high-injection conditions less likely. 

Nevertheless, for a reduced absorber doping a lower excess carrier density is needed to reach 

high-injection conditions. This is reflected by the fact that for ρdark  above 1 Ωcm ΔnMPP / Nd > 1 

for VMPP. Accordingly, a pronounced increase in iVMPP and iFF are observed for sufficient low 

doping of the absorber. That this is linked to the intrinsic bulk recombination is shown by the 

dashed grey lines which reveal a similar behavior.  

 It can be concluded that for a sufficient low interface recombination, a low absorber doping 

helps to push the MPP conditions towards the intrinsic limit of the absorber and thus to higher 

Δn and iVMPP. For a high absorber doping the demands on the interface passivation are much 

higher to allow for an excess carrier density high enough to approach the limit of high-injection 

Auger recombination for MPP conditions. 
 

Further approaches to increase the iFF  

 Another approach to increased Δn and thus iVMPP and iVoc on cell level is to lower the thickness 

of the absorber and/or to increase the generation rate. In terms of efficiency, for lowering the 

thickness the gain in voltage at MPP and OC might be superimposed by a loss in current due to 

reduced carrier absorption. In addition it should be noted that while for thinner wafers the 

contribution from the absorber to the overall recombination becomes less pronounced. The 

influence of the surface recombination becomes stronger which leads to even higher demands on 

the c-Si passivation. It was shown experimentally that the surface passivation is sufficient to 

increase the Voc for thinner absorbers [80], [152]. However, an increase in FF has not been 

observed which is most likely explained by the insufficient passivation quality which fails to 

maintain high-injection conditions at MPP, i.e. to increase not only the Voc but the iFF and hence 

pFF as well. The simulation results in Figure 5.8 predict such a behavior. For the ideal case that 

defect recombination is neglected (black lines) an increase of the Voc and FF with decreasing 

absorber thickness and recombination volume is observed. The local ideality factor remains 

slightly below 0.7 (right graph) thereby indicting that high-injection Auger recombination in the 
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absorber is the dominant recombination path for all thicknesses. If defect recombination at the 

surface is present (red lines), the influence of the surface recombination becomes more 

pronounced the thinner the absorber is. This is reflected in the increase of the local ideality factor 

with decreasing wafer thickness. As defect recombination is less pronounces for OC conditions 

compared to MPP conditions. The Voc increases but the FF drops the thinner the absorber gets. It 

should be noted that with respect to the MPP conditions the opposite is the case if defect 

recombination in the absorber is dominating (blue lines). Both Voc and FF benefit from thinner 

wafers as the influence of defect recombination in the bulk become less pronounced. The green 

lines are presenting the case where defect recombination in the bulk of the absorber and at it´s 

surface are present. For the conditions assumed here, still a gain in FF for thinner absorbers is 

observed. This follows from the stronger influence of defect recombination in the bulk. The 

influence of defect recombination in the bulk on the FF is discussed in more detail in section 

7.2.2. 
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 Another approach to increase Δn for the relevant working conditions which is not based on 

lowering the recombination is to increasing the generation rate. This can be achieved by 

improving the light management of the device and more important by increased the illumination 

intensity as it is done for concentrator devices. The latter might be an appealing approach to 

maintain both MPP and OC in high-injection condition as it is briefly discussed in section 7.2.4.  
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5.3 Experimental: Influence of a-Si:H(i) thickness and Corona charge  
 This experimental section highlights that excellent passivation of the c-Si absorber is a 

fundamental prerequisite for a very high upper FF limit imposed by the c-Si surface passivation 

by a contact scheme.  

5.3.1 Motivation 
 Figure 5.9 shows the typical behavior observed for Corona charging experiments for three 

dielectric passivation layers [141]. The effective surface recombination velocity (Seff) at a fixed ∆n 

level is plotted as a function of the deposited Corona charge density. For a maximum interface 

recombination, i.e. a maximum Seff the fixed charge of the passivation layer is compensated and 

field effect passivation is ineffective. This condition serves as a measure of the chemical 

passivation provided by the film which is defined by n, p and Dit. The best chemical passivation 

is obtained for the Al2O3 followed by the SiNx and SiOx as indicated by the lower Seff at the local 

maximum. The graph also reveals the positive charge of SiNx and SiOx and the negative charge of 

Al2O3. An inverse charge is required to nullify the charge of the respective passivating dielectric. 

 The purpose of the experiments performed in this section is to use such Corona charges to 

manipulate the field effect passivation at the a-Si:H(i) / c-Si(n) interface without the need to 

apply doped a-Si:H layers on top of the undoped a-Si:H buffer. By doing so the influence of the 

doped overlayer and a potential damage of the a-Si:H(i) / c-Si(n) interface by subsequent 

a-Si:H(n/p), TCO or metal depositions can be ruled out. The chemical passivation is influenced by 

changing the thickness of the of the undoped a-Si:H buffer [89]. This allows to access the 

passivation properties determined solely by the nominally undoped buffer layer. For the SHJ cell 

the buffer layer properties define the trade-off between the improved field effect passivation 

with higher a-Si:H doping [89] and a potential decrease of the chemical passivation. The negative 
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influence of the doped a-Si:H on the chemical passivation is explained by (i) tunneling of excess 

carriers from the c-Si in the defective doped overlayer [153] and/or an increased defect density 

at the c-Si surface and within the a-Si:H bulk caused by the modification of the Fermi-level by the 

presence of the doped layer. The latter is explained by the Fermi-level dependent defect 

equilibration [150] and Fermi-level dependent hydrogen rupture [151] which connects to the 

early work of Dean et. al. [154] and Powell et. al. [155] on a-Si:H based thin film transistors. For 

very thin buffer layers a non-closed film or a film with a high void fraction and a diffusion length 

of the a-Si:H which is higher than its thickness (section 4.2.7) might influence the interaction of 

the c-Si excess carriers with the defective doped layer as well.  

 It should be mentioned that initially the experimental investigations of Corona charging have 

been triggered by the three questions below.  

i. Can we use Corona charging to achieve flat-band conditions for a stack of intrinsic and 

doped a-Si:H, i.e. nullify the charge which induces the band bending? This would allow to 

determine the charge of a-Si:H stack. It would be helpful to learn more mainly about the doped 

layer properties, i.e. its net doping. However, it turned out that this is only possible for very 

low a-Si:H doping as the Corona charge that can be applied to the investigated dielectrics are 

insufficient to fully compensate the charges of the doped a-Si:H and thus reach flat-band 

condition.  

ii. Can we investigate the Fermi-level dependent defect formation/equilibration without a 

doped layer on top? In previous work on a-Si:H based transistors [155] and SHJ cells [151], 

[150] the Fermi-level within the a-Si:H and at the a-Si:H /c-Si interface was manipulated either 

by changing the gate voltage or the doping of the a-Si:H layer on top of the intrinsic buffer. The 

objective here was similar to experiments on the thin-film transistors. Change the Fermi-level 

by changing the Corona charge (not external bias). Then anneal the samples to allow for the 

defect equilibration under specific conditions and positions of the Fermi-level. This would be a 

nice experiment to distinguish between effects from the doped overlayer and effects 

attributed solely to the position of the Fermi-level in the undoped a-Si:H buffer and at the c-Si 

interface. Unfortunately, irreversible changes of the dielectric layer upon annealing with 

deposited Corona charges gave inconsistent results so far.  

iii. Can we manipulated the p/n ratio at the interface for an undoped a-Si:H buffer layer? By 

depositing external Corona charges on the a-Si:H buffer layer the influence of chemical and 
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field-effect passivation can be investigated independently. This issue could be investigated as a 

suitable dielectric was found that meets the (less demanding) requirements. 

 

5.3.2 Device fabrication – Suitable Dielectric Capping Layer 
 For the experimental investigations we follow a similar approach as presented in the 

simulation section. “Lifetime structures” have been fabricated from shiny etched, (100) oriented, 

200 μm, n-type, 4.3-5.8 Ω cm, float-zone (FZ) silicon wafers. At the illuminated front side the 

a-Si:H(i) layer is featuring a thickness of 5, 8, 14 and 27 nm. An increasing thickness is 

representing a lower Dit [89]. It should be noted that the same buffer layer is subjected to the 

different Corona charging and subsequent lifetime measurements. The recombination at the rear 

side is strongly suppressed by the application of either a very thick (27 nm) a-Si:H(i) layer or a 

stack of (10 nm) a-Si:H(i) and (10 nm) phosphorus doped a-Si:H(n). Subsequently on both sides a 

1000 nm thick SiOx insulating film was deposited in a parallel-plate PECVD reactor powered at 

13.56 MHz. A dielectric layer is required to maintain a stable external Corona charge Qex. It 

should be noted that the applicability of thin low temperature high quality dielectrics is 

restricted. A variety of dielectric single layers and stacks as well as photoresists have been tested 

for the following basic requirements [109]: 

i. No damage of the a-Si:H / c-Si IF during subsequent deposition of the dielectric.  

ii. A low pinhole density, a low charge of the dielectric itself and a minimum layer thickness 

to allow for a stable and high Qex close to the a-Si:H / c-Si interafce. A stable Qex for several 

minutes is required to perform the injection-level dependent lifetime measurements.  

iii. No damage of the a-Si:H / c-Si interface during deposition of Qex, i.e. via Corona charging, 

to allow for multiple charging events with the same sample and to obtain the same 

lifetime characteristics after rinsing off the charges.  

iv. During annealing, e.g. on a hot plate the properties of the dielectric layer should not 

significantly change and Qex should be stable. This would be important for investigating 

the influence of annealing on the a-Si:H / c-Si interface properties with Corona charges 

deposited on the dielectric. 

 In conclusion, the best compromise was made by a thick 1000 nm thick PECVD SiOx single layer 

for investigating the influence of Qex. As mentioned above investigating the influence of doped 

overlayers and of annealing were not possible as requirement (ii) and (iv) gave non satisfying 

results.  
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 To manipulate the surface band bending external charges were deposited onto the dielectric 

using a Corona discharge [138], [156]. In short, a voltage of 10 kV is applied to a tungsten needle. 

At the tip air particles are ionized. The charges are attracted by the grounded sample and the 

resulting surface potential is measured using a Kelvin probe. From the measured surface 

potential the deposited corona charge is calculated assuming the SiOx dielectric as a simple plate 

capacitor.  

5.3.3 Experimental Results 
 The influence without and with positive and negative external Corona charges on the τeff(Δn) 

characteristic for the four different a-Si:H(i) buffer layer thicknesses is shown in Figure 5.10. 

Without an Qex (black symbols) an increase of the iVoc and iFF with increasing thickness of the 

a-Si:H(i) buffer is observed. For this case the surface band bending is defined mainly by the 

interplay of the a-Si:H(i) and the fixed charges of the PECVD SiOx insulating film. It should be 

noted that a-Si:H(i) alone does not introduce a significant band bending as shown in Figure 

Figure 6.1. For PECVD SiOx Qex is positive and in the range of 1012 cm-2 ([157] and Figure 5.9). For 

the very thick buffer layer (27 nm, bottom-right, black curve) OC conditions are clearly 

dominated by the intrinsic recombination of the absorber and the excellent passivation allows 

the operation at MPP conditions close to the intrinsic limit as well. The corresponding iVoc and 

iFF are 743 mV and 87.0 %, respectively. The deposition of positive external charges on the same 

buffer layers corresponds to the conditions caused by an a-Si:H(n) layer (high/low junction, red 

curves). It leads to the accumulation of electrons (majority carriers of the absorber) at the c-Si 

surface. For such conditions, iVoc and iFF are improved to excellent values regardless of the buffer 

layer thickness. For the 5 nm buffer iVoc and iFF are improved by 48 mV and 3 %abs by the 

additional field-effect passivation. The application of moderate negative external charges (blue 

curves) is assumed to induce flat-band or depletion at the c-Si interface as some negative charges 

should be required to compensate the positive charges of the SiOx. This assumption is supported 

by the fact that maximum surface recombination for all buffer layer thicknesses is observed for a 

negative Qex in the range of 0.5 - 1∙1012 cm-2 which is in good accordance with the fixed charge of 

the PEVCD SiOx. A strong increase of the recombination is observed which is attributed to the fact 

that the p/n ratio at the a-Si:H/c-Si interface is close to unity, i.e. ns ≈ ps for this conditions. 

Accordingly the lowest iVoc and iFF are observed. For the 5 nm buffer, iVoc and iFF are reduced by 

101 mV and 11 % as compared to accumulation. The strong dependence on the buffer layer  
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thickness shows that such conditions are a measure for the chemical passivation which is 

increasing with buffer layer thicknesses. A further increase of the negative charge density leads 

to inversion of the c-Si surface und thus a highly hole populated interface (green curves). An 

increase of the effective lifetime is observed. The electron concentration at the interface is 

significantly reduced and the holes are the majority carrier species at the interface (ps << ns). This 

corresponds to recombination conditions introduced by the p/n junction in SHJ solar cells when 

a p-doped a-Si:H layer is present. A good correlation between the recombination characteristics 

of the sample with strong negative external charges (green curve) and a reference sample with a 

moderately doped a-Si:H(p) (pink stars) is found for the 8 nm buffer. This proves that our 

approach to mimic the field-effect passivation with external corona charges instead of doped 

layers is principally valid. The external charge has a strong influence on the recombination 

characteristics which is more pronounced for lower excess carrier densities. Hence, field effect 

passivation adds a positive influence to the chemical passivation and is thus a basic requirement 
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to obtain both a high Voc and iVMPP. This is in qualitative agreement with the simulation (Figure 

5.4 and findings in literature e.g. Ref [89]. 

 

 The data from Figure 5.10 is shown again in Figure 5.11 where each graph is representing the 

τeff(Δn) characteristics for comparable Qex for the four different buffer layers. The two graphs in 

the bottom show the typical representation of the results of Corona charging experiments (Figure 

5.9). However, the y-axis is representing iVoc and iFF and not the effective lifetime or surface 

recombination velocity for a fixed ∆n level. 

 For depletion (top-left) a shift of the τeff(Δn) characteristics towards higher lifetimes for thicker 

films can be seen. This is in accordance to the near flat-band conditions in the simulation section 

(Figure 5.4 (top-left)), thereby clearly indicating the reduction of the Dit with increasing a-Si:H(i) 

thickness. For these conditions the lowest iVoc and iFF and a very strong dependence on the buffer 

layer thickness are observed. This can be interfered from the graphs in the bottom as well where 

iVoc and iFF are plotted as a function of Qex. For both the minimum is centered at around -

1012 cm-2 which can be well explained by the charge required to compensate the positive charge 

of the PECVD SiOx capping layer. Except for the thick buffer OC and MPP are dominated by the 

poor or moderate chemical passivation and are far off the intrinsic limit. For such conditions the 

absence of field-effect passivation calls for an outstanding Dit to suppress surface recombination. 

For a strong inversion (top-right and negative Qex in the bottom) field-effect passivation is 

efficient making recombination at OC and MPP conditions less sensitive to the Dit and buffer layer 

thickness, respectively. However, a significant reduction of the Dit, represented by the 27 nm 

buffer is required approach the intrinsic limit for such conditions as well.  

 It is important to note that the behavior for the thin buffer layer (5 nm) is in strong contrast to 

the one observed for the case when a highly hole populated interface is obtained by the 

additional p-doped a-Si:H overlayer (not shown here). Our buffer layers thinner then about 7 nm 

cannot ensure an efficient decoupling of the chemical c-Si passivation from the doping of the 

a-Si:H(p) layer above. For our too thin layers the increased of the field-effect passivation by the 

doped layer is superimposed by the loss of chemical passivation. This does not only lead to a 

significant Voc loss but also the iFF and thus pFF of our cells do not benefit from the deposition of  
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the p-doped a-Si:H. A direct interaction of the minority carriers at the c-Si side of the junction 

with the defects on the a-Si:H side of the junction can explain such a behavior. A buffer layer with 

in insufficient thickness behaves similar to the case when the buffer is omitted [75], [18], [158], 

[151], [159] ,[89], i.e. where the highly defective doped layer is in direct contact to the c-Si. So, in 

terms of c-Si passivation a buffer layer thickness / quality has to be chosen allowing for an 
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efficient decoupling of the field effect passivation from the chemical passivation. However, with 

increasing layer thickness iFF has to be traded for Jsc and FF as parasitic absorption [158], [119] 

and transport induced losses [160], [130] will start to lower the efficiency. This makes clear that 

improving the buffer layer quality rather than its thickness is of major importance. Where the 

lower limit for the thickness of the buffer might be the tunneling length by which the a-Si:H 

defects are seen by the c-Si carriers and the thickness when a closes films is developed, 

improving the doped layer properties might add another degree of freedom for the junction 

engineering. 

 Figure 5.11 shows that for accumulation (graph in the middle and positive Qex in the bottom 

graph), field effect passivation is very efficient reducing the influence of the buffer layer thickness 

significantly. In addition, the gap to the 27 nm buffer and the intrinsic limit which is at about 

760 mV and 89.0 % for the applied absorber [6] is smaller compared to inversion and depletion 

conditions. For the thinner buffer layers accumulation leads to significantly higher iFFs and iVocs 

of about 2 %abs and 10 mV as compared to inversion. This is in accordance to the common 

experimental finding that the influence of the n-doped overlayers is less detrimental as compared 

to its p-doped counterparts for an n-type absorber. However, the experimentally behavior 

observed here should be related to a more intrinsic effect as a doped overlayer is omitted and the 

same buffer is used for inversion, depletion and accumulation.  

 A plausible explanation for the better passivation for accumulation as compared to inversion is 

a less efficient field-effect passivation for inversion. However, this is not in line with simulation 

results presented in Figure 5.4 (compare right-top and right-bottom) which suggest that a similar 

external charge results in similar iVoc and iFF. Further investigations are needed to draw a 

definite conclusion. Another possible cause can be an asymmetry of the capture cross section for 

holes and electrons of the defects dominating the recombination. As motivated in the simulation 

section above, according to SRH statistics the recombination is limited by the minority carrier 

species in low-injection conditions and low-injection conditions are still dominant for MPP 

conditions. Under inversion conditions electrons are the minority carriers at the interface, 

whereas holes are the minority carriers under accumulation conditions. In accordance to the 

simulations in Figure 5.6, the experimental findings can be understood by the fact that electrons 

are more easily captured than holes at the a-Si:H /c-Si interface. This means σn / σp > 1 for the 

defects dominating the recombination. A similar conclusion was drawn from the comparison of 

textured (111) oriented n- and p-doped absorbers [161] passivated by stacks of doped and 
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undoped a-Si:H. These results shall be briefly discussed. A lower iFF for p-type absorbers was 

observed in Ref [161] which was reflected in a lower pFF and FF of the solar cells. However, it 

should be noted that the reduced low-injection lifetime in Ref [161] was observed only for p-type 

absorbers and irrespective of whether the SHJ is forming the p/n-junction (niPin), high/low-

junction (piPip), or depletion conditions (iPi) of symmetric structures and for the asymmetric 

solar cells structures (niPip). For n-absorbers no reduction of the lifetime for the lower ∆n regime 

was observed. This experimental findings do not match the behavior predicted by the simulation 

results shown in Figure 5.6. There it has been shown that a higher capture cross section for 

electrons (σn / σp > 1) should adversely affect the low-injection lifetime for all hole selective 

contacts, i.e. for all cases when electrons are the minority carrier species at the interface. So, 

always when the pi stack is present, irrespective if placed on a n-type or p-type absorber. 

Accordingly, the fact that the niPin structure which does not include the pi stack shows the 

reduction and the piNin not, is not in line with the simulation results. If the discrepancies 

between the simulations and the experimental findings in Ref. [161] are caused by the incorrect 

description of the experimentally observed interface recombination by the simulations or if the 

reduced low-injection lifetime in Ref [161] is caused by other effects than an asymmetric capture 

cross section remains open. 

 Regardless of whether a higher capture cross section for electrons, a less efficient field-effect 

passivation or other factors are responsible for the inferior passivation for inversion conditions 

of an n-type absorber observed here. It results in an intrinsic limitation which can only be 

mitigated by a significant reduction of the density of defects. Such conditions are reached for the 

experimental investigations by the 27 nm thick intrinsic a-Si:H buffer layer where both the iVoc 

and iFF are on a very high level and close to the intrinsic limit.  
 

Parasitic effects  

 As a defective doped layer is omitted here, recombination is limited to the bulk of the absorber, 

its space charge region and the a-Si:H / c-Si interface. It is expected that depending on the 

tunneling length and the a-Si:H thickness the a-Si:H bulk defects and the defects at the 

SiOx / a-Si:H interface will be seen by the excess carriers as well [153]. However, further aspects 

might contribute to the overall device recombination.  

 One aspect might be an increased recombination in the c-Si space charge region caused by a 

surface-damaged region (SDR) near the interface (~100nm). This is discussed for inverted or 

depleted c-Si surfaces as observed for SiNx passivated p-type or Al2O3-passivated n-type 
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absorbers in Ref. [140]. As this damaged region lies within the space charge region it significantly 

influences the overall recombination. The influence of artificial effects arising from depletion 

region modulation (DRM) [162] and the recombination at the edge of the samples or local in 

inhomogeneities [107] can influence τeff(Δn), too. It is shown in Ref. [163, 164] that inversion 

layer shunting at the sample edge caused by an emitter diffusion or the charge of the dielectric 

passivation can have a negative influence on the relevant Δn range. However, compared to our 

results, no surface damage region and inversion layer shunting seems to be present for the 27 nm 

a-Si:H(i) layer as a comparable and high iFF is observed for both accumulation and inversion. 

Based on this, it seem that such parasitic effects do not have to be taken into account for the 

interpretation of the experimental data.   
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5.3.4 Conclusion 
 To summaries the results from the experimental investigations, in Figure 5.12 iFF is plotted as a 

function of iVoc. The color is indicating the i-layer thickness and the numbers correspond to 

depletion (1), inversion (2) and accumulation (3) conditions at the a-Si:H(i)/c-Si interface. With 

increasing the a-Si:H(i) thickness the slope of the iFF become steeper. This is explained by the 

fact that mainly the recombination at depletion (1) benefits from an improved chemical 

passivation which comes along with increasing buffer layer thickness. For the 27 nm buffer an 

outstanding chemical passivation allows to push the iFF towards the intrinsic limit, i.e. above 

86 %. Except for the 27 nm buffer, the iVoc and the iFF are higher for accumulation (3) as 

compared to inversion (2) conditions. A plausible explanation is a higher capture cross section 

for electrons which are representing the minority carrier species at the inverted interface. This 

might be an intrinsic property of the c-Si surface states as faster capture of electrons is observed 

for the SiO2 / Si [33], [165], the Al2O3 / Si interface [166], [167] and the a-Si:H / c-Si interface as 

well [161]. 
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5.4 Chapter Summary  
 In this chapter the interplay between the chemical and field-effect passivation of c-Si by 

undoped a-Si:H was investigated on the basis of device simulations and experimentally with 

idealized lifetime test structures. The main concern was to link the injection level dependence of 

the c-Si surface passivation to the upper limit of the extractible internal voltage at MPP and OC 

conditions. 

 Unlike for the solar cell structures, the field-effect passivation and thus the p/n ratio at the 

interface was manipulated via the deposition of external Corona charges instead of changing the 

doping of an additional a-Si:H film on top. The chemical passivation was altered by changing the 

thickness of the undoped a-Si:H buffer layer. This novel approach enabled manipulating the field 

effect passivation without adding any contributions to the chemical passivation from the doped 

a-Si:H top layer and its deposition process. In this way a model system was created that allows to 

decouple both passivation mechanisms. It was shown that the requirements on the c-Si 

passivation are less stringent for OC conditions as compared to MPP conditions. This is explained 

by the fact that for high excess carrier densities the iVoc becomes limited rather by the intrinsic 

recombination in the bulk of the c-Si absorber than by the defect recombination at the 

a-Si:H / c-Si interface. The opposite is the case for the lower excess carrier densities at MPP 

conditions where the intrinsic recombination in the bulk of the absorber is much lower. This 

makes the overall recombination for MPP more sensitive to the defect recombination at the 

interface as compared to OC conditions. Especially, if the MPP is shifted into the transition region, 

while OC is still in high-injection, a significant reduction of the FF is observed while the VOC loss 

remains moderate. Hence, to also approach the intrinsic limit for MPP conditions, the 

requirements on the c-Si passivation are extreme and much higher as compared to the OC 

conditions. In addition to this intrinsic issue, an asymmetry of the hole and electron capture cross 

sections of the limiting defects at the a-Si:H / c-Si interface seems to increase recombination at 

inversion conditions as compared to accumulation conditions for a n-type absorber. This leads to 

even higher demands and thus calls for an outstanding chemical c-Si passivation. Nevertheless, a 

very high iFF of 87% was experimentally demonstrated for inversion conditions proving the very 

high FF potential of SHJ devices. As the pFF of current SHJ is well below such values it becomes 

clear that much FF can be gained if surface passivation is improved substantially.  

 Referring to solar cells, a very important aspect is the decoupling of chemical passivation and 

field-effect passivation. Whilst the former is mainly defined by the buffer which also has to allow 
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for efficient carrier transport, the latter is strongly defined by doped layer properties and the 

need to form the selective hole and electron contacts. If such a decoupling can not be ensured, the 

field-effect passivation gained by the doped layer might be superimposed by a drop of the 

chemical passivation which will not allow to achieve the outstanding passivation properties 

needed to operate near the intrinsic limit for MPP conditions as well.  
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6 Carrier Extraction from the Absorber: Realization and Evaluation of  

Different Carrier Selective Contact Schemes  
  The objective of this chapter is twofold. Firstly, different contacts systems are evaluated 

regarding their ability to form a carrier selective contact. Secondly, simple experimental 

approaches which allow for this already in the early stage of device engineering are presented. 

  After a short introduction, an a-Si:H doping variation, from undoped to highly p-doped, is 

presented of the standard SHJ. It showcases that the external voltage of a poor designed contact 

schemes can be limited by the excess carrier extraction from the absorber rather than the 

passivation of the absorber, conditions which are hardly obtained for homojunction cells. In this 

case the external terminal voltage is significantly lower than the internal voltage in the 

absorber (For simplicity this effect is called non-ideal voltage “extraction” in the following). The 

suitability of analyzing the illumination level dependence of the external open-circuit as a 

simple means to predict both Voc and FF losses caused by inappropriate work functions, 

insufficient net doping and other factors adversely affecting the selective carrier extraction is 

pointed out. Other non-idealities of the J-V characteristic are also discussed. As an attempt to 

improve the work function matching at the ITO / doped a-Si:H contact results for an ITO doping 

variation are presented. 

  Thereafter, different metal layers and materials adopted from organic electronics (e.g. metal 

oxides) are tested for their ability to form a hole or electron selective contact. The suitability of 

analyzing the asymmetry of the external Voc obtained if the same material is forming either the 

hole or electron contact is pointed out. Two promising materials, namely molybdenum and 

tungsten oxide, are investigated in detail. It is proven that materials adopted from organic 

electronics are interesting candidates for alternative contact schemes for future c-Si based solar 

cells.  

6.1 a-Si:H doping variation as a showcase for a non-ideal voltage extraction  
 This chapter is linked to simulations in section 4.2.5 where the voltage and excess carrier 

extraction from the absorber by the TCO/doped a-Si:H / a-Si:H(i) /  c-Si contact of the SHJ was 

investigated. More precisely, the ability of the SHJ to passivate the absorber´s surface and to 

extract excess holes is analyzed in detail for an a-Si:H(p) emitter doping variation. The 

experimental findings are underpinned by numerical simulations with Sentaurus Device 

(Synopsys) [168] which have been instructed by the author and have been performed by 
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Sebastian Schröer, a diploma student supervised by the author (diploma thesis [100]) and Heiko 

Steinkemper a PhD student working with Sentaurus Device simulations. A large share of the 

experimental data was acquired in the course of the master thesis from Markus Reusch [109] 

likewise supervised by the author. 

This section is based on the author’s publications [169], [170], [171], [172], [94]. 

6.1.1 Motivation  

Optimization of doped a-Si:H 

 Whilst the major work on SHJ optimization in the past was related to improve the surface 

passivation of the a-Si:H / c-Si heterojunction (mainly Voc improvement) comparatively little 

attention was paid to the heterojunction formed between the TCO and the doped a-Si:H. 

However, the excellent Vocs achieved by many companies and institutes shifts the attention 

towards Jsc and FF  improvements. This calls for a more integral understanding of the SHJ taking 

the tight interplay of both heterojunctions (TCO / a-Si:H and a-Si:H / c-Si) into account. In this 

respect, a proper engineering of the SHJ particularly at the illuminated front is crucial. A low 

screening length of the doped a-Si:H is needed to screen the parasitic band bending which results 

from the work function mismatch between the TCO and the doped a-Si:H (Ref [94] and section 

4.2.5). The low screening length ensures an efficient tunneling transport at the parasitic Schottky 

contact and prevents the global depletion of the a-Si:H. It follows that the screening length 

defines the lower limit for the a-Si:H thickness. This means that a low screening length is also 

beneficial in terms of optical properties as it allows for thinner films that show less parasitic 

absorption. This can result in a trade-off between Jsc and FF [119], [173], [174]. But in Refs [175], 

[158], [176], [177], [94] it is also reported that the Voc is reduced if the layer thickness is below 

the screening length, i.e. when the a-Si:H doping is insufficient and/or the work function 

mismatch too high for the applied layer thickness. However, it is known from a-Si:H that doping 

is far from degeneracy and that a high doping often interferes with the c-Si interface passivation 

[150] and the optical properties [178], [179], [180]. Thus, it is obvious that the implementation of 

only several nanometer thin layers featuring both a high doping and a high transparency is a 

challenging task. For example, the layer’s transparency can be improved by alloying (a-SiOx:H, 

a-SiC:H) but comes at the expense of an even lower doping efficiency [178], [179], [180], [102]. 

The growth of ultra-thin materials featuring a crystalline fraction (nc-Si:H, μc-Si:H) potentially 

facilitating the doping efficiency and transparency is challenging as well [181], [182]. Concerning 

the TCO work function, optimization of the bulk properties (high mobility) is of major concern to 
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balance the losses from the lateral transport and the parasitic absorption. The additional 

optimization of the interfacial TCO properties to adapt the work function without adding 

significant optical losses, process complexity and costs might also be a challenging task.  

 When characterizing doped SiTFs it should be considered that even for quasi homogeneous 

amorphous layers the determined activation energy typically shows a strong thickness 

dependence [183], [184]. This is even more true for μc-Si films for which the incubation layer and 

the evolution of the crystallinity in the growth direction lead to a strong thickness dependence of 

the material properties [182]. Since device relevant layers are only a few nanometers thick, the 

characterization of thicker layers can lead to e.g. an overestimation of the net doping. Thus, for 

the quantitative investigation of device relevant layers more sophisticated techniques are 

required [185]. Another important factor that should be considered for the optimization of the 

doped layers are the interfacial TCO properties, more precisely the actual work function which 

results after contact formation at the interface. The quantitative determination of the actual 

interface properties is very challenging. In various publications [186], [93], [187], [188] it is 

shown that for example the work function of the TCO in contact to air or vacuum can be modified. 

However, unlike for other thin film devices where the doped SiTFs are deposited onto the 

(modified) TCO, for SHJ cells the TCO is deposited onto the doped layer. Thus, it is relatively 

unknown to which extent these findings apply to the interface formed for the invers process 

sequence of the SHJ. Another important fact is that subsequent processing can have a significant 

influence on the actual bulk and interface properties of the SiTFs and TCO. Thus, for the contact 

characterization and optimization one should not depart too far from the actual system, which is 

used in the solar cell. Such an approach is suggested in the following. 

6.1.2 Illumination-level dependence of open-circuit voltage  
 Suns-Voc measurements at high illumination have already proven their basic suitability and 

usefulness for the characterization of the metal / semiconductor (Schottky) contacts of homo 

junction solar cells [103] [189]. In Ref [189] FF losses caused by insufficient c-Si doping below 

the local metal electrode have clearly been identified by this method. So far, only few publications 

are dealing with the characterization of SHJ devices [190], [191], [192], [177], [171] using the 

Suns-Voc setup [103]. The net doping of the SiTFs is especially for amorphous layers well below 

that of the highly–doped regions in c-Si homojunction cells which makes the formation of a 
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parasitic Schottky contact and the depletion of the contact from majority carriers more likely for 

SHJ cells. 
  

The basic idea behind analyzing the Suns-Voc curve: Thick buffer layers  

 For an ideal voltage extraction and the avoidance of high-injection conditions in the contact 

region three basic requirements exist as outlined in section 4.2. To motivate these requirements 

experimentally Figure 6.1a shows the injection level dependent implied Voc, (iVoc, solid lines) and 

the corresponding external Voc (symbols) for an a-Si:H(p) emitter doping variation. Figure 6.1b 

shows the corresponding equilibrium band bending induced in the c-Si(n) absorber. Figure 6.1c 

shows a non-ideal voltage extraction in hole contact. 

Requirement 1): c-Si surface passivation: High quasi Fermi-level splitting in the absorber. 

 The iVoc characteristic for the B2H6 gas phase doping variation of the a-Si:H(p) emitter is shown 

by the solid lines in Figure 6.1a. In this experiment a relatively thick buffer layer (~10 nm) was 

applied to prevent a degradation of the chemical c-Si passivation with increasing doping. The iVoc 

(lines Figure 6.1a) is only slightly affected by the emitter doping and a high level of surface 

passivation is observed regardless of the illumination intensity. For one sun condition the iVoc 

amounts to about 730 mV for all doping levels. 

Requirement 2) Induced band bending and hole density: Constant majority carrier quasi 

Fermi-level in the undoped buffer and at the c-Si surface. 

 The band bending (inversion) of an a-Si:H(p)/a-Si:H(i)/c-Si(n) structure determined from 

surface photo voltage (SPV) measurements [193], [89] as a function of the B2H6 gas phase doping 

of the a-Si:H(p) layer is plotted in Figure 6.1b. For a gas phase doping concentration below 

2000 ppm the band bending increases strongly with doping and saturates for higher doping 

concentrations at about 800 meV. Most of this band bending is induced into the c-Si and the 

undoped a-Si:H forming a highly hole populated device region and the induced p/n-junction. The 

results also indicate that the work function of the a-Si:H(p) which is responsible for the induced 

band bending increases with doping.  

Requirement 3) High hole density in the doped a-Si:H: Constant majority carrier quasi 

Fermi-level in the doped a-Si:H and at the interface to the TCO electrode. 

 Despite the relatively high work function of the a-Si:H(p) which induces a highly hole populated 

c-Si region, a sufficiently high hole density in the doped a-Si:H needs to be ensured as well. This 

free hole density results from the interplay between the net doping of the a-Si:H(p) and the work 

function of the TCO which causes the depletion of the a-Si:H(p) from free holes. However, unlike 
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for the two requirements above, this free hole density is hardly experimentally accessible for the 

device relevant structure.  
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 As extensively discussed in section 4.2, the case that the contact region provides a tool low hole 

density and is operating in high-injection manifests itself in a voltage loss (ΔVoc) mainly in the 

a-Si:H (hole contact in Figure 6.1c). This voltage loss can be determined directly by the 

comparison of implied and external Voc with the QSSPC and Suns-Voc setup. The measured 

illumination level dependence of the external Voc for the a-Si:H(p) emitter doping variation is 

shown in Figure 6.1a. A difference between the iVoc (solid lines) and the external Voc (open 

symbols) can be observed which increases for decreasing gas phase doping. However, this 

voltage loss can also be determined in an indirect way when analyzing only the slope of the 

external Voc at a certain illumination intensity. A voltage loss caused by high-injection conditions 

in the contact region is indicated by the fact that the slope of the Suns-Voc curve drops below the 

one predicted by the standard p/n-junction theory, where it is assumed that the Voc is 

determined solely by surface and c-Si bulk recombination and hence the iVoc. If this assumption is 

fulfilled, i.e. if low-injection conditions in the contact region are preserved, depending on the 

prevalent minority carrier recombination path, the slope can range from 0.7 to 2.0 [44] (see also 

Figure 5.3) but will not fall below 0.7. The latter is indicating the intrinsic limit imposed by high-

injection Auger recombination in the absorber. In Figure 6.1d it is shown that for insufficient 

doping (grey, blue, green) the slope of the external Voc near 1 and 100 suns (n1 and n100) drops 

well below this lower limit of 0.7 (grey dashed lines). In accordance with the direct comparison 

between the iVoc and the external Voc in Figure 6.1a, this clearly shows that the low external Voc´s 

of this contacts are not limited by a poor surface passivation. Figure 6.1d reveals that for 

increasing doping (red, orange, black) and when the externa Voc  approaches the limit imposed by 

the iVoc (shaded area) n1 and n100 strongly increase. n1 takes a value of about 0.8 which is close to 

0.7, indicating that voltage extraction is ideal. This is evidenced in Figure 6.1a where the external 

Voc matches the iVoc for 1 sun conditions. However, for all cases n100 is below n1. This is explained 

by the much higher excess carrier density in the contact region which result from for such high 

illumination intensities. Accordingly, operation in high-injection conditions is more likely and the 

voltage loss is more pronounced. This is in line with the fact that the external voltage remains 

below the internal voltage for 100 suns in Figure 6.1a. To highly the importance of the induced 

p/n-junction for an ideal voltage extraction, in Figure 6.1d n1 and n100 are plotted as function of 

the induced c-Si band bending obtained for the different a-Si:H(p) doping levels. The trends are 

very similar to Figure 6.1d and it becomes obvious that a sufficient high band bend is needed for 

an ideal voltage extraction.    
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 As shown in Figure 6.1a for the undoped emitter (0 ppm) a high level of c-Si passivation (iVoc) is 

achieved but regardless of the illumination level the contact does not have the ability to extract 

the high iVoc provided by the well passivated absorber. In this case the contact properties are 

dominated by the ITO / a-Si:H Schottky contact and a poor hole contact is formed as the contact 

region is depleted from holes. This is explained by the fact that the work function of the ITO is 

close to mid-gap rather than close to the valence band of the a-Si:H and the c-Si absorber (more 

in section 6.3). At 1 sun the external Voc is limited to about 430 mV for the case that the selectivity 

is dominated by the TCO work function only. The selectivity of the contact to holes is increased as 

with higher doping the a-Si:H / c-Si p/n-junction starts to dominate over the opposing TCO / 

a-Si:H Schottky contact.  

 For 1 sun conditions a doping of about 2000 ppm is required for our layers to fully extract the 

voltage provided by the passivated absorber. An external Voc of ~730 mV is reached which agrees 

well with the iVoc which in turn is limited by the c-Si passivation provided by the p- and n-SHJ and  

the intrinsic bulk recombination of the planar 5 Ωcm, 200 μm thick, FZ absorber [6]. However, for 

illumination intensities above 1 sun, a voltage loss within the SHJ occurs which causes a deviation 

of the external Voc from the iVoc characteristics. Basically, the voltage loss in the contact region is 

more pronounced for lower doping and higher illumination intensities.  

6.1.3 Correlation with the fill-factor  
Solar cells: Thinner buffer layer  

 In this section a B2H6 gas phase doping variation of an ITO / a-Si:H(p) / a-Si:H(i) emitter for an 

only ~7 nm thick intrinsic buffer layer is studied and the qualitative relation between the Suns-

Voc characteristic at high illumination intensities of non-metallized Suns-Voc test samples and the 

FF of finished devices is presented. n100 is preferred over n1 as it is more sensitive to a voltage 

loss in the contact region as motivated above.  

 Contrary to the previous section our thinner buffer layer cannot ensure an efficient decoupling 

of the chemical c-Si passivation from the doping of the a-Si:H(p) layer above. In Figure 6.2a it can 

clearly be seen that doe to additional B2H6 during deposition of the a-Si:H the c-Si absorber 

becomes significantly depassivated [151], [150]. Consequently, the iVoc at 1 sun is reduced from 

about 720 mV (600 ppm) to 630 mV (9600 ppm) by increasing the doping. Thus, for our p-SHJ 

with too thin buffer layers a fundamental trade-off between a-Si:H doping and c-Si passivation is 
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observed. The local ideality factor at 100 suns (n100Suns, blue) of this ITO/piNin/ITO Suns-Voc 

sample and the FF of finished devices (red) featuring metal electrodes at the front and rear are  

shown in Figure 6.2c. Reflecting the Voc characteristic for high illumination intensities from 

Figure 6.2b, n100Suns is increasing from -0.6 to 0.6 with doping. More importantly, the same trend 

can be observed for the FF of the corresponding cells (no cells were fabricated with a-Si(p) layers 

exceeding 4300 ppm B2H6 gas phase concentration). This demonstrates experimentally that 

there is a correlation between the Suns-Voc characteristic at high illumination intensities and the 

FF of actual solar cells. In terms of maximum efficiency for this buffer layer an optimum doping 

has to be found that serves best the trade-off Voc vs. FF. 

 In Figure 6.2c the corresponding iFF from QSSPC (black) and the pFF from Suns-Voc 

measurements (green) are show to assess behavior of the devices near MPP and for lower 

illuminations, i.e. lower excess carrier densities. The iFF is slightly increased with doping from 

about 81.5 to 84.0 % reflecting the improved field effect passivation [194], [89] (section 5) that 

results from the higher band bending in the c-Si part of the SHJ (Figure 6.1b). A poor selectivity of 

the SHJ is also indicated by a pFF which is well above the iFF. This “too high pFF” is explained by 
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the much lower excess carrier density for the pseudo MPP conditions (~0.03 suns) compared to 

the 1 sun conditions. Accordingly, the voltage loss for the pseudo MPP conditions is much lower 

which means that reduction of the Voc by a non-ideal voltage extraction is much stronger than 

that of the VMPP from the Suns-Voc. According to equation (2.29) this results in the increase of the 

pFF. However, this is observed only for very low doping, i.e. if already a significant voltage loss at 

1 sun OC conditions is observed (600 and 1400 ppm in Figure 6.2a, b). 

  It can be seen in Figure 6.2d that for “real” MPP conditions, i.e. when a current is drawn from 

the device, insufficient doping is reflected in an S-shaped behavior of the J-V curve and that the 

superposition principle fails (section 4.2.5). Finally, Figure 6.3a and b shows the slope of the 

Suns-Voc curves near 1 and 100 suns plotted vs. the FF and the Voc, respectively. It can be clearly 

seen that with increasing doping n1 and n100 are increased which is indicating that losses caused 
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by high-injection conditions in the contact becomes less pronounced with increasing gas-phase 

doping. With respect to the importance of the induced p/n-junction, Figure 6.3c reveals a linear 

dependence of the Voc and FF on the induced c-Si band bending. The linear dependence of the Voc 

is in line with the simulation results in section 4.2.3 and 4.2.5 where such a behavior was 

predicted for the regime where the external voltage is limited by the selectivity rather than 

surface passivation. That the slope is below unity results from the fact that the increase of the 

induced band bending is not only responsible for improvement of the a-Si:H(pi) / c-Si  

p/n-junction but that the parasitic ITO / a-Si:H Schottky contact must also be taken into account 

(see Figure 4.16b grey dotted lines).  

 

Correlation with the fill-factor: Device Simulations 

 To corroborate the conclusions drawn from experimental findings above, device simulations 

with Sentaurus device were performed. Unlike for the AFORS-HET simulations in section 4 

tunneling transport is included here yielding an even better agreement with the experimental 

results. Furthermore, in Refs [96] and [195] it has been shown that tunneling at the 

TCO/a-Si:H(p) interface has to be taken into account to obtain realistic J-V and QSSPC 

characteristics. Here an a-Si:H(p) emitter doping variation for an TCO/piNin/TCO structure was 

simulated. Defects at the interface to the absorber were omitted and a constant defect density 

and defect characteristic of the p-layer was assumed. Hence, the iVoc is limited mainly by the 

intrinsic recombination of the absorber and like in section 6.1.2 only a minor influence of the 

emitter doping on the iVoc is observed. We did not treat the TCO as an individual n-type 

semiconductor, but as a conductive layer characterized only by its interface work function, 

conductivity and optical properties. Barrier tunneling at the TCO/a-Si:H(p) interface was 

considered. To take the depletion of the a-Si:H(p) by the TCO into account the TCO work function 

is set to 4.93 eV which is 670 meV below the valence band of the a-Si:H. The net doping of the 

a-Si:H(p) is quantified by its activation energy (Ea) which is varied over a wide range from 

undoped (860 meV ~ mid-gap) to a very high net doping (200 meV below the valence band 

energy). A lumped series resistance of 0.5 Ωcm² was assumed. More simulation parameters can 

be found in Ref. [94]. 
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 The simulated Suns-Voc characteristics are shown in Figure 6.4a. Good qualitative agreement 

between the simulations and the experimental results for a thick buffer layer (Figure 6.1a) are 

observed. With increasing doping the Voc loss in the contact region is reduced. Regarding the 

Voc,1Sun (Figure 6.4a, c) a sufficient selectivity is observed if Ea approaches 300 meV. The Voc,1Sun 

saturates at about 740 mV limited by the iVoc (not shown). The corresponding FF is plotted in 

Figure 6.4b, d. Again a clear correlation between the FF and n100 can be observed for moderate to 

high doping (Eact > 400 meV). It can be seen in Figure 6.4b, c that the FF still significantly 

increases for Eact below 300 mV while the increase in Voc is only negligible. This shows again that 

optimal 1 sun MPP conditions require a much higher doping than optimal OC conditions. That 

this also applies to the optimal TCO work function is shown in Ref [94] from the present author 

by the present author which substantiates that the requirements on the selective carrier 

extraction are more challenging for MPP conditions as compared to OC conditions. 

 Similar to the experimental findings, Figure 6.4a reveals that exposing the SHJ to illuminations 

well above 1 sun even for OC conditions a clear signature of the lack of doping can be observed 
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for layers featuring relatively high doping levels (Ea < 300 meV). By making use of this effect a 

clear correlation between the current-less Suns-Voc characteristics at high illumination intensities 

and the 1 sun MPP conditions is observed (Figure 6.4b, d). However, it can be seen that this 

correlation is observed only for the case that doping is sufficient to prevent a voltage loss for the 

1 sun OC conditions. For very low doping (Ea > 400 meV) when Voc,1Sun is significantly affected by 

a non-ideal voltage extraction a different behavior is observed. However, these layers would be 

excluded for further device optimization anyway as already the Voc,1Sun is limited by insufficient 

doping. In combination with the very low FF it would result in a very low cell efficiency (Figure 

6.4c). 

 In Figure 6.5 a more detailed loss analysis for three distinctive doping levels is presented. 

Ea = 200 meV represents optimum doping where low-injection conditions are maintained 

irrespective of the work conditions and the contact characteristic is dominated by minority 

carrier recombination, i.e. the implied Voc. Ea = 300 meV yields only optimum OC conditions and 

Ea = 375 meV represents insufficient doping of the a-Si:H(p) emitter for MPP and OC conditions. 

It can be seen in Figure 6.5a that the reduction of Voc for higher illuminations (compared to the 

highly-doped with 200 meV layer), comes along with an increasing recombination current within 

the TCO/a-Si:H(p)/a-Si:H(i) part of the p-SHJ (Figure 6.5b). The emitter recombination current  
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density in Figure 6.5b corresponds to the sum of the defect recombination within the 

a-Si:H(p)/a-Si:H(i) and at the TCO/a-Si:H(p) interface. The recombination within the a-Si:H(p) 

dominates the total recombination of the TCO/a-Si:H(p)/a-Si:H(i) stack (not shown). That this is 

not only true for OC but also for MPP conditions was shown by the author in Ref [94]. It follows 

that for a low doping or high work function mismatch the recombination within the a-Si:H(p) is 

responsible for the low FF. More precisely, it is caused by the fact that depleted contact region is 

operating in high-injection conditions. For such conditions the majority carrier density in the 

contact region is reduced by recombination as well which is linked to a significant gradient in the 

majority carrier quasi Fermi-level. Figure 6.5 reveals that the voltage loss at OC correlates well 

with the onset of high-injection conditions in the a-Si:H(p) layer, i.e. when the actual majority 

carrier density (p) exceeds the equilibrium majority carrier density (p0). p0 for the investigated 

layers (Eact = 200, 300, 375 meV) amounts to 2∙ , 1∙  and 5∙  cm-3. This significant 

difference in p0 can be attributed to the lower doping and the higher depletion caused by the TCO 

work function. The corresponding band bending in the space charge region of the c-Si absorber is 

shown in Figure 6.5d as well. It can be seen that very high illumination intensities exceeding 100 

suns do not cause flat-band conditions within the c-Si absorber.  

 In Figure 6.6 the band diagrams for equilibrium (EQ), 1 sun MPP and 100 sun OC conditions for 

the three Eact are depicted. The depletion of the a-Si:H(p) near the TCO/a-Si:H(p) interface and 

the inverted c-Si can be observed for all working conditions. The lower Eact is the lower is the 

a-Si:H depletion and the higher is the c-Si inversion, respectively. That the parasitic band bending 

at the TCO/a-Si:H(p) interface increases with a-Si:H doping results from the increased work  
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function mismatch between the TCO and a-Si:H(p) [94]. With increasing doping work function 

matching becomes even worse but the higher doping reduced the screening length and hence the 

effective Schottky barrier height as the barrier becomes narrower [95]. For an Ea of 300 meV and 

375 meV the depletion of the a-Si:H(p) is not only restricted to a small region near the 

TCO/a-Si:H(p) interface but a global depletion of the a-Si:H(p) is observed as the a-Si:H(p) 

thickness is below the respective screening length. This is indicated by the difference between 

the hole quasi Fermi-level and the valence band energy within the a-Si:H(p) near the a-Si:H(i) 

layer. For EQ this difference is higher than Ea of the a-Si:H(p) featuring medium and low doping. 

It amounts to 200, 335, and 415 meV for the layers with an Ea of 200, 300, and 375 meV, 

respectively. In accordance with results from section 4.2.5, with the onset of high injection 

conditions in the contact region for MPP and OC a gradient in the majority carrier (hole) quasi 

Fermi-level is observed which is responsible for reduction of the external VMPP and Voc. 

  

 Finally, it should be noted that a variation of the TCO work function for a constant a-Si:H doping 

yields a behavior of the Suns-Voc characteristic (Figure 6.7) which is similar to the one observed 

for the variation of the a-Si:H doping for a fixed work function of the TCO from above. In 

accordance with the results from section 4.2.5 this highlights the tight interplay between the TCO 

work function and the a-Si:H doping (and thickness) with respect to the SHJ properties.  

 

 To sum up, the experimentally observed results could be well reproduced by numerical device 

simulations and recombination within the TCO/a-Si:H part of the SHJ coupled to the occurrence 

of high-injection conditions in the contact region were identified to cause the deviation of the 
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external voltage from the implied voltage. To prevent a voltage loss within the contact region and 

allow for a high FF and Voc, a high equilibrium density of the contacts majority carrier species is 

mandatory. This requires a high net doping and a negligible depletion of the doped a-Si:H by the 

TCO work function. Furthermore, a direct comparison of the QSSPC and Suns-Voc characteristic is 

not mandatory to identify if surface passivation or voltage extraction is the limiting factor. 

Analyzing only the slope of the illumination level dependence of the external voltage obtained 

with Suns-Voc allows for a meaningful evaluation of the contact scheme as a clear correlation 

between the local slope and FF and Voc loss caused by a non-ideal voltage extraction exist. 

  

6.1.4 Temperature dependence of cell parameters  
 The more common approach for the identification of such a non-ideal voltage extraction is to 

analyze the temperature dependence of J-Vlight curve of finished solar cells. However, compared to 

the current-less Suns-Voc measurement it leads to much higher demands on the sample and 

measurement setup. Some cell parameters obtained from J-Vlight(T) and Jsc-Voc(T) measurements 

are plotted in Figure 6.8 for the a-Si:H(p) emitter doping variation.  

 The most striking feature is the temperature dependence of the Voc and the FF which reveals 

the non-ideal behavior of the cells featuring insufficient doping of the a-Si:H(p). Both deviate 

from the linear reduction with temperature, which is governed by the increase of minority 

carrier recombination at MPP and OC conditions and the correspond reduction of the FF0 and Voc 

with temperature [196]. The emitter with the highest doping (blue) on the other hand follows the 

behavior predicted by the standard p/n-junction theory and shows a linear reduction of the Voc 

and FF with increasing temperature.  

 While a satisfactory explanation for the non-linear reduction of the Voc with increasing 

temperature for the lowly doped emitters cannot be given. Device simulations assuming similar 

c-Si passivation by the hole contact but different doping levels cannot reproduce the 

experimental findings. Hence, the fact that for the experimentally investigated emitters the c-Si 

surface passivation and doping are not decoupled might explain this behavior. The lowly doped 

and less defective emitters provide much better c-Si passivation and are thus characterized by a 

much higher iVoc as compared to their highly doped counterparts (Figure 6.2). This higher iVoc 

level is linked to a lower reduction of the iVoc with temperature [196]. Thus, the reduction of the 

iVoc with temperature, which defines the upper bound of the external Voc, is expected to be lower 
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for the lowly doped emitters. This would result in a lower slope of the Voc(T) dependence. 

However, such a behavior is observed only for the moderate temperature range up to 40°C. For  

higher temperatures a changing slope is observed for the lowly doped emitters which is 

indicating that a second mechanism is involved which yields a higher reduction of the Voc with 

increasing temperature. The fact that all lines start to merge at higher temperatures might be 

related either to an increased minority carrier recombination rate or an increased voltage loss in 

the contact region which are more pronounced for the lowly doped emitters. An increased 

voltage loss in the contact region with temperature might be caused by the fact that high-

injection conditions become more pronounced the higher the density of thermally generated 

excess carrier is. This is similar to the case when additional excess carriers are generated by 

photon-absorption. However, more detailed investigations are needed for a clear explanation of 

this interesting behavior. 
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 The explanation for the FF which is increasing rather than decreasing with temperature for 

insufficient doping is more straightforward. This behavior can be reproduced qualitatively by 

device simulations (Figure 6.8e) and according to a loss analysis not shown here this behavior is 

explained as follows: For the highly doped emitter the hole extraction is dominated by tunneling 

which provides an efficient transport path which does not benefit from an increased 

temperature. Accordingly, the difference between pFF and FF, which quantifies the fill factor 

losses caused by transport related issues (Figure 6.8f), is not affected by the temperature (blue 

line). The drop in the FF with temperature (Figure 6.8b) follows the reduction of the pFF caused 

by the increase of minority carrier recombination, i.e. the reduction of FF0. On the other hand, for 

the lowly doped emitters hole extraction is poor because tunneling is inefficient. Thermionic 

emission is the domination transport path, which becomes more efficient the higher the 

temperature is. Accordingly, the transport related FF loss is reduced with increasing temperature 

for these emitters (Figure 6.8f). For the moderate doping (green) the improved majority carrier 

(hole) extraction (reduction of pFF –FF) and the increased minor carrier recombination 

(reduction pFF) are superimposed which yields an almost constant FF (Figure 6.8b) in the range 

from 15°C to 70°C. For the low and very low doping this interplay results in an increase of the FF 

and hence a positive slope of FF(T) as the reduction of the transport related FF losses clearly 

dominates over the losses caused by the increased minority carrier recombination. 

 With respect to the Jsc the typical linear increase with temperature [196] is observed 

irrespective of the emitter doping. The fact that even the very low emitter doping (black) which 

leads to significant losses at MPP and OC, the Jsc shows a normal behavior illustrates that the 

demands on the selective carrier extraction from the absorber are the lowest for short-circuit 

conditions. This can be explained by the fact that the excess carrier density in the contact region 

takes its lowest value (most excess carriers are extracted externally) which makes the contact 

region unsusceptible to operate in high-injection. The higher Jsc for the very low (black) and low 

(red) emitter doping might by partly explained the higher optical band gap of the less defective 

lowly doped a-Si:H which reduced parasitic absorption (not shown). Representative for all 

emitter doping levels, Figure 6.9 shows the temperature dependence of the external quantum 

efficiency (EQE) and the corresponding 1-reflection (1-R) data. The shift of the optical c-Si band 

gap towards lower energies / higher wavelength is depicted in the graph. The latter makes the 

absorption of long wavelength photons in the c-Si absorber more likely with increasing 

temperature. This is reflected in the increased EQE for wavelength above 900 nm and the 
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reduced escape reflectance. The latter is indicating that less long wavelength photons exit the 

absorber at the front of the solar cells. The shaded area between the EQE and 1-R curves is 

indicating the parasitic photon absorption. It is rather constant and not affected by the 

temperature. Hence, the current gain with temperature is dominated by the decrease of the 

optical band gap of the c-Si absorber which makes photon absorption in the long wavelength 

regime more likely. Figure 6.8d shows that in terms of efficiency, the gain in Jsc does not outweigh 

the loss in Voc and FF. Interestingly, for 70°C a similar efficiency is observed for the low (red), 

medium (green) and high (blue) emitter doping.  

 

6.1.5  Further investigations and remarks  
Amorphous silicon compounds for p/n and high/low junctions  

 It shall be pointed out below that the proposed method of analyzing the Suns-Voc characteristic 

at certain high illumination intensities to probe the selectivity of a contact is not only restricted 

to investigations of the hole contact and that it is applicable to both the p/n junction and the 

high/low junction. To this end, the influence of alloying of n-doped a-Si:H films on their doping 

efficiency is investigated for the electron selective contact. The latter is formed by an 

ITO/a-SiOx:H(n)/a-Si:H(i) stack which is depicted in Figure 6.10. A doping variation for the 

a-SiOx:H(n) layer is presented which forms either the front emitter (stack placed on p-absorber) 

or the front surface field (stack placed on n-absorber). The net doping of the a-SiOx:H(n) film is  
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manipulated by both the PH3 (n-doping) and the CO2 (alloying) flow in the process gas. 

Consequently, the net doping is a function of the amount of active phosphorus (n-doping) and 

oxygen (alloying) incorporated in the layer. The motivation for alloying the ~10 nm thick 

a-SiOx:H(n) layer is to increase its optical band gap. This lowers the parasitic absorption in the 

a-SiOx:H film and, thus, increases the photocurrent available for absorption in the c-Si. However, 

typically a trade-off between the net doping and the optical properties is observed for a-SiOx:H 

[178] which has to be carefully balanced to maximize the efficiency. The results shown here are 

determined on Suns-Voc samples.  

 To determine the potential Jsc gain with increasing alloying the corresponding refractive indices 

and extinction coefficients of the a-SiOx:H(n) films have been extracted from spectroscopic 

ellipsometry measurements by fitting the data to a Tauc-Lorenz model and were implemented in 

Sentaurus device simulation. As shown in Figure 6.10, a significant Jsc gain of up to 1.0 mA/cm2 is 

expected for the maximum CO2 flow for a 10 nm layer. However, the experimentally obtained 

slope of the Suns-Voc curve at 100 suns indicates a strongly increasing voltage loss in the contact 

region at 100 suns with increasing CO2 gas flow. This can be interpreted as a strong decrease of 

the doping efficiency with alloying. It can be seen that a higher PH3 content in the process gas 

(spheres) has a positive influence on the net doping for a moderate CO2 content as the slope at 

100 suns is increased with respect to the lower PH3 content in the process gas (open triangles). 

However, for a high CO2 content, which yields the best optical properties, the doping efficiency is 

poor and seems to be determined solely by the high CO2 content. As the band gap is changed by 

alloying, a change of the band offsets is expected, too. This might be of importance for MPP 

conditions when a significant current transport takes place. However, it is expected that this is of 
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minor importance for the current less Suns-Voc measurements that are used here. This is 

confirmed by the fact that for device simulations a variation of the electrical band gap and thus a 

change of the band offsets at the conduction or valence band are not required to reproduce the 

behavior from Figure 6.10.  

 Furthermore, it should be noted that even for the layer without CO2 n100Suns is well below the 

limited of 0.7 which would indicate sufficient doping of the n-layer. Just as for the p-layers from 

the previous section, a strong dependence on the gas phase doping is observed for our n-layers. 

Subsequent optimization of the a-Si:H(n) layer has revealed that for a further increase of the PH3 

gas phase doping (not shown) n100Suns approaches 0.7. However, the negative influence of the gas 

phase doping on the c—Si surface passivation and hence the implied Voc is much lower as 

compared to our p-doped layers. Hence, the trade-off between c-Si passivation (high iVoc) and 

excess carrier extraction (low voltage loss in contact) is less pronounced for our electron 

selective contacts. This might be partly explained by the higher doping efficiency of n-type a-Si:H 

[197] which yields a higher net doping for lower defect densities as compared to the p-type 

layers. The need for a relatively high doping of the a-Si:H at the electron contact is partly 

explained by the parasitic Schottky contact formed with the ITO. As will be shown below the 

work function of our ITO is at  around mid-gap of a-Si:H. Hence, a mismatch is observed for both 

p- and n-doped a-Si:H layers which must be compensated for by sufficient doping. Hence, these 

results underline the importance of sufficient net doping for the ITO/a-Si:H(n/p) Schottky 

contact regardless of the doping type of the a-Si:H layer.  

 A very important finding which proves the general validity of the proposed method is the 

comparable behavior of the Suns-Voc characteristics irrespective of whether the 

ITO/a-SiOx:H(n)/a-Si:H(i)/c-Si(p/n) stack forms the p/n junction (black symbols) or the 

high/low junction (orange symbols).  
 

Remarks and General Considerations  

 A metallization of the sample is not a prerequisite for Suns-Voc measurements. Having 

sufficiently conductive TCOs at the front and rear is satisfactory. However, a higher scattering on 

non-metallized samples is observed which requires averaging over the sample area. The typical 

approach, which has been established in this work for the initial optimization of the SHJ or other 

related contacts like TOPCon [52] regarding their ability to maintain low injection condition, is 

based on such Suns-Voc samples. The sample preparation and characterization is relatively simple  
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which allows to screen a large parameter space and to identify layers which are subsequently 

investigated in more detail on solar cell level.  

 Obviously, the injection level within the SHJ is an important parameter for these measurements. 

Thus, typically white light (standard flash without any filters) is used to ensure a significant 

absorption within the SHJ (mainly below ~700 nm) and to allow for a high excess carrier density 

within the contact region. In this configuration, the measured Suns-Voc characteristic is 

dominated mainly by the SHJ facing the light source as the excess carrier density in the non- 

illuminated contact is much lower. This offers the big advantage that both contacts on either side 

of non-metallized Suns-Voc samples or bifacial cells can be investigated relatively independently 

from each other. By simply flipping the device. Figure 6.11 shows results for bifacial cells 

featuring either a n-type absorber (orange) or and p-type absorber (green). A similar 

characteristic is observed for illumination from the n-side (squares) and the p-side (stars). 

However, n-side illumination reveals the characteristic of a voltage loss in the contact region. 

Hence, for this devices the electron selective contact needs to be optimized in terms of electron 

extraction from the absorber.  

 Another approach to change the sensitivity of the front or rear junction to high-injection effects 

are Suns-Voc studies with different excess carrier density within the specific contact region. This 

is realized by illumination with either blue, white or infrared light [191], [192] which however 

limits the illumination intensity to relatively low values. Moreover, care must be taken if the 

investigated SHJs feature distinctive optical properties, which result into different injection 
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levels. For a comparison of contacts featuring different levels of minority carrier recombination 

(e.g. c-Si passivation) it must take into account that for high illumination intensities the intrinsic 

c-Si bulk recombination might not be the limiting recombination path which means that the 

upper limit of n100Suns is above 0.7 and rather limited by the ideality factor of dominating defect 

recombination. 

 Other layer optimizations (not shown) in which the method could already prove its suitability 

include the alloying of doped a-Si:H by carbon via adding CH4 in the process gas [102], [92], the 

growth of thin layers featuring a significant crystalline fraction (nc-Si:H, μc-Si:H) [182], [198] as 

well as the comparison of different TCOs (unpublished). Results for the modification of the 

interfacial ITO properties can be found in section 6.2 and 6.4 and in Refs [199], [200], [201]. 

Furthermore, the influence of subsequent process steps has been investigated successfully. This 

is important for example to monitor the influence of thermal treatments on the contact 

properties as such process steps are an integral part of the device fabrication and required, e.g. 

for annealing of the sputter damage caused by the TCO deposition [202], crystallization of the 

TCO [97] and for sintering and contact formation of the metal electrodes. 

6.1.6 Conclusion 
 The basic requirements in terms of the selective carrier extraction from the absorber were 

motivated experimentally. It was shown that non-optimized contact schemes may provide 

excellent c-Si surface passivation but may fail to selectively extract the absorber´s excess carriers. 

It has been shown that the Suns-Voc method is a well-suited technique for the characterization 

and optimization of silicon heterojunction. It was proven that a correlation between the Suns-Voc 

characteristic at certain illumination intensities and the FF and Voc of SHJ solar cells exists. This 

finding facilitates junction engineering as FF and Voc losses can easily be predicted in the very 

early stage of device optimization. Even though this method yields only qualitative information 

about the microscopic interface and bulk properties, it is a powerful method to gain profound 

insight into the interplay between these properties. Numerical device simulation provided the 

base for the interpretation of the experimental results and facilitated the understanding of the 

underlying physical phenomena.   
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6.2 Interfacial ITO doping variation: An attempt to modify the parasitic Schottky contact  
 While in the previous section the influence of a-Si:H doping was investigated, the influence of 

the ITO doping is in the focus here. Results for an ITO(n) doping variation as an attempt to 

improve the work function matching between the ITO and the doped a-Si:H are presented. A 

combined analysis of the hole and electron contact is conducted. This is an important fact is it 

allows to verify whether a variation of the work function at the interface is responsible for the 

modification of the external contact properties. A motivation for the experiments is given in 

Figure 6.12. The upper part shows the front side of the investigated cell structures. A double 

layer ITO stack is applied. An about 60 nm thick layer is highly doped and optimized for the 

lateral transport. A thin layer (8-10 nm) in contact to the doped a-Si features a doping variation 

over a very wide range. This doping variation is intended to manipulate the vertical transport at 

the TCO / doped a-Si:H contact mainly by an improved work function matching. In the lower part 

(middle), the desired variation of the ITO contact layer work function with doping is shown. A 

low doping (ITO(n)) is intended to yield a low free electron density and thus a high work function 



- 148 -   6  Carrier Extraction from the Absorber 
 

for the n-type TCO as the Fermi-level moves towards or even below the conduction band [203]. 

For this condition the higher work function should yield better contact properties for the 

ITO(n)/a-Si:H(p) hole contact of the n-type absorber (Figure 6.12, left). A low ITO work function 

is expected to follow from a high doping (ITO(n++)) as the Fermi-level is shifted further into the 

conduction band. Consequently, improved contact properties for the electron contact of the 

p-type absorber are expected (Figure 6.12, right). 

 To observe an influence of the work function on the contact properties for the experimental 

investigations two prerequisites must be fulfilled: (i) The effective work function at the interface 

between the ITO contact layer and the doped a-Si:H must be tunable by the modification of the 

deposition conditions and the ITO doping. Besides an adjustability of the TCO work function this 

also implies that Fermi-level pinning is moderate. (ii) The work function has to be a determining 

factor for the actual contact properties. For example, for a sufficiently high a-Si:H doping the 

work function at the interface should be of minor importance as tunneling is efficient. Hence, 

lowering the barrier height by an improved work function matching might hardly effect the 

contact properties for such conditions. For this reason, a moderate doping of the p- and n-doped 

a-Si:H was chosen (2300 ppm gas phase doping for both). The doping and free electron density 

(ne) of the 8-10 nm ITO contact layer is changed by adapting the oxygen content (OC = O2 / (O2 + 

Ar) in the sputter gas during DC sputtering from an In2O3:SnO2 (90:10) target. The 60 nm thick 

highly doped ITO layer is deposited on top without breaking the vacuum. A narrow pitch of 800 

μm of the grid electrode and the low sheet resistance of this upper ITO layer ensures that the 

contact properties are not affected by the lateral carrier collection at the front. Hence, the vertical 

transport via the ITO / ITOcontact layer / doped a-Si:H stack is the decisive factor.  

 This section is partly adapted from publication [111] of the present author and the visual 

presentations from the 26th EU PVSEC and the 4th SiliconPV 2015 (no publication submitted 

there). 

6.2.1 Probing the tunability of the effective work function  
 To probe the actual work function that results upon contact formation at the interface for the 

deposition condition of the ITO contact layer, SIS like Suns-Voc samples were used. The hole and 

electron selective contacts of these test structures are realized in a similar fashion as the 

standard SHJ from Figure 6.12. With the only difference that the doped a-Si:H layer is omitted. 

Consequently, the selectivity of the contact to either holes or electrons is quantified by the  
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external Voc which follows from the induced junction and the level of c-Si passivation by the 

contact (iVoc) as motivated in section4.2. For a rough estimate of the free carrier density of the 

thin ITO contact layer, the average free carrier density of 70 nm thick films is shown in Figure 

6.13 (right) as a function of the oxygen content applied during ITO deposition. 

 In Figure 6.13 the Voc and iVoc as a function of the oxygen content applied during contact layer 

deposition are shown. The iVoc (open symbols) is not affected by the ITO contact layer properties 

and is well above the external Voc. Consequently, the c-Si passivation does not limit the external 

Voc. After annealing (solid lines) a clear trend is observed for the Voc. For a low oxygen content, i.e. 

a high ne the Voc for a hole contact of an n-type absorber (green) decreases and vice versa for 

electron contact of an p-type absorber (red). It follows that the work function at the interface to 

undoped a-Si:H can be tuned and that this behaviour is in qualitative agreement with the one 

observed for the variation of the ITO surface work function in contact to air or vacuum [203], 

[93]. Another interesting feature is that with annealing the Voc is increased for the hole contact 

while it is decreased for the electron contact for all oxygen contents. This can be interpreted as a 

global increase of the effective work function at the interface with annealing. Hence, an improved  

hole extraction and a deterioration of the electron extraction with annealing is expected for solar 

cells where this films are applied as additional contact layers. However, this is in conflict with the 
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increase of the free electron density with annealing which is expected to result in an reduction of 

the work function as the Fermi-level is pushed further into the conduction band of the ITO [186]. 

Consequently, rather a reduction of the work function with annealing would be expected 

considering the bulk properties of thick ITO films which shown an increase of ne with annealing 

(Figure 6.13, right). The annealing behaviour clearly indicates an opposing modification of the 

ITO bulk and interface properties which however, cannot be explained here.  

 It should be kept in mind that the doping variation performed here is covering a very wide 

range. Unfortunately, no literature data is available that provides information about the actual 

compositions and work function of such films. Another important fact is that the properties of the 

thin ITO films used here (below 10 nm) should be strongly influenced by the initial growth. 

Whereas the overall properties of the thicker films typically investigated in literature and in the 

right graph in Figure 6.13 are dominated rather by its bulk properties [204]. Furthermore, it is 

well known that besides the variation of the free electron density, low temperature annealing can 

also cause a structural transition of the films. This includes the transition from amorphous to 

crystalline [205] which can influence the work function at the interface as well [206]. Mobile 

hydrogen which is available in the a-Si:H underneath [207] acts as dopant as well. For results not 

shown here with thick film we observed a significant addition increase of ne with annealing 

compared to samples without a-Si:H underneath the ITO. Indeed, in most cases hydrogen may 

increase the net doping of TCOs and metal oxides as it acts as a donor and passivates acceptor 

like defects [208], [66]. However, the lowly doped ITO contact layers may loose its metal-like 

behaviour which makes him prone to depletion. In this case the Fermi-level in the ITO might drop 

below a certain level where hydrogen tends to act as an acceptor rather than a donor. In this case 

the free electron density and hence the net doping of the n-type contact layers might be rather 

reduced [208]. For the lowly doped films a large part of the band bending might actually be 

screened in the ITO contact layer. This band bending is not available to induced the junction in 

the a-Si:H / c-Si region. If annealing increases ne of the thin films the band bending will be shifted 

further into the a-Si:H / c-Si part of the junction. This makes the Voc more sensitive to the actual 

work function difference and might explain the global increase and decrease of the Voc with 

annealing.  

 Another possible explanation is that the variation of the effective work function is governed by 

the modification of the Fermi-level pinning. With increasing oxygen content in the sputtering gas 

an oxide rich film could be created at the interface alleviating the effect of Fermi-level pinning by 
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reducing the pinning factor (equation (2.32). This would make the effective work function more 

sensitive to the actual work function of the ITO contact layer. Mobile oxygen in the ITO films 

might also be involved in the annealing induced changes causing e.g. a de-pinning of the Fermi 

level.  

 It should be noted that similar results were obtained for much thinner films of below 5 nm. 

However, typically the 8-10 nm films were investigated as for a thickness below 8 nm a non-

closed film was expected. 

 

 Even though that for the modification of the external Voc with annealing a reasonable 

explanation cannot be given here, the results indicate that the effective work function at the ITO 

interlayer / a-Si:H(i) interface can be tuned by changing the deposition conditions of the ITO 

contact layer. This is the key prerequisite for the desired work function engineering on solar cell 

level which is presented in the following. Hence, if work function matching is relevant on cell 

level, an inverse dependence of the FF on the oxygen content applied during sputter deposition 

and on the annealing is expected for the investigations of the hole and electron contact.  

 

6.2.2 SHJ cells with modified hole and electron Schottky contact 
 In Figure 6.14a the FF as a function of oxygen content in the sputtering gas of the SHJ cells 

featuring either an a-Si:H(p) (left) or an a-Si:H(n) (right) layer below the ITO contact layer 

(Figure 6.12) is shown . The results are shown before and after hotplate annealing in ambient air.  

 A comparable FF dependence is observed in Figure 6.14a. Irrespective of whether the ITO 

contact layer is part of the hole (left) or electron contact (right). For both, the highest FF is 

observed for the lowest oxygen content and annealing leads to a significant reduction of the FF. 

The FF drop with annealing is more pronounced the higher the oxygen content is. Basically, the 

FF dependence for the a-Si:H(n) electron contact could be explained by the work function 

matching which improves for a lower oxygen content as the work function of the ITO contact 

layer decreases. Conversely, for the a-Si:H(p) an increase of the FF with increasing oxygen 

content and work function would be expected if the work function of the contact layer would be 

the determining factor. However, this does not seem to be the case for the investigation here. 
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 A FF reduction from the lateral carrier transport at the front can be ruled out as a comparable 

and sufficiently low Rsheet is observed for all variations. Furthermore, this Rsheet is even reduced 

by annealing. The FF loss for high oxygen contents is clearly dominated by a non-ohmic 

contribution as indicated by the S-shaped J-V characteristic in Figure 6.15a and the failure of the 

superposition principle. It can be seen that the Voc is not effected which is explained by the fact 

that sufficient doping of the a-Si:H underneath is applied to prevent the global depletion of the 

doped a-Si:H. The correlation between the slope of the Voc at 100 suns from the Suns-Voc curve 

and the FF (Figure 6.14b) also reveals that the FF reduction is dominated by the increases of non-

ohmic transport losses and that the behaviour is similar for the hole and electron contact. The 

temperature dependence of the FF is shown in Figure 6.15b. A similar yet not as clear behaviour 

is observed. Only for the a-Si:H(n) and the lowest oxygen content the behaviour of a well working 

contact is observed, i.e. a negative slope of FF(T). For the others a very similar FF(T) dependence 

is observed and only the overall FF level is influence by the oxygen content. Based on the findings 

from section 6.1.3 (a-Si:H(p) doping variation) a more pronounced change of the slope from 

negative to positive would be expected with increasing oxygen content and decreasing FF level. 

The fact that FF(T) is rather constant shows that the increase of the thermally activated transport  
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path can compensate for the reduction of the pFF with temperature (latter not determined here). 

However, the thermally activated transport paths do not become efficient enough to result in a 

positive slope of FF(T). The fact that the FF(T) characteristic is hardly effected by the oxygen 

content is indicating that the low a-Si:H doping results in pronounced Schottky barrier which 

cannot be overcome by the additional thermally activated transport path. Simulation results (not 

shown) indicate that the significant reduction of the overall FF level while maintaining the FF(T) 

dependence is linked to a classical ohmic series resistance. Hence, unlike the results in Figure 

6.14b and Figure 6.15a, the FF(T) dependence does not unambiguously reveal that a similar 

increase of non-ohmic transport losses with increasing oxygen content is the cause for the FF 

reduction.  

 While the results above indicate a modification of the Schottky contact with changing oxygen 

content in the sputtering gas during ITO interlayer deposition and annealing. In contrast to the 

results from the preliminary investigation with the SIS like test structures, the influence of an 

improved work function is not observable on cell level. This is concluded from the fact that an 

inverse behaviour of the FF is not apparent. The opposite is the case as a similar FF dependence 

on the oxygen content and annealing for the hole and the electron selective contact is observed. 

The highest FF is reached for the lowest oxygen content and a significant drop in FF with 

increasing oxygen content and annealing is observed. Hence, a similar or the same mechanism 



- 154 -   6  Carrier Extraction from the Absorber 
 

seems to hamper the carrier extraction from the p-type and n-type a-Si:H with increasing oxygen 

content and annealing.  

 Unfortunately, the origin for the detrimental modification of the Schottky contact of the hole 

and electron contact is unclear. However, in section 6.4.3 a successful approach to modify the 

parasitic Schottky contact for the hole contact is presented. Before moving to the next section, a 

brief discussion on the possible origins for the FF limitation is found below.  

6.2.3  Possible origins of the fill factor limitation  
 Unfortunately, the actual origin of the FF reduction with increasing oxygen content in the 

sputtering gas and with annealing could not be identified. However, possible causes should be 

mentioned briefly and are summarised below and in Figure 6.16.  

1) The vertical transport through the ~10 nm ITO contact layer, i.e. the contact layer conductivity 

might limit the transport. Unfortunately, this cannot be assessed as e.g. Hall measurements on 

such thin films gave no meaningful results. However, the facts that the investigation of much 

thinner films (below 5 nm) resulted in a similar slope of the Suns-Voc curve and that an 

increased of ne with annealing is observed (for thick films) are arguments against a limitation 

by the ITO contact layer bulk conductivity.  

2) An interfacial oxide which becomes thicker / denser with increasing oxygen content in the 

sputter gas and annealing. Besides mobile oxygen from the ITO such an oxide might also result 

from the oxidation of the doped a-Si:H by the oxygen containing sputtering atmosphere. 

Similar to the intention alloying of doped a-Si:H, the oxygen could result in a reduced net 

doping of the a-Si:H if incorporated into the films. For both, the presence of an oxide-rich  

interlayer or a reduced a-Si:H net doping a less efficient tunnelling is expected. While a clear 

statement would require the application of more advanced structural and chemical 

investigations of device relevant stacks. Further below, two simple experiments are presented 

aiming for the indirect identification of such an oxide-rich phase. 
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3) For a very low doping of the ITOcontact layer the films might lose its metal-like behaviour. A non-

negligible screening length would lead to a significant depletion in this part of the junction. 

Hence, tunnelling would be less deficient. While this is a likely explanation, reliable ne data for 

the thin ITOcontact layer would be needed for a meaningful evaluation. It follows that the contact 

should be described rather by a complex ITO(n++) / ITOcontact layer /  doped a-Si:H double 

heterojunction. This leads to two important implications. The approximation of the 

ITOcontact layer / doped a-Si:H junction by a Schottky contact would be an oversimplification of 

the problem. And, the ITO(n++)/ITOcontact layer junction might contribute to FF loss as well. 

4) Results from device simulations in which the ITOcontact layer / doped a-Si:H contact is described 

by a heterostructure rather than by a Schottky contact [100] suggest that the unexpected FF 

reduction for the a-Si:H(p) could be related to the fact that with decreasing doping band-to-

band tunnelling becomes less efficient, and that this effect dominates over the positive 

influence of an improved work function matching. As indented experimentally, Figure 6.17 

reveals that with decreasing ITO doping (c b a) work function mismatching is improved 
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which leads to a reduction of the parasitic junction induced in the a-Si:H (Vbi,Schottky). However, 

band-to-band tunnelling into the TCO becomes less efficient as the overlap between the 

valence band of the a-Si:H(p) and the conduction band of the TCO vanishes. Indeed, for certain 

conditions the invers FF dependence for the hole and electron contact vanished and 

reasonable qualitative agreement with the experimental results was observed by the 

simulation. However, the fact that a very similar FF behaviour is observed experimentally for 

the hole and electron contact (J-V, J-V(T) and Suns-Voc) suggest that one and the same 

mechanism is responsible for the limiting transport barrier. Other simulations reveal that the 

tunnelling transport via defects in the a-Si:H and TCO band gap can also play an important role 

and it is likely that those are also modified by the oxygen content and annealing. 

The fact that work function matching shows no clear influence on cells level but for the test 

structures could be explained by the Fermi-level pinning. It might be more pounced for the 

doped and more defective a-Si:H films compared to the undoped and less defective a-Si:H used 

for the test structures. The charge neutrally level (equitation (2.32)) itself might also be 

influenced in an inverse fashion by p- and n-doping [66], [67]. Basically, it could adversely 

affect the actual modification of the effective work function and Schottky barrier compared to 

the case of the undoped a-Si:H. 
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 Finally, the results from two small experiments, which have been conducted to probe the 

possible influence of point 2 shall be briefly presented.  

 First the objective was to find out whether a ITO contact layer featuring a high oxygen content 

and an oxide layer which was intentional grown show a similar slope of the Suns-Voc curve at 100 

suns. Figure 6.18 shows the investigated Suns-Voc samples. 

 Comparing the results of structure a) and b) from the cell batch reveals the know behavior. A 

high oxygen content results in a much lower and negative slope at 100 suns. For d) were the ITO 

contact layer is replaced by a wet chemically grown oxide (nitric acid oxidation) which is 

featuring a thickness of ~1.4 nm on c-Si, results similar to b) are observed. Hence, the 

intentionally grown oxide shows an influence similar to the ITO contact layer deposited with a 

very high oxygen content. The reference samples c), without any layer in-between behave similar 

to a), the structure featuring the highly doped ITO contact layer.  

 The results illustrate that in principle the FF limitation of the cells deposited with a high oxygen 

content could be caused by the presence of an oxide film at the interface between the ITO and the 

doped a-Si:H. 

 The second experiment was an attempt to prove the existence of such an oxide film by the 

selective wet chemical etching. As shown in Figure 6.19, for samples with different oxygen 

content first HCl is used to etch off the ITO and subsequently HF is used to etch the remaining 

oxide, if present. However, it should be noted that such a selectivity for the etching can not be 

guaranteed, e.g. as the structural composition of the oxide is unknown. The presence of a 
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potential oxide is monitored by spectral ellipsometry (SE) measurements. A shadow mask was 

used for the ITO depositions to allow for measurements in the covered and uncovered regions of 

the sample. The SiOx thickness estimated from SE are shown in Figure 6.19 for the different 

configurations, i.e. the areas without ITO which where covered by a shadow mask (first box for 

each oxygen content) and with ITO (second box), after HCl (red) and HF (black) etching.  

 Basically, very similar results are obtained for the different oxygen contents. The red symbols 

indicate a similar oxide thickness after HCl etching, irrespective if ITO was deposited on-top or 

not. The comparison between the red and grey symbols reveals that the oxide thickness on the a-

Si:H which was not covered with ITO is rather increased by the HCl. An oxide grow on the a-Si:H 

is reasonable since c-Si is also oxides by HCl, e.g. by the RCA clean. After HF etching (black) the 

overall oxide thickness is reduced, but again a similar thickness is observed for all oxygen 

content. Hence, an oxide grown on top or partly inside the a-Si:H could not be verified by this 

approach. 
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6.2.4 Conclusion 
 It was shown on test structures that for a very wide variation of the oxygen content in the 

sputtering atmosphere during deposition of an additional ITO contact layer, the work function at 

the ITO /  undoped a-Si:H interface could be manipulated in the expected manner. However, if 

implemented in solar cells, the FF is not affected by the intended work function engineering. For 

the hole and electron contact a similar transport barrier results which reveals that other effects 

than the work function dominate the contact properties. The highest FF is obtained for the same 

ITO contact layer deposition conditions for p- and n-doped a-Si:H, i.e. for the lowest oxygen 

content. Unfortunately, the exact cause for the strong FF drop with increasing oxygen content and 

annealing could not be identified. The formation of an oxide rich film at the interface or a too low 

free electron density in the ITO contact layer, blocking the efficient hole and electron extraction 

from p- and n-doped a-Si:H (likely by an inefficient tunnelling) are plausible explanations, 

respectively. More investigations on cell level with higher a-Si:H doping and more data points for 

moderate oxygen contents would be needed for a final evaluation of this approach. More 

important, advanced characterization techniques are needed to link the electrical and structural  

contact properties.   
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6.3 Replacing the TCO by a metal: An approach to improve the Schottky contact ?  
 The two sections above revealed that a parasitic junction is formed at the ITO / a-Si:H contact 

irrespective of the doping type of a-Si:H. It was shown that the most important requirement to 

deal with this is to apply a sufficient high doping of the a-Si:H to allow for a narrow Schottky 

barrier width. This enables an efficient tunneling transport and prevents the global depletion of 

the a-Si:H / c-Si junction underneath. While in the previous section an unsuccessful attempt to 

change the ITO properties rather than the doped a-Si:H properties was presented. In this and the 

following section the ITO is replaced by other materials. Here, different metal films are 

investigated for their suitability to form an efficient contact.  

 This section is based on the publications [171] and [199].  

6.3.1 Motivation  
 It was argued in section 4.2.3 that for the hole selective contact a material with a work function 

close to the valence band of the c-Si absorber (5.17 eV) and for the electron contact with a work 

function close to the conduction band of the absorber (4.05 eV) are needed to form a properly 

working induced junction. Plenty other devices exist where the preferred hole or electron 

conductivity / transport is tuned in a similar way. The most prominent is the field-effect 

transistor where the p/n ratio in the channel is defined mainly by both the work function of the 

gate stack and the applied gate voltage. Put simply, for solar cells the induced junction enables a 

preferred transport of either holes or electrons in a vertical direction, for the transistor in the 

horizontal direction (see Figure 6.20). Furthermore, for both devices an additional buffer layer is 

applied to lower the defect density at the metallurgical junction (c-Si surface). A huge store of 

knowledge was acquired in the last decades for the transistor technology which is very helpful 

for the design of related silicon solar cells. This class of devices is ranging from the classical MIS 

approach where a metal forms the gate to the SIS approach where a degenerately doped poly 

silicon or metal oxide / TCO layer forms the gate, electrolyte based systems also exist [46]. As 

motivated in section 2.5 and 4.2 properly designed SHJ devices show a great affinity to the SIS 

approach (if doped a-Si:H behaves metal like, no high-injection conditions in contact region). One 

important aspect for all approaches is the issue of surface interactions and surface modifications 

during contact formation. The most prominent factor might be the Fermi-level pinning which 

describes this microscopic effects. It is caused by the fact that besides the bulk properties of the 

contact partners their surface near properties will contribute to the resulting band alignment and 

the contact properties as well [66], [67]. Such effects might complicate an efficient work function 



6.3  Replacing the TCO by a metal: An approach to improve the Schottky contact ? - 161 - 
 

 

engineering as the effective work function is pinned rather close to mid-gap than to the 

valence / conduction band of the absorber.  

 Several publication exist which show a positive influence for manipulating the interface work 

function for doped a-Si:H by changing the contact layer properties. For example, for silicon thin 

film cells high work function metallic nano dots have been applied at the ZnO:Al(n)/ SiC:H(p) 

interface [209] or a low TCO doping was used [210], [211], [212] to improve work function 

matching at the hole contact (similar to section 6.2). A positive influence of a high work function 

metal as a contact layer for a-Si.H(p) was shown in Ref [159] for SHJ cells as well. A high / low 

work function metal showed a positive / negative influence on the hole extraction (FF) of SHJ 

cells. However, with increasing doping of the a-Si:H(p) the overall level of the FF was increased 

and the influence of the contact layer work function was less pronounced. This is explained by 

the fact that the effective Schottky barrier height seen by the contact’s majority carriers is 

defined by both the height and the width of the induced parasitic junction [95]. Accordingly, an 

improved work function matching helps to reduce the barrier height but a certain doping level is 

mandatory to ensure that the barrier is sufficiently narrow.  
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 In this section, first MIS like test structure are used to gain insight in the adjustability of the 

effect work function at the metal / a-Si:H interface. Taking the optical properties and the stability 

during a low temperature annealing of such contacts into account, one suitable metal and ITO are 

compared on cell level.  

6.3.2 Probing the effective work function  
 

Fermi-level pinning at the metal/a-Si:H(i)/c-Si contact  

 Simple MIS like test structure (Figure 6.21) which allow to measure the external Voc have been 

used to assess the ability of different metals to form a carrier selective contact. More precisely, 

the effective work function that result after contact formation between the metals and a ~10 nm 

thick undoped a-Si:H(H) buffer which induces a certain junction in the a-Si:H(i) / c-Si underneath 

should be probed by this experiments. It should be noted that unlike for the classical MIS 

structure the buffer here is a high band gap semiconductor (a-Si:H) and no insulator. But a thin 

native oxide is expected to present at the a-Si:H(i) surface. The metal films have been deposited 

by thermal evaporation at moderate temperature to ensure a soft deposition. It follows that the 

chemical c-Si passivation by the undoped buffer before metal deposition is on a high level (iVoc 
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~700 mV) and is not adversely affected by the deposition process itself. Owing to the opacity of 

the metal films, the junction under investigation is placed at the non-illuminated rear side (rear 

emitter configuration). The same metal films (100nm Au, Pd, Cu, Cr, Ti or 1000nm Ag and Al) 

have been applied to both n- and p-type shiny etched c-Si absorbers forming either the hole or 

electron selective contact, respectively (Figure 6.21). Some samples received an 70 nm layer of 

highly doped reactively sputtered ITO(n) (~60 Ohm/sq) instead of a metal contact layer resulting 

in an SIS like structure. This test structures investigated are similar to those from section 6.2 

where different ITO contact layers were investigated. Basically, the ITO / doped a-Si:H emitter 

stack of a standard SHJ featuring a n-type or p-type absorber is placed at the rear and replaced by 

the metal films under investigation. 

 The experimental results are shown in Figure 6.22 where the measured Voc of the hole contact 

(green) and the electron contact (green) is plotted vs. the bulk or vacuum work function of the 

different metal films. For comparison, the behavior predicted by the device simulations10 from 

section 4.2.3 is depicted in grey. 

 A linear dependence of the external Voc on the work function of the contact layer is observed by 

fitting the experimental data with a linear regression line. For the hole contact of a n- absorber 

(green) the Voc increases with increasing work function. For the electron contact of a p-absorber 

(red) the opposite is the case, the Voc decreases with increasing work function. Similar to the 

simulation results for the idealized MIS structure without buffer layer (light grey) the 

intersection of the linear regression lines is near mid-gap of the c-Si absorber (4.61 eV). The Voc 

in this work function regime is about 350 mV for the simulations and the experiment. A 

comparison of this Voc level with the results from section 4.2.3 (Figure 4.9b) indicates that good 

surface passivation is obtained experimentally by the a-Si:H(i) buffer. Amongst other points, this 

justifies the assumption that the external voltage of the samples is limited by the ability of the 

contact layer to induce a sufficiently high hole / electron density in the a-Si:H(i) / c-Si contact 

region than by the c-Si surface passivation. This is substantiated by the fact that the Voc of the 

hole and electron selective contacts show an inverse dependence on the work function. Or in 

other words, the built-in potential of the induced junction sets the upper limit of the external Voc 

and not the minority carrier recombination and iVoc. 
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 Unlike for work functions close to mid-gap, for contact layers featuring work functions close to 

the valence / conduction band of the c-Si absorber, the experimentally obtained Voc is well below 

the one predicted by the simulations. This is explained by a pronounced Fermi-level pinning at 

the metal / a-Si:H interface. Owing to these effects the actual work function which induces the 

junction is pinned rather close to mid-gap and does not correspond to the bulk (or vacuum) work 

function of the contact layer anymore which is plotted at the abscissa. The degree of pinning is 

expressed by the slope of the linear regression lines (Equation (2.32 and Figure 2.9) which is well 

below the one for the simulations where surface effects have been neglected (S=1). Accordingly, 

for the simulation the effective metal work function at the interface (WFM,eff) matches the vacuum 

work function of the metal (WFM,vac) which is not the case for the experiment. The absolute value 

of the slope is unity for the simulations until the external Voc becomes limited by the iVoc for high 

external Vocs. That the Voc is changed by 1 mV if the work function is changed by 1 meV is 

explained by the fact that the work function difference between the 1 Ωcm absorber (WFc-Si, 

marked at the abscissa) and the contact layer is changed by 1 meV as well with increasing or 

decreasing work function. As shown in section 4.2.3 and 4.2.4, this work function difference 

basically corresponds to the induced equilibrium c-Si band bending (φc-Si, grey dashed line) 

which defines the built-in potential of the junction to a great extent and hence the  

Voc (|WFM,eff - WFc-Si| = |φc-Si| ≈ |Vbi | ≈ Voc ). For the experimental data the slope is 0.2 / -0.3 mV/eV 
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indicating that the induced built-in potential of the junction is much lower for a contact layer 

with a vacuum work function other than mid-gap. 

 Another important finding from the experimental investigations in Figure 6.22 is that for our 

highly doped ITO (stars) a comparable Voc for the hole and electron contact is observed at a work 

function level near 4.8 eV. Furthermore, these Vocs fit reasonably well in the behavior observed 

for the other metal contact layers. A work function of 4.8 eV is in good agreement with the work 

function often specified for such highly doped films [93]. This work function is close to mid-gap 

of the a-Si:H buffer and hence does not match the work function of the p- or n-doped a-Si:H as 

illustrated in Figure 6.21 and Figure 6.12. This work function difference amounts to about 0.5 eV 

for the ITO/a-Si:H(p) and the ITO/a-Si:H(n) which has to be compensated by a sufficient a-Si:H 

doping. This highlights, that in terms of work function matching ITO is neither an ideal contact 

layer for the hole nor the electron contact.  

 

 Table 6-1 collects the parameters that need to be chosen for equation (2.32) to match the linear 

dependence of the Voc on the vacuum work function from Figure 6.22. The experimental trends 

are very well reproduced if ECNL is set to mid-gap of the c-Si absorber and if WFc-Si is chosen to 

match the value of the 1 Ωcm n- and p-type absorber. For the simulated structure without buffer 

ECNL has no influence as S takes an value of unity. S from the experimental investigations shows 

reasonable agreement with the value of 0.28 determined from the hole contact of a-Si:H thin film 

Schottky diodes [214]. It follows that the metal / a-Si:H(i) / c-Si contact is characterizes by a 

pronounced Fermi-level pinning which, however, is lower as compared to the bare c-Si surface (S 

≈ 0.05 [65]) but much higher than for SiO2 ( S ≈ 0.9 [65]). This means that compared to the 
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simulated case where Fermi-level pinning is neglected, for the hole contact to the vacuum work 

function of the contact layer must be much higher than the valence band energy of the absorber 

to form an efficient junction. Extrapolating the linear Voc dependence reveals that for an Voc of 

700 mV the vacuum work function of the contact layer must be 6.4 eV. For the electron selective 

contact the work function must be much lower than the conduction band energy. For a Voc of 

700 mV a suitable material with a vacuum work function of 3.5 eV is needed. However, it should 

be noted that for contact materials other than metals the Fermi-level pinning might be different. 

This is an important point which needs to be investigated to judge the relevance of Fermi-level 

pinning for the contact engineering with other materials.  

 

 The deviation between the results for both simulated structures, with a 5 nm a-Si:H buffer layer 

(black) and without (grey) in Figure 6.22 should be briefly addressed. It can be seen that by 

adding the buffer layer (black vs. grey) the Voc´s are shifted to higher work functions (~0.2 eV) 

and that the induced band bending (φc-Si) is reduced especially if the work function is close the 

conduction or valence. It can also be seen that that the slopes remains the same. It was 

demonstrated in section 4.2.4 that the presence of the buffer increases the demands on the work 

function as a highly hole / electron populated device region has to be induced in the buffer as 

well. Actually, only for very high / low work functions a large share of the induced band bending 

is accommodated in the buffer as can be seen in Figure 6.22 from the comparison of φc-Si with and 

without buffer (black and grey dashed lines). However, adding the buffer also leads to additional 

hetero-barriers which have the potential to suppress the parasitic injection of the “wrong” 

carriers from the absorber into the contact (section 4.2.1). This means that in terms of external 

voltage, adding the buffer can have a positive influence by adding hetero-barriers. However, this 

can be superimposed by the negative influence that an additional band bending needs to be 

induced in the buffer as well. Results from simulation (not shown) indicate that the much higher 

conduction band offset at the a-Si:H(i) / c-Si interface (~450 meV, Figure 6.21) impedes the 

parasitic hole injection for the electron selective contact much more than the parasitic electron 

injection for the hole selective contact as the hetero-barrier in the conduction band is much 

smaller (~150 meV). Hence, for the hole selective contact the additional hetero-barrier is too 

small to compensate for the additional band bending and work function needed to induce the 

junction in the buffer. On the other hand, for the electron contact the demands on the work 

function are lowered as the positive influence of a higher hetero-barrier dominates. However, it 
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is important to note that the influence of such an asymmetric hetero-barrier is not reflected in 

the experimental findings. This can most likely be explained by the fact that the blocking 

behavior of the hetero-barriers is much lower for the experimental structures. For the latter a 

tunneling transport might be involved which makes the hetero-barriers more transparent for the 

“wrong” carriers. Thereby representing an additional transport / recombination paths which was 

not taken into account for the device simulation. 

 

6.3.3 Limited applicability of metal films as contact layers 
 The results above showed that a direct hole or electron contact can not be formed for the 

investigated films. Hence, a doped a-Si:H is needed below the metal to enable a carrier selective 

contact. However, for the application of the metal films to solar cells some other important 

properties need to be taken into account as well. In terms of efficiency, the contact layer must 

provide excellent optical properties and must be compatible to the subsequent process steps.  

 Regarding the optics, the opacity of metal films forbids their application to the illuminated front 

side. For the rear side, metals with a low reflective index (n) in the NIR wavelength regime 

(significantly below c-Si, n~4) are needed for a high internal back reflection of the photons 

reaching the metal film at the rear. This limits the choice of the metals investigated in Figure 6.22 

to Ag (n~0.23), Au (n ~0.28), Cu (n ~0.33), Al (n~1.5) to avoid significant optical losses. 

However, parasitic plasmonic absorption on rough surfaces limits the application of all metal 

films to smooth rear sides like for shiny etched c-Si surfaces. For industrially relevant textured 

rear surfaces and probably also for saw damaged etched surfaces TCO films have to be 

sandwiched between the rough surface and the metal to minimize parasitic absorption in the 

metal [215], [216]. This means in terms of optics using metal films as direct contacts layers for a-

Si:H is only of minor importance for industrial relevant structures which are characterized by 

rather rough surfaces where plasmonic absorption is significant.  

 The results from optical simulations are shown in Figure 6.23. In qualitative agreement with 

the experimental investigations presented in Ref. [171] by the present author, it can be seen that 

a rear side metal with a low refractive index is mandatory to avoid significant optical losses. It 

can also be seen that adding a layer with a low refractive index and low parasitic absorption (e.g. 

TCO, SiOx) partly elevates this problem. 
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 Another problem with metal films placed directly on a-Si:H is a detrimental chemical 

modification, diffusion, or spiking through the a-Si:H and the mechanical junction properties 

(adhesions). Such issues were observed already at moderate annealing temperatures 

deteriorating the electrical properties. For annealing the structures from Figure 6.22 at 200°C for 

some minutes, a significant degradation of the Voc was observed for Au, Pd, Cu and Al which is 

mainly caused by the depassivation of the c-Si upon annealing. Only Ti, Cr and Ag show stable 

performance in terms of Voc, while Ag showed only moderate adhesion.  

 Summing up, the electrical degradation of the junction properties limits the choice of a metal 

layer to Ti, Cr and Ag. While Ti is preferred because of its good electrical and mechanical contact 

properties (for both p- and n-doped a-Si:H) Ag offers excellent rear side reflection but only 

moderate adhesion on planar / smooth surfaces.  

6.3.4 High efficiency hybrid rear emitter cells: ITO vs. metal films  
 For the comparison of ITO, Ti and Ag as rear side contact layer the so-called hybrid SHJ solar 

cell was used. A sketch of the cell design which was established through this work by the present 

author [172], [171], [218] is shown in Figure 6.24. It is featuring a high efficiency homojunction 

front side with low optical and electrical loss. This allows to concentrate on the losses caused by 
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the SHJ at the rear. The rear emitter consist of the a-Si:H(i)/a-Si:H(p) emitter which is capped 

either with a highly doped ITO, Ti or Ag. Furthermore, three different gas phase doping level are 

used during a-Si:H(p) deposition.  

 Figure 6.24 shows the FF and the transport related FF loss (pFF-FF) for three different doping 

levels of the rear emitter. For the very low doping level of 1400 ppm the FF loss for the Ti is much 

lower compared to the ITO contact layer despite the fact that work function of Ti (4.3 eV) is well 

below the one for ITO (4.8 eV, Figure 6.22). Accordingly, with respect to work function matching 

the inverse behavior would be expected. Increasing the gas phase doping to 2400 ppm, the net 

doping of the a-Si:H(p) seem to be sufficiently high as the FF loss becomes independent from the 

contact layer and a similar FF loss is observed for ITO, Ti and Ag. The ITO contact layer benefits 

from the increased doping which is not the case for the Ti. An even higher gas phase doping 

yields some further improvement for the ITO which is in agreement with the results from Figure 

6.2.  

 A plausible explanation for the behavior or lowly doped a-Si:H where a much higher FF with Ti 

which is featuring a lower work function than ITO is observed cannot be given here. But possibly 

effects caused by a chemical modification of the interface, like a silicide or oxide formation or a 

partial crystallization are involved lowering the effective Schottky carrier height for Ti. Such 

modifications are known for example from the Cr/a-Si:H interface [219]. Also for the ITO contact 

layer the work function might not be the only determining factor as already argued in section 6.2. 
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The majority carrier extraction from the doped a-Si:H into the TCO might be impeded by 

additional effects like hetero-barriers and by the fact that the screening length of the TCO is 

below the one of a metal films. However, a good contact with Ti to lowly doped a-Si:H(p) was also 

observed in Ref [159]. Ti (4.3 eV) showed a much higher FF compared to Al (4.2 eV) and the FF 

with Ti was even close to the one obtained for Pd which features a much higher work function 

(5.4 eV).  

 The results with ITO from above are in agreement with a-Si:H(p) doping variation performed 

for the SHJ in section 6.1. The results with Ti for the low doping suggest that the contact layer´s 

work function is not the only determining factor. This was also concluded from the results in 

section 6.2 for the ITO interlayer doping variation.  

 By combining a sufficiently doped a-Si:H(p) rear emitter (4400 ppm) with an Ag contact layer 

an maximum efficiency of 22.8 % (Voc = 705 mV, Jsc 39.9 mA/cm², FF 81.2%) was reached. 

6.3.5 Conclusion 
 It was shown that metal films are not suited as contact layers for the a-Si:H bases SHJ. A 

pronounced Fermi-level pinning between the metal films and the a-Si:H was observed. This 

permits there application as a direct hole or electron contact and calls for an additional doped 

a-Si:H which forms the actual junction. With respect to contacting the doped a-Si:H, the unsuited 

work function of the metals does not seem to be fundamental problem since a very high FF was 

observed for a low work function metal (Ti) in contact to the high work function a-Si:H(p). More 

intrinsic limitations are set by the deterioration of the chemical c-Si passivation already at 

moderate annealing temperatures, poor adhesions and the poor optical properties in terms of 

rear side reflection. Hence, metal films like Ti can be beneficial in terms of FF. However, in terms 

of stability and efficiency only Ag gave good results with an efficiency of 22.8%. With respect to 

the industrial relevance, the moderate adhesion of Ag is an issue which must be overcome. 

Another point is that in terms of an efficient light management it is expected that a TCO will 

always be a part of the SHJ at the rear side as well.  
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6.4 Contact materials adopted from organic electronics 
 In the previous section pure metal films and ITO were investigated and proved to be unsuitable 

to form carrier selective contacts for a c-Si absorber if directly placed on the buffer. An additional 

doped a-Si:H in-between these material and absorber was mandatory to form a proper junction. 

In the search for other contact materials, some materials applied to devices from organic 

electronics are investigated in the following. First different materials are investigated with test 

structures and two promising candidates are investigated in more detail on cell level.  

 This section is partly adapted from publications [220] and [221]. 

6.4.1 Motivation 
 Very helpful in finding novel contact materials is the work on organic and inorganic thin film 

devices like transistors, LEDs and solar cells. Material research triggered in this field reveals 

interesting materials, which might be candidates for forming carrier-selective contacts for silicon 

wafer based solar cells. These materials are ranging from organic films and TCOs / metal oxides 

[222], [223], [224] to dipole layers [67], [66]. This applies, in particular, to the high work function 

metal oxides used for the formation of the hole selective contacts [188]. Some of these materials 

are shown in Figure 6.25 and in Figure 6.26. Their actual work function strongly depends on the 

chemical composition [222], [223] but work functions well below the valence band of the c-Si 

absorber have been reported. With work functions well above 6 eV such films could even 

.
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compensate for the pronounced Fermi-level pinning which was observed for pure metal films in 

the previous section (Figure 6.22). For the electron selective contact LiF and C2O3 are used for 

organic electronics [224]. However, the function of LiF is not based on its low work function but 

rather on the fact that it lowers the work function of the Al electrode which is typically applied to 

the electron contact [225], [224]. Another candidate for the electron contact is titanium oxide 

[226], [227] (not shown). 

 Promising results for silicon thin film absorbers have been obtained recently for the high work 

function molybdenum oxide and the low work function LiF/Al that replaced the p-doped and n-

doped a-Si:H films, respectively [229]. For wafer based silicon absorbers the basic applicability of 

Poly(3,4-ethylenedioxythiophene) : poly(styrenesulfonate)(PEDOT:PSS) [230] and molybdenum 

oxide (MoOx) [231], [232] as a hole selective contact was shown recently. However, it should be 

noted that the application of such TCOs / metal oxides to a silicon absorber, more precisely, of 

MoOx was proposed already in 19680 [60] and more recently by numerical device simulations by 

the present author [94]. 

6.4.2 Assessing the suitability of different contact materials  
Suns-Voc samples 

Suns-Voc samples in the rear emitter configuration (Figure 6.27) have been used to probe the 

ability of different contact materials to form a hole or electron selective contact. The investigated 

materials are labeled black in Figure 6.26. Films of 10-15 nm thickness were thermally 

evaporated from MoO3, WO3, TiO2, LiF, Cs2O3 precursors and were capped by thermally 
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evaporated Ag without breaking the vacuum. The thermal evaporation of the Ag capping ensures 

a soft deposition (compared to TCO sputtering) and Ag showed negligible chemical degradation  

 of the underlying aSi:H(i) buffer compared to other metals (see section above). Additionally, 

PEDOT:PSS, another hole selective contact material from organic electronics, was deposited by 

spin-coating, a highly doped ITO was deposited by reactive magnetron sputtering and n- and 

p-doped a-Si:H films were used as reference. The latter films were capped by thermally 

evaporated Ag as well (with breaking the vacuum).  

 The experimental results are shown in (Figure 6.27)Figure 6.27. Before annealing (open stars) 

an invers behavior of the Voc for the hole (green) and electron contact (red) is observed. This is 

again indicating that the Voc is dominated by the voltage extraction from the absorber rather than 

surface passivation. The structures where Ag is in direct contact to the a-Si:H(i) buffer can be 

regarded as the reference and adding different contact layers in between changes the contact 

properties with respect to Ag. For the Ag contact layer a similar Voc is observed for both the hole 

and electron contact which can be explained by the work function of Ag which is close to mid-gap 

of the c-Si absorber. The same holds for the highly doped ITO. Regarding the other contact 

materials, the behavior before annealing (stars) follows the one expected from their work 

function values taken from literature. For the hole selective contact the Voc level of the p-doped a-
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Si:H is reached for PEDOT:PSS, WO3, MoO3. For the electron selective contact the Voc is well below 

the one of the n-doped a-Si:H meaning that LiF and C2O3 are forming a poor electron selective 

contact in this configuration.  

 After annealing the Voc for the n- and p-doped a-Si:H was lightly increased which is explained by 

improved c-Si surface passivation by the undoped a-Si:H buffer. However, regarding the hole 

contact the Voc for MoO3, WO3 and PEDOT:PSS is reduced to some extent which is most 

pronounced for WO3. For the electron selective contact the reduction of the Voc for LiF and C2O3 is 

even more pronounced while the Voc for the hole contact for the same contact layers is increased. 

This is indicating that during annealing the properties responsible for the voltage extraction are 

significantly modified.  

 It should be noted that the thickness of LiF and C2O3 is well above ~1 nm which is the thickness 

typically applied [225]. Furthermore, an Al capping instead of an Ag capping is typically used. 

Hence, further investigations are needed for these materials in order to finally evaluate their 

suitability to form an electron selective contact.  
 

SPV samples 

 Above, MoO3 and WO3 have been identified to be interesting candidates to form a hole selective. 

To verify that a highly hole populated contact region is induced at the c-Si surface and in the 

buffer layer by the these films, surface photo-voltage (SPV) measurements [193], [18], [89], [126] 

were performed. To allow for a better quantitative interpretation of the data, in addition to the 

investigated a-Si:H(p) (doping 4400 ppm), MoOx and WOx films the results for an a-Si:H(p) 

doping variation are shown in Figure 6.28a.  

 It can be seen that the induced equilibrium band bending (φSPV) and hence the inversion of the 

c-Si surface are similar for the highly doped a-Si:H(p) films and the two metal oxides, i.e. MoOx 

and WOx. After annealing (open stars) the induced band bending is reduced for MoOx and rather 

constant for WOx. This suggests that the bulk and/or interface properties of MoOx are adversely  

affected during annealing. However, a value of about 800 meV is observed for all conditions 

which indicates that the work function which results after contact formation is high. The latter is 

presented graphically in Figure 6.28b. A value of 900 meV would result if the effective work 

function would match the valence band edge of the absorber (5.17 eV) and if no buffer layer 

would be present. However, it has to be taken into account that a φSPV below 900 meV must not 

necessarily follow from a lower effective work function. This is explained by the fact that some 
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band bending will be induced in the a-Si-H buffer as well, which will not be probed by the SPV 

setup.  

6.4.3 SIS like cells and modification of the parasitic Schottky contact 
 In the final step MoO3 and WO3 are implemented in solar cells for a more detailed investigation 

of the electrical and optical contact properties. In accordance with the device simulations from 

section 4.2.5 and in Ref. [94] of the present author the presumably high effective work function of 

MoO3 and WO3 should be sufficiently high to replace the p-doped a-Si:H (4300 ppm) of the 

standard SHJ. This is investigated experimentally by an SIS like solar cell structure (see Figure 

6.29b). The case where such a high work function material is used as an additional contact layer, 

sandwiched between the p-doped a-Si:H and the ITO, is investigated as well (see Figure 6.29c). 

This should result in an improved Schottky contact which should be beneficial mainly for the FF. 

The case where the a-Si:H buffer is omitted is investigated as well (d in Figure 6.29). This is 

mainly motivated by the results from section 4.2.4 which have shown that the presence of the a-

Si:H buffer increased the demands on the work function of the contact layer. This was explained 

by the fact that a high hole density has to be induced in the buffer as well. As only WOx showed 

reasonable surface passivation without a-Si:H buffer investigations on cell level have been 

performed only with WOx. This results in an SS like solar cell structure. It should be mentioned 
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that for the structures above it is assumed that the contact formed between the n-type ITO and 

the n-type metal oxides performs well, i.e. shows an ohmic and low resistive characteristic. This 

has not been investigated so far. The results for all variation from the J-Vlight characteristics are 

summarized in Figure 6.30 (different colors). The individual cell structures (SIS, modified SHJ) 

are discussed consecutively and the standard SHJ featuring only an p-doped a-Si:H is presenting 

the reference structure. The results before / after annealing at 180°C are shown in Figure 6.30. 

The data in the first box of each group corresponds to the results before annealing, in the second 

box after annealing. To evaluate if the Vocs and FFs shown here are affected by a non-ideal contact 

behavior regarding the selective hole extraction, the slope of the illumination level dependent Voc 

is plotted in Figure 6.31a and b. Figure 6.31c und d show the temperature dependence of the Voc 

and FF which is also used to identify non-ideal junction properties. Finally, Figure 6.32 shows the 

J-Vlight characteristics at STC conditions from which a non-ideal behavior can be readily identified, 

e.g. by an S-shaped or double-diode behavior. For comparison with the investigated cells, the 

parameters of two homojunction cells (stars) which show ideal device performance in terms of 

excess carrier extraction (well described by the two diode model) but different levels of minority 

carrier recombination and hence different Vocs, are shown as well. The optical losses are 

discussed separately below.  
 

 Starting with the Voc and the FF for the SIS like structures in Figure 6.30 it can be seen that 

before annealing MoOx (light green) outperforms the p-doped a-Si:H (black) in terms of both Voc 

and FF. On the contrary, WOx (red) shows a lower Voc and no gain in FF. The lower Voc for WOx 

might be partly attributable to an inferior c-Si passivation by the contact. However, Figure 6.31b 

reveals that n1 is only at about 0.65 (red, open symbols) which is well below the 1.0-1.1 of MoOx, 

the a-Si:H(p) reference (open light green and open black symbols) and the homojunction cells 
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(stars). Accordingly, unlike for MoOx the work function of WOx does not seem to be sufficiently 

high to induce a highly hole populated a-Si:H(i)/c-Si contact region or other factors hamper the 

hole extraction.  

 Annealing should lead to an improved c-Si surface passivation of all samples, which is explained 

by the rearrangement of hydrogen and the curing of the sputter damage caused by the ITO 

deposition. Accordingly, the Voc of the a-Si:H(p) reference and of the SIS like samples featuring 

WOx is increased (Figure 6.30). On the other hand for MoOx the Voc is reduced during annealing  

 which is not explained by the depassivation of the c-Si absorber but rather by a deterioration of 

the selective hole extraction as indicated by n1 (Figure 6.31b). It drops well below unity after 

annealing (closed light green symbols). This is potentially caused by an increase of the effective 

work function of MoOx which leads to a depletion and hence high-injection conditions in the  

contact region similar to WOx. After annealing the FF is limited by such non-ideal conditions for 

both metal oxides. This is indicated by n100 which is well below 0.7 (Figure 6.31a). That the  
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transport related FF losses increased with annealing can also be deduced from the difference 

between the pFF and the FF in Figure 6.30 which increases with annealing. However, care must 

be taken when interpreting the pFF of such non-ideal devices. Similar to the very low a-Si:H(p) 

doping from section 6.1.3 (Figure 6.2) the pFF might be overestimated due to non-ideal contact 

properties rather than reflecting good surface passivation. The non-ideal contact characteristics 

for both SIS like contact schemes after annealing can also be recognized from the temperature 

dependence of the FF and especially the Voc (Figure 6.31c, d) and the S-shaped J-Vlight 

characteristic (Figure 6.32). They show similar features like a-Si:H(p) films with insufficient 
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doping from section 6.1.3. With respect to the efficiency, despite the improved Jsc 11 which is 

explained by the improved blue response caused by the higher band gap of the metal oxides 

compared to a-Si:H(p), the efficiency after annealing is not improved if a-Si:H(p) is replaced by 

MoOx or WOx. However, before annealing MoOx clearly outperforms the reference. 

 A very important observation is that by omitting the aSi:H(i) buffer the semiconductor-

semiconductor (SS) like heterojunction formed between WOx and c-Si (magenta) shows an ideal 

contact characteristic. The lack of chemical surface passivation by the buffer leads to a reduced 

Voc and pFF reflecting the lower implied voltage at OC and MPP, respectively. However, despite  

 the lower pFF the FF is comparable to the a-Si:H(p) reference with buffer indicating lower 

transport related FF losses. The local ideality factors, the temperature dependence of the Voc and 

FF and the J-Vlight characteristic unambiguously indicate ideal performance in terms of selective 

hole extraction. This clearly shows that the function of the buffer goes well beyond providing 

excellent chemical passivation and that the buffer layer properties have to be taken into account 

when optimizing the overall contact properties with respect to the selective carrier extraction. A 

possible explanation for this behavior might be that the work function of the WOx investigated 

here is not sufficiently high to provide the additional band bending which needs to be induced in 

the buffer. It should be noted that the efficiency of the very simple ITO(n)/ WOx(n)/c-Si(n) hole 

contact where both the doped a-Si:H and the buffer are omitted, is similar to that of the reference 
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structure. In addition, the Voc level is well above that of a structure where a highly doped 

a-Si:H(p) is directly placed on the absorber. For the latter the Voc with our highly doped a-Si:H(p) 

layers is typically limited to 630 mV, which is in accordance with the results from Ref. [159]. The 

moderate VOC level of 660 mV with WOx directly placed on the absorber shows that surface 

passivation by metal oxides can be superior to that of highly doped a-Si:H(p) films. 

  We now turn to the structures where the selective hole extraction from the absorber should be 

ensured by the highly p-doped a-Si:H and MoOx (olive) and WOx (orange) are applied as 

additional contact layers to improve the parasitic Schottky contact formed between a-Si:H(p) and 

ITO. Again, before annealing MoOx shows an improved Voc and FF with respect to the a-Si:H(p) 

reference but after annealing the FF is significantly reduced. The presence of the a-Si:H(p) 

prevents a degradation of the Voc and the increase of the Voc with annealing can be attributed to 

the improved iVoc. Accordingly, n1 drops slightly below unity. Unfortunately, the reduction of the 

FF with annealing is not reflected by n100 which cannot be explained. However, the fact that the 

FF is reduced while n100 remains constant indicates that the increase of the transport related FF 

loss (pFF-FF) is rather dominated by increased ohmic losses. However, this behavior is not 

necessarily in line with the assumption of a decreasing work function of MoOx with annealing. 

The latter was assumed to be the major cause for the FF and Voc reduction of the SIS like structure 

with MoOx. Considering that the MoOx bulk properties play an important role for the effective 

work function, a reduction of the work function would correspond to a Fermi-level which is 

pushed further towards the conduction band energy for non-generated n-type material or further 

above the conduction band energy for degenerated material. This would correspond to an 

increase of the free electron density and hence an increase of the layers conductivity. 

Accordingly, if the bulk conductivity of MoOx is the limiting factor, annealing should lead to a 

decrease of the ohmic losses rather than to their increase. However, the temperature dependence 

of the FF shows a clear signature of the non-ideal carrier extraction. The FF slightly improves 

with temperature which means that the contact characteristic is dominated rather by thermally 

activated processes than tunneling. For the cells where WOx is used as an additional contact layer 

(orange), a better Voc and FF before annealing is also seen. However, both are further increased 

above the level of the reference featuring only the highly doped a-Si:H(p). The contact to ITO is 

improved for this contact layer which results in a significant FF improvement from ~79.5 to 

~81.0%. This is also reflected in n100, which is approaching 0.7 and the temperature dependence 

of the FF. However, while the electrical properties benefit from inserting such an WOx contact 
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layer, parasitic absorption in the WOx layer adversely affects the current. Hence, despite better 

electrical properties the efficiency remains slightly below the one of the reference structure. It 

should be noted that the slightly higher Voc for the cells with additional MoOx and WOx layers 

before annealing is most likely linked to a reduction of the sputter damage caused by the ITO 

depositions. It is expected that for thinner a-Si:H films, which are typically applied to minimize 

parasitic absorption losses, this shielding of the sputter damage is more pronounced.  

 

 To evaluate the optical losses caused by parasitic photon absorption some characteristic EQEs 

are shown in Figure 6.33. For the SIS like and the modified SHJ structures MoOx, and WOx show a 

similar behavior. Hence, only the results for MoOx are shown here. To obtain a similar reflection 

of all structure the ITO thickness was reduced by the thickness of the metal oxide film (similar 

refractive index).  

 In terms of optical properties, the SIS structures where 10 nm of p-doped a-Si:H are replaced by 

the 15 nm thick metal oxides (b in Figure 6.33) reveals that the transparency of the metal oxides 

is much better than the one of the doped a-Si:H (a in Figure 6.33). This leads to current gains for 
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wavelength below about 650 nm but parasitic absorption above 650 nm is slightly increased. The 

SHJ cells with the modified Schottky contact where 15 nm of ITO are replaced by the metal oxides 

(c in Figure 6.33) reveal that the transparency of the metal oxides is inferior to the highly doped 

ITO. The parasitic absorption below and above 650 nm is increased compared to the a-Si:H(p) 

reference. Hence, the optical properties of the metal oxides in terms of parasitic absorption need 

to be improved, e.g. by reducing the thickness. 

 

6.4.4 Conclusion  
 The presented results revealed that materials adopted from organic electronics are interesting 

candidates to form carrier selective contacts for silicon solar cells. MoOx, and WOx were 

investigated in more detail and were used for the hole selective contact of an SIS like structure to 

replace the a-Si:H(p). Furthermore, as an additional contact layer to improve the parasitic 

Schottky contact formed between the ITO and the a-Si:H(p). A simple semiconductor-

semiconductor (SS) structure for which any a-Si:H was omitted and where WOx is in direct 

contact to c-Si was also investigated.  

 Before annealing the MoOx investigated showed optical and electrical properties superior to 

that of the a-Si:H(p). For the SIS structure the efficiency was significantly higher (~1%abs) 

compare to the reference with a-Si:H(p). However, annealing at 180°C lead to a degradation of 

the properties responsible for the selective hole extraction for both the SIS like structure and the 

SHJ structure where MoOx was used as an additional contact. However, this shows that there is 

no intrinsic limitation for the application of MoOx but the modification of the material properties 

with annealing need to be understood to allow for an efficient engineering of the MoOx and 

contact properties. If the WOx films investigated here are implemented in an SIS like structure the 

presence of our roughly 7 nm thick undoped a-Si:H buffer layer prevents an efficient hole 

extraction from the absorber. Moderate surface passivation and a high FF are obtained if WOx is 

directly placed on the c-Si absorber. Such a simple hole contact (no PECVD) where the metal 

oxide is directly placed on the absorber might be an appealing approach to replace the Al-BSF or 

the boron doped selective emitter of homojunction cells. The application of dielectric tunneling 

buffer layers, which are not prone to depletion, might further improve passivation. Other 

important questions are whether the better c-Si passivation by such metal oxides (as compared 

to a-Si:H(p)) would lower the demands on the buffer layer properties in terms of chemical 

passivation and whether for a thinner a-Si:H(i) buffer layer the hole extraction would be 
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significantly improved. It was also shown that if WOx is applied as an additional contact layer to 

the standard SHJ, an improved contact to the ITO (and AZO) electrode and a screening of the 

sputter damage are observed. Additional significant parasitic absorption was observed for the 

15 nm thick films investigated here. Accordingly, for the front side, thinner films need to be 

applied while for the rear side the layer thickness should be of less importance. Hence, an 

appealing approach might be the application of WOx to an a-Si:H(p) rear emitter improving the 

contact to AZO. It should also be check if thicker films can be applied replacing the ITO or AZO at 

the rear. 

 Furthermore, it was shown that simple surface photo voltage and Suns-Voc measurements are 

an easy means for the assessment of such contact schemes. It was also shown that low 

temperature annealing does not only modify minority carrier recombination and thus the c-Si 

surface passivation by the contact scheme but also material and contact properties governing the 

selective carrier extraction were strongly affected. 

 Investigations (not presented) revealed that for this WOx films the contact between AZO and p-

doped a-Si:H is also improved. In a follow up experiment the influence of the a-Si:H doping 

(1400/2300/4400 ppm) for WOx and ITO contact layers was compared [201]. The experimental 

results were in qualitative agreement with the simulation results in Figure 4.15 and Ref. [94] of 

the present author where it was predicted that a high work function electrode improves the FF 

and that this is improvement is more pronounced the lower the a-Si:H doping is. We have also 

shown that sputter deposited WOx films can improve the contact to ITO [199]. Furthermore, we 

have applied this MoOx and WOx films to the TOPCon [200].  

 It is important to note that the investigation of metal oxides for silicon solar cells is very novel. 

Further fundamental understanding of the relevant contact and material properties governing 

both the selective carrier extraction and the c-Si surface passivation is crucial for an efficient 

engineering and tailoring of such interesting contact systems. More precisely, the band line up, 

including hetero-barriers and the chemical properties of the films implemented in device 

relevant structures needs to be investigated in detail. A characterization approach based on 

photo-electron spectroscopy (PES) similar to the one presented in Ref. [233] might be helpful. 

More advanced characterization approaches combined with adequate device simulation might 

provide a more holistic view. To change the work function of the films, a doping variation similar 

to the one presented in the section 6.3 should be performed and alternative buffer layers should 

be investigated. Generally, the tunability of the material properties by reactive evaporation and 
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alternative depositions schemes needs to be investigated. Finally, more work is needed to 

identify other suitable contact materials. This also holds for materials capable of forming an 

electron selective contact. 
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6.5 Chapter Summary 
 In this chapter the basic requirements in terms of external voltage and selective carrier 

extraction from a c-Si absorber have been motivated experimentally. Different contact schemes 

were analyzed using metals, metal oxides or doped amorphous silicon.  

 A doping variation of amorphous silicon which forms the hole contact of a standard silicon 

heterojunction was performed. This experiment was useful to motivate the basic idea behind 

analyzing the contact properties with respect to a non-ideal voltage extraction from the absorber. 

It was shown that non-optimized contact schemes may provide excellent c-Si surface passivation 

but may fail to selectively extract the absorber´s excess carriers. It was clearly shown that Voc and 

FF losses can be caused by such effects and that the Suns-Voc method is a well-suited technique 

for the characterization and optimization of such contacts. A certain minimum doping was 

needed to avoid the global depletion of the a-Si:H / c-Si part of the SHJ by the TCO electrode and 

to ensure an efficient tunneling transport into the TCO.  

 This was followed by an attempt to change the TCO properties, rather than the doped a-Si:H 

properties, to improve the excess carrier extraction at both the hole and electron contact. The 

ITO doping near the p-type and n-type doped a-Si:H was varied over a very wide range aiming for 

an improved work function matching to improve the parasitic Schottky contact. While on test 

structures it could be shown that the work function can be tuned in the desired way. On cell level, 

work function matching has shown no influence and other effects governed the carrier transport 

into the TCO.  

 In the next step, the metal / a-Si:H contact was investigated. It was shown that metal films are 

unsuitable as contact layers. Besides a pronounced Fermi-level pinning, more fundamental 

limitations by the deterioration of the chemical c-Si passivation already at moderate annealing 

temperatures, poor adhesions and the poor optical properties in terms of rear side reflection 

were observed. Only Ag combined good optical and reasonable electrical results if placed on 

doped a-Si:H. It was used to replaced the ITO electrode of the standard SHJ. This a-Si:H(p) / Ag 

hole contact was applied to the rear side of a so called hybrid SHJ cells, a concept which was 

established in the course of this thesis. An efficiency of 22.8 % could be achieved. 

 Some alternative and novel contact materials adopted from organic electrons were investigated 

on test structures. Two candidates have proven their capability to form carrier selective contacts 

for c-Si absorbers. Molybdenum oxide (MoOx) and tungsten oxide (WOx) were successfully 

integrated in solar cells either to form a direct hole contact or to improve the parasitic Schottky 
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contact formed with the TCO. With MoOx the efficiency, before annealing, could be significantly 

improved compared to the reference (~18.7 % vs. ~17.6 %) as both optical and electric 

properties were improved when the a-Si:H(p) is replaced. For WOx as an addition contact layer, 

the parasitic Schottky contact of the standard cell structure could be improved, presumably by an 

improved work function matching. This was quantified by a significant FF gain compared to the 

reference (~81.1 % vs. ~79.6 %). Finally, for an a-Si:H less hole contact with WOx an efficiency 

comparable to the reference was observed (~17.6 % vs. ~17.5 %). This simple structure might 

be an appealing approach to replace the Al-BSF of the standard homojunction cell. So, very 

encouraging results could be demonstrated for this new class of materials.  

 

 In this chapter it was clearly demonstrated that non-optimized contact schemes may provide 

sufficient c-Si surface passivation but may fail to selectively extract the excess carriers of the 

absorber. This highlights that not only the “classical” losses, i.e. minority carrier recombination 

and ohmic transport losses might limit the performance of such novel / alternative contact 

schemes. This must be taken into account for the analysis of the FF and Voc losses. A simple 

characterization approach, based on analyzing the illumination level dependence of the Voc, was 

presented which allows to distinguish between both loss mechanisms. FF and Voc losses can be 

easily predicted which facilitates junction engineering. This can be performed in the early stage 

of device optimization as the current-less measurement allows for simple test structures (Suns-

Voc samples) which can be produced with little effort. Unlike for solar cells, a grid electrode is not 

needed and lower demands on the definition of the active cell area exist. This allows the 

screening of a large parameters space before the final evaluation is done on solar cell level. On 

cell level, the analysis of standard J-V characteristic and eventually their temperature and the 

illumination level dependence (results for letter not presented here) enables a further evaluation 

of non-idealities and the quantitative assessment of the efficiency limitation. It should be pointed 

out that for very basic investigations with the test structures and for the case that the contact 

under investigation can not be placed at the illuminated front side. The analysis of the test 

samples might be limited to analyzing the asymmetry of the external Voc obtained if the same 

material is forming either the hole or electron contact. Another simple and valuable tool are 

surface photo voltage (SPV) measurements as they enable the quantification of the induced band 

bending and, indirectly, of the effective work function which results after contact formation at the 

interface. 
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 Regarding future work, more efforts are needed to characterize the actual microscopic material 

and interface properties on device relevant structures. This enables a more fundamental 

understanding to link these properties to the losses caused by minority carrier recombination 

and the selective carrier extraction. In term of the selective hole/electron extraction from the 

absorber, other factors than the effective work function like hetero-barriers, non-metal like 

behavior of the contact layer (depletion of TCO and metal oxide) and the actual transport paths 

governing minority and majority transport in the contact region need to be analyzed. Such data 

are also needed to establish a simulation setup which adequately describe such contact schemes. 

This opens up the possibility for a sensitivity analysis of various parameters which is 

indispensable for an holistic interpretation of the experimental findings and to define design 

rules for such novel contact schemes.  
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7   Lateral Carrier Transport at the Front: Mitigating the Associated Losses 
  In this chapter the fundamental challenge of balancing the contradictory requirements on 

excess carrier generation in the absorber and the lateral transport at the front side of 

heterojunction solar cells is addressed. A detailed comparison between classical both side 

contacted SHJ cell design, i.e. an n-type absorber having the emitter located the front side (front 

emitter) or a novel approach having the emitter at the rear side (rear emitter) is carried out. It 

is demonstrated with the help of 2D simulations that for the rear emitter design an additional 

lateral transport path via the absorber exists which leads to a higher degree of freedom for the 

choice of the front side TCO and the metal grid electrode. This opens up different optimization 

routes for the cells design which can be beneficial in terms of efficiency and economics. A higher 

FF potential for the rear emitter cells, resulting from a more efficient lateral carrier transport is 

experimentally demonstrated. 12 

  This chapter is based on the publications [235], [236], [237], [218] and the diploma thesis from 

Sebastian Schroer [100], a diploma student supervised by the author. 

7.1 Motivation  
 The efficiency of SHJ devices is typically dominated by a pronounced trade-off between the 

optical and electrical losses at the front side [119]. This is explained by both 1D and 2D effects. 

1D effects are basically originating from the challenge of optimizing the silicon thin films (SiTFs) 

at the front towards a high Jsc by reducing parasitic absorption. The increase of Jsc by reducing the 

SiTF thickness [119] or increasing its transparency [180] typically comes at the cost of FF and Voc 

as the influence of the parasitic Schottky contact formed between the TCO and the doped SiTF 

becomes more pronounced. In terms of 2D losses a trade-off between the FF and Jsc caused by the 

lateral carrier collection at the front is observed [119]. Unlike for high efficiency homo-junction 

devices which are characterized by complex 2D and 3D features (local diffusions, contact 

openings) for monofacial SHJ cells a 2D transport is carused only by the local metal grid electrode 

at the front, more precisely its pitch (Figure 7.1). With increasing pitch the shading by the metal  
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grid electrode is reduced as the total amount of fingers is reduced (higher Jsc). However, this 

leads longer lateral transport path within the solar cell (TCO and absorber) and hence increasing 

transport losses (lower FF). The common approach to balance these opposing requirements and 

to maximize the efficiency is to carefully adapt both the sheet resistance (Rsheet) of the TCO 

electrode and the pitch of the metal electrode. This was already discussed in section 4.1 on the 

basis of analytical calculations. However, the fact that lowering Rsheet = 1/(q∙n∙μ∙t) of the TCO 

comes at the cost of Jsc especially if the free carrier density (ne) rather than the mobility (μ) of the 

TCO is increased [98] was not considered there. Thus, the findings from section 4.1 are valid only 

for a high mobility TCO where optical properties are of minor importance and do not change with 

Rsheet. In this section more detailed investigations are carrier out as 2D device simulation are 

performed. Unlike for the analytic calculations, the interplay between the optical and electrical 

TCO bulk properties are taken into account and more detailed investigations and loss analyses 

can be performed. It is shown that utilizing the lateral conductivity of the absorber by placing the 

high/low junction at the front side and the p/n junction at the rear has the potential to lower the 

power losses caused by the 2D transport as compared to the conventional front emitter (FE) 

design. This is explained by the fact that for the rear emitter (RE) design the lateral transport is 



7.2  Simulation: Front vs. rear emitter - 191 - 
 

 

partly shifted from the front side TCO into the absorber. However, reduced 1D losses are 

expected for the RE design of a n-type absorber as well (not investigated here). This is attributed 

to the fact that the optimization of the n-SHJ is typically less demanding as compared to the 

optimization of the p-SHJ (lower doping efficiency, higher defect density, etc.). Having the more 

complex p-SHJ at the non-illuminated rear allows concentrating on the optimization of its 

electrical properties whereas the trade-off between the optical and electrical properties for the n-

SHJ at the front is less stringent.  

 So far only few publications on SHJ RE exist [238], [159], [143], [172], [171], [218] (letter three 

from author of this these). However, the possibly to mitigate the 2D losses by this approach was 

first discussed by Ref [237] which is based on work presented here. An experimental verification 

was performed later on in Ref [239] and [235] (letter from author of this these). 

 Finally, it should be noted that a similar approach has already been described for homojunction 

rear emitter cells in Ref [240]. Furthermore, it should be noted that utilizing the absorber for a 

2D or even 3D transport over several hundreds of microns is standard for the rear side of more 

advanced homojunction cells designs. PERL and PERC cells are featuring partial rear contacts of 

the high/low junction and for all back contacted solar cells both the majority and minority 

carriers have to travel several hundred microns within the absorber to their respective contacts. 
 

7.2 Simulation: Front vs. rear emitter 

7.2.1 Simulation details  
 2D numerical device simulations for double side planar n-type SHJ solar cells featuring (i) 

either a front emitter (FE) or a rear emitter (RE), (ii) a variable pitch of the metal grid electrode 

and (iii) variable electrical and optical TCO properties were performed. As input parameters we 

took the refractive indices (n) and extinction coefficients (k) estimated from spectroscopic 

ellipsometry measurements by fitting the data to a Drude-Tauc-Lorenz model [241] and the measured 

Rsheet,glass data of four distinctive ~70 nm ITO thin films deposited at different oxygen flow ratio 

OC = O2 / (O2 + Ar) during the sputtering process [186] (Figure 7.2). It should be noted that the 

free carrier absorption (FCA) absorption of this layers is expected to be underestimated due to 

fitting errors caused by the Drude model and the linear extrapolation of the data for the relevant 

wavelength regime that was performed due to the absence of measured data for above 1000 nm. 

The corresponding spectrophotometer measurements for co-deposited layers on glass and the μ 

and ne determined from Hall measurements are shown as well in Figure 7.2. In accordance to  
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[119], [216] FCA is low if ne drops below 1020 cm-3. The pitch of the front side metal grid 

electrode was varied from 800 to 5000 μm. The finger width was fixed to 60 μm. The increase of 

the pitch corresponds to a decrease of the shading by the grid electrode from 7.4 to 1.2 %. 

Furthermore, some simplifications allowed to focus on the 2D transport issues. We omitted an 

intrinsic a-Si:H(i) buffer layer between the 150 μm thick n-type c-Si absorber featuring a dark 

resistivity of 5 Ωcm and the doped 10 nm a-Si:H layers as well as defects at the corresponding 

interfaces and in the bulk of the absorber unless otherwise stated. Furthermore, tunneling 

transport was not considered within the whole device. Further simplification were made 

concerning the ITO layer, its bulk properties and the interface to the metal and a-Si:H layers. (i) 

We did not treat the TCO as an individual n-type semiconductor, but as a transparent metal like 

layer characterized only by its work function, conductivity (Rsheet) and n, k values. (ii) The work 

function of the TCO was matched to that of the doped a-Si:H, resulting in flat-band conditions at 

the TCO / doped a-Si:H contact. A surface recombination velocity of 107 cm/s for holes and 

electrons is assumed for this interface. Thus, an low ohmic characteristic is observed for the 

TCO / doped a-Si:H contact. (iii) We also assumed a low ohmic contact characteristics for the 

metal / TCO contact. To account for the ohmic power losses caused by the TCO / doped a-Si:H 

contact, the metal / TCO contact and the finger and busbar resistivity, an additional constant and 

(
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quit high lumped series resistance of 0.5 Ωcm2 was assumed for all pitches and all Rsheet. As 

boundary conditions for the optical simulations we chose a textured front and a shiny etched rear 

side featuring the excellent optical properties of an Ag single layer [171]. Consequently, in the 

simulation study the FE and RE design are distinguished only by the fact that the p-emitter is 

located either at the illuminated and locally contacted front or at the non-illuminated fully 

contacted rear side of the device as sketched in Figure 7.1.  

 

 For Section 7.2.2, in which the influence of the defect recombination in the bulk of the c-Si 

absorber is investigated, the following defect parameter have been chosen. As the limiting SRH 

bulk defects are not well known for as-grown (Cz) n-type mono crystalline silicon (no high 

temperature treatment for a-Si:H based HJ cells) and as they will change for different feedstock, 

we chose the following scenarios to demonstrate the influence of the c-Si bulk recombination on 

the cell performance: (i) A very pessimistic scenario, in which a deep defect level (Et) at mid-gap 

is assumed, thereby strongly affecting the low injection bulk lifetime and the corresponding 

diffusion length. Two shallow defect levels (ii) 0.2 eV and (iii) 0.1 eV below the conduction band 

(EC). The SRH trap density (Ntr) was varied from 108 to 5×1012 cm-3. In all scenarios we assumed 

equal minority and majority carrier capture cross sections of 10-14 cm2. According to SRH theory 

[29], [30] the low values of Et for (ii) and (iii) result in an strongly reduced recombination activity 

especially for the low injection conditions compared to (i) for a given Ntr. 
 

7.2.2 Collection of absorber´s minority carriers at the rear emitter 
Does a rear emitter design require a higher absorber quality ?  

 For all types of RE solar cells [242], [243], [172], including all back contacted solar cells, the 

requirements on the recombination in the bulk of the absorber and at the illuminated junction at 

the front are typically higher compared to its FE counterparts. This leads to the fact that typically 

a higher material quality of the absorber is required for RE devices. To discuss this issue with 

respect to SHJ cells, first the relevance of the SRH bulk recombination of the c-Si absorber for the 

cell output parameters is compared for FE and RE devices based on 2D numerical device 

simulations. Then, general considerations regarding the Voc and FF limitation by SRH bulk 

recombination are discussed on the basis of 1D simulation. The latter shows similarities to 

section 5 where the Voc and FF limitation by defect recombination at the absorber surface was 

investigated.  
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 The results from 2D simulations comparing the cell output parameters of FE (closed symbols) 

and RE (open symbols) devices are shown in Figure 7.3, left. It is shown that for a lower absorber 

quality, i.e. for a higher Ntr and deeper defect levels (coloring of the symbols) a drop of the short 

circuit current density (Jsc) is observed which is much stronger for the RE devices. This is 

attributed to the fact that the corresponding bulk lifetime and diffusion length of the 150 μm 

thick absorber under short circuit (SC) conditions are insufficient to allow for an efficient 

minority carrier collection at the p/n junction. The stronger influence for the RE design is 

explained by the fact that the p/n junction is situated far away from the front side where most of 

the carriers are photo-generated. For the Voc on the other hand no significant difference between 

the FE and RE devices is observed. For Ntr above 1010 cm-3 the Voc starts to drop well below 

EC - Et Ntr iFF nMPP iVoc nOC 
(eV) (cm-3) (%) (-) (mV) (-) 
0.1 1010 87.0 0.87 749 0.79 

1011 86.3 0.90 743 0.83 
0.2 1010 84.4 1.06 740 0.95 

1011 82.3 1.09 689 1.26 
0.6 1010 80.1 1.70 736 1.08 

1011 77.7 1.13 655 1.87 
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700 mV regardless of the device design. For the FF a comparable characteristic is also observed 

for FE and RE devices while the absolute FF is slightly higher for the RE devices (discussed in the 

next section). A strong FF drop well below 80 % with decreasing material quality is clearly 

visible. Reflecting the behavior of the Voc, Jsc and FF a strong reduction of the efficiency with 

increasing Ntr is observed which is more pronounced the deeper the defect level is. The 

comparison of the efficiency of FE and RE cells reveals that a small drop in Jsc by up to 

~0.3 mA/cm2 can be compensated by the slightly higher FF ~0.6 %. Nevertheless, it can be seen 

that for poor material the efficiency of the RE device falls below that of the FE device. The latter is 

caused by the higher sensitivity of the Jsc to the SRH bulk recombination within the c-Si absorber 

for the RE cells. In terms of absolute efficiency it can be derived from Figure 7.3 that regardless of 

the position of the p/n junction the requirements on the absorber quality are always higher for 

the MPP and OC conditions as compared to the SC conditions. This is attributed to the very low 

junction recombination enabled by the simulated SHJ p/n and high/low junction which, 

compared to homojunction devices, allows the operation near the intrinsic limit of the absorber 

for both MPP and OC conditions where the influence of defect recombination is small. A more 

detailed view on the FF and Voc losses caused by the SRH recombination in the absorber is given 

in the right graph of Figure 7.3 where the injection-level dependent bulk lifetime for two SRH 

defect densities (1010 and 1011 cm-3) and for the three defect levels is shown. The table in Figure 

7.3 summarizes the corresponding bulk recombination related limit of the Voc and FF. For very 

high quality material (Ntr = 1010cm-3 and EC-Et = 0.1 eV) the intrinsic recombination is dominating 

the bulk recombination and thus allows for a Voc and FF of 749 mV and 87 % which is close to the 

intrinsic limit of the 150 μm thick, 5 Ωcm absorber [6]. The dominance of the intrinsic 

recombination is expressed also in the corresponding local ideality factors for MPP and OC 

conditions which are well below unity approach 0.7. This indicates that the absorber is operating 

in high-injection and near the intrinsic limit dominated by Auger recombination [6]. The latter 

fact becomes obvious from the corresponding effective lifetime characteristics in Figure 7.3 as 

well. The MPP and OC conditions for the high quality material are close the intrinsic limit of the 

absorber (grey line). However, when SRH bulk recombination becomes significant, both MPP and 

OC conditions are subjected to a transition between two different recombination paths. 

Consequently, this is reflected in the Vocs and FFs shown in the table. For lower material quality 

both the recombination at MPP and OC become affected by the increasing SRH recombination. 

However, attributed to the lower excess carrier density at MPP compared to OC conditions, the 
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influence of the SRH recombination is much higher for the MPP as compared to OC conditions. 

Especially, if the MPP is shifted into this transition region, while OC is still in high-injection, a 

significant reduction of the FF is observed while the VOC loss remains moderate. This is made 

clear in the table where for a constant Ntr of 1010 cm-3 the Voc drops only by ~9 / 13 mV 

(1.2 / 1.7 %) with the depth of the defect level but the corresponding reduction of the FF is much 

higher and amounts to 2.6 / 6.9 %abs (3.0 / 7.9 %). Thus, as the low junction recombination of SHJ 

devices permits operating near the intrinsic limit of the absorber for all working conditions and 

injection levels, maintaining this condition not only for OC but also for MPP conditions is a basic 

requirement to reach high FFs. It is shown in other publications that defect recombination in the 

absorber[244], [245],[246],[247] and at the interface [144], [194], [143], (section 5) can have a 

strong influence on the FF. Finally, it should be mentioned that the 2D simulations reveal a 

comparable FF characteristics for the FE and RE devices irrespective of the bulk defects. It is 

therefore concluded that 1D effects are dominating the FF characteristics and that for well 

designed devices the influence of defect recombination within the absorber on the lateral carrier 

transport of the majority carriers (RE) and minority carriers (FE) is small.  

 To sum up, the simulations indicate that in terms of maximum cell efficiency, for SHJ cells the 

requirements on the absorber quality are not higher for the RE design as high quality material is 

required anyway to prevent FF and Voc losses caused by defect recombination in the bulk of the 

absorber. For this high quality material the corresponding diffusion length is sufficient high to 

allow an efficient minority carrier collection at the RE. However, as with all RE devices the Jsc is 

more sensitive to the bulk quality. Thus, for poor material quality a lower efficiency will be 

observed as compared to its FE counterpart. It should be noted, that for thinner wafers the 

influence of the bulk recombination on the Jsc is less pronounced and that for the application of a 

2D or 3D RE design (line or point-like features for all back contacted solar cells or homo-junction 

RE cells) the requirements on the bulk recombination are more stringent compared to the 1D SHJ 

RE design due to longer transport paths for the minority carriers. In summary, considering high 

efficiency devices with high quality absorbers, it is expected that the RE design can fully exploit 

its higher FF potential, which will be discussed in the next sections. 
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7.2.3 Improved 2D carrier collection for the rear emitter design 
 Within the second simulation study we investigated the influence of the electrical and optical 

losses caused by the front side TCO electrode and the metal grid electrode. Again, by comparing 

FE and RE cell structures regarding their cell output parameters.  

Qualitative explanation of the more efficient 2D carrier collection for the rear emitter 

 In the lower graphs of Figure 7.1 the 2D carrier transport within the absorber under MPP 

conditions for a FE cell (left) and a RE cell (right) is shown. The coloring denotes the total current 

density within the absorber; the arrows correspond to the technical direction of current. It can 

clearly be seen that the current density inside the absorber is higher and that the lateral part of 

the current within the absorber is more pronounced when the device is featuring a RE instead of 

a FE design. Consequently, for the RE design a substantial part of the lateral current flow is 

shifted from the front side TCO (not visible) into the absorber. However, for the FE a lateral 

component in the absorber is observed, too. The positive influence of such an lateral current 

component within the absorber of FE cells on the FF was investigated for high efficiency 

homojunction devices from UNSW in Ref [248]. It was shown that for high efficiency devices this 

effect leads to lower losses as predicted by 1D theory.  

 For the conventional FE cell design the minority carriers of the absorber (holes) are subjected 

to the lateral transport towards the front side metal grid electrode as it is indicated in the upper 

graphs in Figure 7.1. In this configuration the front side TCO and the absorber are horizontally 

decoupled via the p/n junction which results in a series connection of the absorber and TCO. At 

the induced p/n junction the holes are separated from the absorber. Thus, the lateral carrier 

transport towards the local grid electrode takes place mainly within the front side TCO13.  

 As far as RE devices are concerned the majority carriers of the absorber (electrons) are 

subjected to the lateral transport towards the metal grid electrode (Figure 7.1). In this case the 

front side TCO and the absorber are horizontally coupled via the high/low junction which results 
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in a parallel connection of the TCO and the absorber. This leads to a more advantageous current 

flow pattern for the carrier collection at the local grid electrode as a significant part of the lateral 

transport can be realized inside the absorber. As will be shown below, the higher lateral 

component of the current for the RE design allows to decouple the influence of Rsheet of the TCO 

electrode and the pitch of the grid electrode on the FF to some extent. It should be mentioned 

that this is valid only for the mono-facial SHJ design for which the metal electrode covers the 

whole TCO electrode at the rear enabling a 1D transport at this side of the device. For a bifacial 

design where the lateral transport within the TCO is required at both the front and the rear sides 

the achievable FF gain will also depend on the pitch of the grid electrode at the rear side [239].  
 

Cell output parameters  

 In Figure 7.4 the cell output parameters as a function of the pitch of the grid electrode and Rsheet 

of the front side TCO, for the FE (left) and RE (right) cells are shown. These graphs quantify the 

aforementioned advantage of the RE design concerning the lateral carrier collection at the local 

grid electrode. For both structures an increasing pitch as well as an increasing Rsheet have a 

negative influence on the lateral carrier transport and therefore the FF. However, this effect is 

less pronounced for RE devices particularly when the limitation of the lateral transport in the 

TCO electrode becomes more relevant, i.e. for high Rsheet and large pitches. Concerning the 

influences of the pitch and Rsheet on the optical properties, a closer look reveals that the shading 

of the metal grid electrode and the optical properties of the TCO electrode are affecting the Jsc in 

the same way for FE and RE devices. With increasing pitch, the Jsc is increased due to lower 

shading by the grid electrode. In order to interpret the Jsc gain with increasing Rsheet the spectral 

device absorption for a 70 (top) and 105 Ω/sq ITO (bottom) are plotted in Figure 7.5. It can be 

seen that the current gain with lower TCO doping and therefore higher Rsheet is caused mainly by 

the decrease of the parasitic FCA in the NIR. This was indicated before in Figure 7.2 by the fitted k 

and the R/T measurements. A comparable behavior is experimentally observed in Ref [216]. 

Concerning the Voc, Figure 7.4 shows a comparable behavior for FE and RE cells. The simulations 

do not reveal any significant influence of the pitch or Rsheet on the cell performance at open-circuit 

conditions. It should be noted that this is in sharp contrast to homojunction devices where the 

pitch and, thus, the metallization fraction and Rsheet have a strong influence on the recombination 

losses caused by the metal / semiconductor interface (e.g. [250] and section 4.1). This intrinsic 

drawback of homojunction cells is explained by the fact that a low Rsheet can be reached only by 

increasing the doping of the active c-Si region as the mobility is more or less fixed for the c-Si. 



7.2  Simulation: Front vs. rear emitter - 199 - 
 

 

This in turn leads to an increased carrier concentration and, thus, Auger recombination within 

the bulk as well as an increased SRH recombination at the interface to the  

dielectric passivation layer adversely affecting both the Voc and Jsc with decreasing Rsheet [117, 
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251]. On the other hand, the contact resistance of the metal / semiconductor interface [252] and 

the lateral carrier transport are improved with higher c-Si doping [117]. Consequently, highly 

doped c-Si regions only below the metal are mandatory for high efficiency homojunction solar 

cells at both the front and rear to overcome this trade-off [253]. For SHJ cells, such a compromise 

has not to be made as a direct relation between the metallization fraction, the doping of the TCO 

layer (situated on top of the active junction) and the Voc [216] does not exist. The fact that the 

mobility of the TCO can be changed adds another degree of freedom to tune the lateral 

conductivity. Thus, another very important intrinsic advantage of SHJ cells, regardless of the 

position of the emitter, is that they allow for the combination of a very efficient lateral transport 

(low Rsheet) and a very low junction recombination.  However, optical losses caused by FCA are 

observed for both homo- and heterojunction devices if a low Rsheet is realized via high carrier 

concentration. The efficiency contour plot from Figure 7.4 is discussed in the following. 

 

Efficiency: Implications for device optimization  

 Comparing the efficiency contour plots from Figure 7.4 it becomes obvious that due to identical 

Jsc and Voc dependencies for FE and RE devices the FF is the determining factor for the cell 

efficiency. As a conclusion, it can be stated that the application of the RE design opens up a wider 

range of possibilities in order to optimize the device without compromising or even improving 

the cell efficiency. In accordance with the FF, not only a shift in the optimum efficiency to regions 

of higher Rsheet and larger pitches is observed, but a slightly higher maximum efficiency is 
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predicted by the simulations as well. Furthermore, the efficiency distribution is much broader for 

the RE design. Table 7-1 collects the cell data of three different optimization routes that might be 

chosen to benefit from the advantages of the RE design. Route I compares the two cells with the 

highest efficiencies. It can be seen that by simply changing the position of the p/n junction from 

the front to the rear, a small gain in cell efficiency can be achieved. As no negative influence on Jsc 

and Voc is observed, the higher FF of the RE cell is responsible for the higher efficiency (slightly  

Jsc due to better optical a-Si:H(n) properties). Routes II and III are dealing with the economic 

potential of the RE design, i.e. a lower metal consumption and the implementation of indium free 

TCOs. For route II it can be seen that the RE design allows to significantly increase the pitch from 

2000 to 3600 μm while keeping the efficiency at the level of the FE cell featuring the highest 

efficiency and a pitch of 2000 μm. For the RE design the FF loss with increasing pitch is only 

moderate (77.2 % for the corresponding FE cell featuring a pitch of 3600 μm) and this loss can be 

compensated by a gain in Jsc caused by the lower shading by the grid electrode. However, to fully 

benefit from the increased pitch a metallization technique has to be applied that is not limited by 

the finger resistivity. In this respect Cu plating [180], [254] has already demonstrated to be a 

good candidate for metallization of SHJ cells. Another approach is the application of narrow Cu 

wires embedded in a polymer film [255]. Route III shows that at comparable pitches a much less 

conductive TCO can be applied if the RE design is used without compromising on the FF. This fact 

should be of importance especially for the application of low-μ (indium free) TCOs featuring a 

more pronounced trade-off between the optical and electrical portieres. As will be discussed 

below, for these materials the combination of the low μ and low ne (latter is required for good 

optical properties) will result in TCOs featuring a higher Rsheet. For FE devices an experimental 

comparison of a low and medium μ-TCO (AZO and ITO) was carried out in Ref [256]. In Ref [44] 

Rsheet was varied from 57 to 287 Ω/sq leading to an increase in Jsc. It could be shown 

. 

Route Device Pitch Rsheet VOC JSC FF η 
(μm) (Ω/sq) (mV) (mA/cm²) (%) (%) 

I FE 2000 105 740 38.6 80.5 23.0 
RE 740 38.7 81.1 23.2 

II FE 2000 105 740 38.6 80.5 23.0 
RE 3600 741 39.2 79.3 23.0 

III FE 2000 70 740 38.1 81.0 22.8 
RE 340 740 38.6 80.8 23.1 
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experimentally that for FE devices, even for a medium μ-TCO (ITO), a relatively high Rsheet of 100 

Ω/sq is required to balance the optical and electrical losses (pitch unfortunately not specified). 
 

MPP – Detailed loss analysis.  

 A more detailed view on the losses at MPP conditions caused by the lateral carrier transport 

towards the local grid electrode at the front side is given in Figure 7.6. In the left graph, the 

relevant global device recombination current densities of two FE and two RE cells featuring an 

Rsheet of 105 Ω/sq and a pitch of either 2000 or 5000 μm as a function of the external terminal 

voltage are shown. It can be seen that the overall device recombination (solid lines) under SC 

conditions (0 mV) is dominated by the defect recombination, i.e. parasitic absorption within the 

SiTFs (dashed-dotted lines, 1.7 mA/cm²).  

 

Device Pitch Rsheet VOC / VMPP JSC/ JMPP FF η 
(μm) (Ω/sq) (mV) (mA/cm²) (%) (%) 

FE 2000  

105 

740 / 618 38.6 / 37.3 80.5 23.0 
RE 740 / 623 38.7 / 37.3 81.1 23.2 
FE 5000 740 / 578 38.6 / 35.9 72.6 20.7 
RE 740 / 602 38.7 / 36.7 77.1 22.1 
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 Under OC conditions (total recombination current matches generation current) Auger 

recombination in the c-Si absorber (dotted lines) is dominating the device recombination as ideal 

hole and electron contacts have been assumed. Under SC and OC conditions a comparable total 

recombination is observed for all devices leading to the comparable Voc´s and Jsc´s (table in Figure 

7.6). However, regarding the MPP conditions (stars) the application of a higher pitch leads to an 

increased (local and) global device recombination which is less pronounced for the RE devices. 

The recombination losses within the SiTFs and the absorber are lower compared to the 

respective FE device. Consequently, PMPP = VMPP ∙ JMPP and the FF = VMPP ∙ JMPP / (VOC ∙ JSC) are higher 

for RE devices as shown in the table. The increase of device recombination at MPP with 

increasing pitch is attributed to the fact that the lateral carrier transport will cause a 

corresponding voltage drop and consequently the formation of a non-equipotential region in 

between the fingers of the local grid electrode at the front side which reaches its maximum at half 

the pitch as reported in Ref [257], [258]. This voltage drop will cause the local junction voltage 

far away from the fingers to be above the terminal voltage. This means that the p/n junction in 

between the fingers is locally more forward biased as compared to near the fingers. 

Consequently, the selectivity and rectifying behavior of the p/n junction are locally reduced. This 

can be inferred from Figure 7.6 where the variation of the band bending along the p/n junction, 

either at the front or rear, from underneath the fingers to in between fingers (half pitch) is 

shown. A comparison of two FE and RE devices featuring a pitch of either 2000 or 5000 μm 

exhibits a stronger reduction of the band bending for the global MPP conditions at half pitch for 

FE devices. This effect is more pronounce the higher the pitch is. For the cell with the higher pitch 

this corresponds to a significant reduction of the local selectivity of the junction. Thus, an 

increase of the local and consequently of the global device recombination is observed at MPP 

conditions (Figure 7.6). However, this additional recombination path only exists if a current is 

extracted from the device (i.e. not for open-circuit conditions) as only in this case the local 

inhomogeneity of the junction voltage is observed. Thus, besides ohmic power losses induced by 

Joule heating, these so-called non-generation losses are affecting the MPP conditions and, 

therefore, the FF of the device [257],[258]. In section 4.2.5 and section 6 it was shown that the 

TCO / doped SiTF contact properties can have a significant influence on the selectivity of the 

junction and the FF of the device, too. Accordingly, it is expected that for poor TCO / doped SiTF 

contact properties the reduction of the (local) junction voltage by the aforementioned 2D effects, 

would lead to even higher non-generation losses as compared to the case of flat band conditions 
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at the TCO / doped SiTF contact which are considered here. However, these facts require further 

experimental and simulative investigations which go beyond the scope of the investigations 

performed here. 
 

7.2.4 Further aspects 
Influence of absorber doping: Conductivity modulation 

 The main question of this subsection is whether or not RE cells are subjected to specific 

limitations regarding the applicable absorber doping.  

 For sufficiently low device recombination, which is commonly observed for well designed SHJ 

cells, the absorber is operating near high-injection conditions at MPP (∆n = n >> Nd) and can 

therefore provide a high conductivity (σ = q n μ >> q Nd μ) even for lowly doped absorbers. This 

effects is known as conductivity modulation [259], [260], [261], [218]. In Figure 7.7 the effective 

absorber resistivity and the corresponding average hole and electron concentration of the 

absorber at MPP for three levels of c-Si surface passivation by the p-SHJ are shown. Within this 

1D numerical AFORS-HET simulations the Voc and, thus, VMPP are changed by changing the Dit at 

the a-Si:H(p/i) / c-Si interface. The corresponding Voc´s are 755, 715 and 660 mV. As a lower 

device recombination comes along with a higher carrier concentration within the absorber this is 

reflected in a reduction of the effective absorber resistivity at MPP. It can be seen in the upper 

graph that under non-equilibrium conditions (solid lines) the effective resistivity of the absorber 

is strongly decoupled from its value in the dark (dashed lines) and that this is especially true for 

lowly doped absorbers. This effect (conductivity modulation) is well known from concentrator 
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devices [262] where a high generation rate ensures a high excess carrier density and thus allows 

the absorber to operate in or near high-injection conditions. For SHJ cells the low contribution 

from the hole and electron selective contacts to the overall device recombination allows for 

similar conditions already for lower illumination intensities (1 sun) as can be seen in Figure 7.7. 

The lower graph shows that the majority carrier (electron) concentration (straight lines) is well 

above its equilibrium concentration (dashed lines) which is defined by the ionized 

doping / impurity concentration of the absorber (Nd). For the very low device recombination and 

very high VMPP a comparable effective resistivity of the absorber of slightly below 1 Ω cm is 

observed for the dark resistivity’s of 1, 5, and 10 Ω cm as can be seen in the upper graph. 

 Results from 2D device simulations for variation of the absorber dark resistive from very low 

(0.1 Ω cm) to very high (100 Ω cm) are shown in Figure 7.8. The output parameter of FE and RE 

cells featuring a pitch of either 2000 or 2800 μm (gray and red lines) are compared. To assess the 

limitation of the cell output parameters by 1D effects like the intrinsic recombination of the c-Si 

absorber (SRH neglected) 1D QSS-Model simulations have been performed as well (blue lines). 

 For all devices a drop in efficiency for highly doped absorbers, i.e. for below 1 Ω cm is observed 

in Figure 7.8. The implied cell parameters from QSS-Model (blue lines), reflecting the limitation 

by the intrinsic absorber recombination, reveal that this behavior can (qualitatively) be 

explained by the increase of the intrinsic c-Si recombination and 1D effects. To clarify this effect 

the corresponding injection-level dependent absorber bulk lifetime from QSS-Model is presented 

in the lower graph. Especially the low injection Auger lifetime is reduced with increasing 

absorber doping which shifts both the MPP and OC to lower excess carrier densities, i.e. towards 

lower iVoc and iVMPP.14. Similar results have been presented before in section 5.2.2. For a dark 

resistivity below 1 Ω cm the absorber recombination is clearly limited by low-injection Auger 

recombination at MPP, for below 0.5 Ω cm the same holds for OC conditions. The c-Si bulk 

recombination for even lower excess carrier density, i.e. for SC conditions is increased as well as 

can be inferred from the drop in Jsc from the 2D simulations. The higher sensitivity of the RE 

design to corresponding bulk diffusion length has already been discussed in Section 7.2.2. The 

recombination at the illuminated high/low junction of the RE cells is expected to increase with 

high absorber doping too. This effect is known from homojunction devices and is attributed to 
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the fact that the field-effect passivation by the high/low junction is lower the higher the absorber 

doping is [263]. 

 Coming back to the lateral transport within the absorber, the 2D simulation reveal that for none 

of the devices a drop in FF with increasing dark resistive is observed. Thus, the higher FF of the 
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RE cells (dashed lines) and hence the more efficient lateral transport in the absorber are 

maintained even for a very low absorber doping.   

 Such a pronounced decoupling between the absorber dark resistivity and the FF for lowly 

doped absorbers should be a unique feature of both side contacted SHJ cells and not be observed 

for high efficiency homojunction and all back contacted cells. The latter two are characterized by 

a 2D or 3D design and are suffering from a significant drop in FF with increasing absorber dark 

resistivity attributed to the much longer transport paths within the absorber (e.g. [264], [265]). 

In addition, the higher overall device recombination of homojunction cells makes the 

conductivity modulation less efficient.  

 Based on the results above, it follows that another advantage of the SHJ cell design is that it is 

less sensitive to the absorber doping. For the commonly applied n-type material this allows for a 

higher yield of the ingots which, due to the high segregation coefficient of phosphor, are 

characterized by a strong variation of the doping along the growth direction. For p-type material 

such a low sensitivity of the cell concept to the absorber resistivity would allow the application of 

lowly doped absorbers which are less prone to the efficiency limiting c-Si bulk defect 

recombination caused by light induced degradation [265]. 

 For RE SHJ cells, a lower absorber doping is not expected to have a detrimental influence on the 

transport related FF losses. Accordingly, without taking effects like defect recombination into 

account, a dark resistivity above 1 Ω cm should be chosen to avoid operation in the low-injection 

Auger regime. These results highlight that well designed SHJ cells might function as pIn like 

devices for which the type and concentration of absorber doping is of less concern. 
 

Illumination dependent performance  

 In this subsection the low light performance and the performance at low concentrations for FE 

and RE cells are compared. The main question is whether or not the lower excess carrier density 

within the absorber for lower illumination has a negative influence on the lateral transport. For 

the front either an ITO from the simulations above or an IO:H was assumed. The latter is 

characterized by a higher mobility and comparable optical properties (mainly defined by ne) 

which results in a reduced Rsheet as can be seen in the inset of Figure 7.9. To concentrate on the 

2D effects a lumped series resistance, representing the contribution from the metal grid 

electrode, is omitted here. Consequently, the 2D transport is defined by the cell design (FE or RE) 

and Rsheet of the TCO, the pitch is set to 2 mm.  



- 208 -   7  Lateral Carrier Transport at the Front: Mitigating the Associated Losses 
 

 The Voc and JSC in Figure 7.9 show the expected behavior, i.e. a logarithmic and linear increase 

with the illumination intensity [266], [267], respectively. The FF first increases with illumination 

and then tails off rapidly. This behavior is dominated by the 2D carrier collection, i.e. its 

contribution to the series resistance. With increasing illumination the current density and thus 

the contribution of the series resistance to the FF loss increases. More precisely, the power losses 

linked to the series resistance are proportional to the square of the Jsc. It follows that the 

efficiency is determined by the increased of JSC and Voc which is competing with a reduction of the 

FF. The more efficient 2D transport of the RE design leads to higher FF´s even for illumination 

intensities below 1 sun. Hence, a reduced low light performance is not expected for the RE cell. 

The additional lateral transport path of the RE cell is beneficial especially at high illumination 

intensities and lowers the dependence on Rsheet. The most interesting feature in Figure 7.9 is that 

the RE cell with ITO shows an efficiency characteristic which is comparable to the one for the 

high mobility IO:H having a much lower Rsheet.  

 It should be noted that SHJ devices fulfill some important prerequisites which makes them 

appealing candidate for low concentration photovoltaic (LCPV) and thus to bringing down the 

cost of PV [268], [269], i.e. the high 1-sun efficiencies, the superior temperature coefficient, 

promising approaches to reduce the series resistance contribution from the metal electrode (Cu 
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plating, multi-busbar design), the 1D carrier transport at the rear and the efficient conductivity 

modulation.  

 On the basis of this simulations, it can be concluded that for operation in the field, i.e. for 

illumination intensities below 1 sun no negative influence on the energy yield is expected for the 

RE design as compared to the conventional FE design. For low concentration photovoltaic (LCPV) 

on the other hand, the RE design brings the clear advantage of cutting down the contribution of 

the 2D carrier transport to the FF loss which strongly increase with illumination and current 

density. 
 

Less restrictions on the TCO mobility: IO:H, ITO and AZO  

  In this paragraph three different front side TCOs featuring different motilities are investigated 

regarding their ability to balance the optical and electrical losses at the front side. In Figure 7.10 

the simulated cell output parameters as a function of the pitch of the grid electrode for a high, 

two medium and a low μ TCO are compared.  

 In general, the Voc is hardly affected and the Jsc increases by about 2 mA/cm² with increasing 

pitch. The FF is defined by the Rsheet of the TCO and whether a RE or FE design is applied. For a 

high μ TCO (IO:H, black) excellent optical and electrical properties can be combined [97]. The 

high μ allows for a low free carrier density without compromising on Rsheet. Thus, a high JSC is 

maintained and the very low Rsheet of 43 Ω/sq allows for an efficient 2D transport even for a FE 

device. The highest FF is reached with this TCO and the drop of the FF with increasing pitch is 

lower as compared to the other TCOs which are featuring a higher Rsheet. For such a low Rsheet the 

gain in efficiency is negligible for the RE design for one sun applications. However, a wider 

maximum of the efficiency is observed as for a higher pitch the transport via the absorber 

becomes more efficient assisting the lateral carrier collection at the front. It is shown 

experimentally in Ref [239] that the application of the RE design can be beneficial even for a high 

μ TCO (IWO, μ > 80 cm²/Vs [270]). 

  In general, the optimum Rsheet of a TCO will be shifted to higher values with decreasing 

mobility. To maintaining a certain conductivity, a lower mobility cannot be compensated by the 

corresponding increase of the free carrier density without generating significant optical losses 

[119]. Hence, it is clear that the RE design will be more beneficial for such low μ TCOs as it 

tolerates a higher Rsheet. For the medium μ TCOs (ITO, green and blue) and the low μ TCO (AZO, 

red) a significant increase in FF and efficiency is observed for the application of the RE design. It 
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is noteworthy that for the lowly doped ITO (green) the efficiency can be improved to the level of 

the high μ TCO despite its much lower mobility. For the indium free AZO the efficiency is 

increased by about 0.25% absolute and as the maximum is shifted to higher pitches the reduced 

amount of fingers will also lower the metal consumption. 

 To sum up, just like for the application of a high mobility TCO, the RE design lowers the 

constraints on the TCO and the grid electrode to balance the optical and electrical losses. This 

should be of economic importance as it facilitates the application of indium free front side TCOs 

with lower motilities. The application of wider pitches and less fingers can lower the metal 

consumption and the related costs.  
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7.3 Solar cell results: Front vs. rear emitter 

7.3.1 Experimental details  
 For the experimental verification of the additional lateral absorber conductivity and the higher 

FF potential of the rear emitter (RE) design, 2∙2 cm² monofacial solar cells featuring either the 

conventional FE design or a RE design with a variable pitch and two different Rsheet of the front 

side TCO were produced. We fabricated the devices on double side shiny etched, 200 μm thick, 

4.3-5.8 Ω cm, (100) oriented, n-type float-zone silicon wafers. The applied TCO consists of a 

medium-μ TCO, namely tin doped In2O3 (ITO), and was deposited by reactive dc magnetron 

sputtering from a high density In2O3:SnO2 target featuring a 90/10 wt% ratio at a set 

temperature of 100°C and 2 mTorr. The TCO doping and therefore the manipulation of the 

electrical and optical TCO properties of the ~70 nm thin films was carried out via adapting the 

oxygen flow ratio OC = O2 / (O2 + Ar) during the sputtering process [186]. At the rear a TCO is 

omitted and an Ag single layer is deposited by thermal evaporation. The front side metal grid 

electrode (thermally evaporated Cr/Pd/Ag) features a variable pitch of 800, 1430, 2000 and 

2860 μm and was structured by photolithography and lift-off technique. To prevent additional FF 

losses introduced by an increasing power loss in the fingers in the case of a higher pitch and the 

decreasing amount of fingers, the metallization fraction and hence the total cross section of the 

fingers was kept constant for all pitches. This means that the individual finger width is not 

constant and is increasing with increasing pitch. The electrical TCO bulk properties were 

determined by Rsheet measurements using a four-point-probe setup for ITO layers deposited on 

glass and the transfer length method on solar cells, both in the dark. 

7.3.2 Results 
Four-point probe: Parallel / series connection of TCO and absorber 

 Qualitatively, the improved 2D carrier collection by the RE cells design is easily explained by 

the results from four-point probe measurements. Four-point probe measurements are a common 

method to determine the sheet resistance of a certain layer [252]. To ensure that the 

measurement probes only the lateral conductivity of the layer / stack of interest an insulating 

substrate is applied or a depletion region insulates the layer from the conductive substrate 

underneath. In the case of an SHJ structure the TCO is representing the conductive layer and the 

c-Si absorber the conductive substrate as it is illustrated in Figure 7.11. The Schottky contact 

formed between the TCO and the doped SiTF and the induced p/n or high/low junction define to  
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which extend the TCO and the absorber are electrically coupled. The induced p/n junction 

insulates the TCO from the absorber which means that the measured Rsheet corresponds to that of 

the TCO (FE design). For a high/low junction such an insulating depletion region is not induced 

into the absorber which allows for the parallel connection of the TCO and the absorber (RE 

design). The presence of a pronounced Schottky barrier is expected to impede the vertical 

transport and thus the coupling between the TCO and the absorber for such a parallel connection. 

Figure 7.11 shows the Rsheet measured at the front side of unmetalized RE (Rsheet,RE) and FE cells 

(Rsheet,FE) for a moderately doped AZO and a highly, moderately and very lowly doped ITO. The 

dashed lines are representing Rsheet,c-Si which follows from the dark resistivity of the absorber 

( dark,c-Si) and its thickness (d) (Rsheet = /d). The stars are representing 

Rsheet║ = 1/((1/Rsheet,FE) + (1/Rsheet,c-Si) which describes the sheet resistance expected for a parallel 

connection of the TCO and the absorber. The measurements for the ITO samples have been 

performed on n-type absorbers featuring a dark resistivity of 1 Ωcm (red symbols) and 5 Ωcm 

(black sysmbols), for AZO on 1 Ωcm material only. The blue crosses correspond to values where a 

doped a-Si:H is omitted and the Schottky barrier between the TCO and the undoped a-Si:H as well 

as the corresponding induced junction define the coupling to the absorber.  

 Looking at the three ITOs the measured values can be well described by the parallel and series 

connection of the RE and FE, respectively. Rsheet,FE is increasing as it is expected from the selected 

deposition parameters of the TCO and is in good agreements with the values measured on glass 
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(not shown). In addition, Rsheet,FE is independent of the absorber dark resistivity. Both facts show 

that for this configuration the measured Rsheet is representing the lateral conductivity of the TCO 

only. For the RE structures the measured Rsheet follows the behavior expected from a parallel 

connection. Rsheet,RE is approaching Rsheet,c-Si with increasing resistivity of the TCO (which is 

Rsheet,FE) and for the ITO samples the calculated Rsheet║ matches the measured Rsheet,RE very well. 

For AZO the measured Rsheet for the RE configuration is above the expected value. This is most 

likely explained by the Schottky contact which is more pronounced for AZO than for the ITO 

samples preventing an efficient vertical transport in the absorber. For the samples where a 

doped a-Si:H is omitted the characteristics follows that of the FE. This is explained by the 

effective work function of the TCOs which are expected to be close to midgap of the c-Si absorber 

[171]. The corresponding Schottky barrier penetrates into the absorber resulting in a depleted or 

even slightly inverted absorber region which is blocking the current from the TCO into the 

absorber similar to the induced p/n junction of the FE. It also should be noted that the observed 

experimental behavior for the induced junction is similar to the measurement of Rsheet of diffused 

or implanted p/n and high/low homojunctions [260]. 

 Regarding the results above it should be considered that similar to J-V dark measurements 

applied to extract the series resistance of solar cells the current flow in the device under 

operation and under illumination is in the opposed direction and that the current paths are 

different as well [258]. However, the results illustrate that for having a high/low junction 

underneath the TCO an additional transport via the absorber facilitates the lateral carrier 

transport. This means that for MPP conditions the voltage drop caused by the lateral transport is 

lower which reduces the ohmic and non-generation losses at the front side. The interplay 

between the TCO conductivity and the pitch under operation conditions are investigated in the 

following for finished solar cells. 
 

Fill factor of solar cells 

Figure 7.12 collects the measured FF in dependence of the pitch of the front side metal grid 

electrode for FE and RE cells featuring either a highly conductive ITO (OC = 1%) or lowly 

conductive ITO (OC = 2.3%) at the front. For the interpretation of the series resistance related FF 

loss (ohmic and non-generation losses) we plot the difference between the FF determined by J-V 

measurements and the pFF determined by Suns-Voc measurements. The fact that in the case of 

the narrowest pitch of 800 μm a comparable FF loss of only ~1.5% is observed for the four  
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different configurations (Table) indicates that we managed to obtain comparable (and good) 

contact properties for the front side Cr / ITO and ITO / doped a-Si:H contacts and the doped 

a-Si:H / Ag contact at the rear, regardless of the a-Si:H doping type and the ITO doping. A series 

resistance of about 0.3 Ωcm2 can be derived from this FF loss [271]. For all four configurations, 

average FFs of above 80% are reached. Looking at the evolution of the FF loss with increasing 

pitch it can clearly be seen that the RE devices are outperforming their FE counterparts. This 

effect is more pronounced for the less conductive front side TCO (OC = 2.3%). However, as can be 

seen in the Table, even for the highly conductive ITO, a gain in FF of 0.3 %abs is observed for a 

pitch of 2000 μm. For the less conductive front side TCO, the gain amounts to 2.0 %abs, thereby 

clearly demonstrating the additional lateral current path of RE devices. This behavior is reflecting 

the findings from above of the parallel connection between the TCO and the absorber for the RE 

design. Accordingly, the RE design can improve the FF by lowering the 2D transport related 

losses. This however is only true if the 2D transport is limiting the FF of the corresponding FE 

design. Thus, for a very low Rsheet and/or a small pitch the lateral transport is not further 

improved by the RE design.  

 For a further quantification of the 2D carrier transport related losses, the slope of the linear fit 

of the ohmic and non-generation related FF losses from the lower graph in Figure 7.12 is shown 

 

 OC Rsheet,glass Rsheet,TLM pFF-FF FF loss 
 (%) (Ω/sq) (Ω/sq) (%) (%/mm) 
FE 1.0 70 77 2.0 0.7 
RE 51 1.7 0.4 
FE 2.3 340 495 4.8 2.1 
RE 152 2.8 1.3 
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in the Table in Figure 7.12. Again, it can be seen that for both front side TCO conductivities, the FF 

loss associated with the lateral carrier collection is less pronounced for RE devices, as indicated 

by the much smaller slope. Another indication for the existence of an additional lateral current 

path can be drawn from the comparison of the Rsheet measured on glass (Rsheet,glass) and on cell 

level (Rsheet,TLM) in the Table in Figure 7.12. It can be seen that Rsheet,TLM of the RE devices is 

significantly lower compared to Rsheet,TLM of the FE devices for a given Rsheet,glass. This difference is 

higher for the lowly doped ITO (OC = 2.3%). As explained in the previous section this stems from 

the fact that for the Rsheet,glass and Rsheet,TLM samples of the FE devices the injected current during 

measurements is confined within the TCO as (i) an insulating glass substrate was used or (ii) the 

blocking p/n junction prevents the parallel connection with the absorber. For the RE devices on 

the other hand, the current can pass the high/low junction forming an additional lateral current 

path via the absorber. Consequently, a lower effective Rsheet is measured for the RE devices. For 

the dark resistivity of 5 Ω cm and the thickness of 200 μm lead to an absorber sheet resistance of 

Rabsorber of 250 Ω/sq. The calculated Rsheet║ then amounts to 55 and 144 Ω/sq for the highly and 

lowly doped ITO, respectively. This values are in accordance to the Rsheet,TLM of 51 and 152 Ω/sq 

measured at the corresponding RE devices. 

 Concerning future work, experiments on textured cells are required to investigate the shift of 

the lateral transport from the front side TCO into the absorber at non-planar surfaces. 

Furthermore, the potential advantages of the RE design featuring other TCO materials, including 

high-μ and low-μ TCOs have to be investigated. Additionally, the potential advantages in terms of 

1D effects of having the n-type SHJ instead of the p-SHJ at the illuminated front needs to be 

analyzed. This configuration should offer additional advantages as the optimization of the front 

SHJ [119] might be less challenging as one can benefit from intrinsic superior material properties 

of the n-SiTFs in its amorphous and crystalline phase, i.e. excellent surface passivation, higher 

doping efficiency and lower parasitic absorption [272]. Additionally, contact formation to the 

n-type TCOs might be less challenging when the n-type SHJ is situated at the front side. As the 

optimization of the p-type SHJ is not dictated by the parasitic absorption within the SiTFs 

anymore [119] optimization of the p-type SHJ can be focused on carrier recombination, carrier 

transport and the contact formation to the TCO.   
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7.4 Chapter Summary  
 In this chapter a novel approach was presented which facilitates balancing the contradictory 

requirements on excess carrier generation and the lateral transport at the front side of 

monofacial SHJ cells. A detailed comparison between the classical both-side contacted SHJ cell 

design, i.e. an n-type absorber having the emitter located the front side (front emitter) and cells 

having the emitter at the rear side (rear emitter) was carried out. 

 The influence of the optical and electrical properties of the front side TCO and the pitch of the 

front side metal grid electrode on the performance of SHJ cells was investigated in detail by two-

dimensional numerical device simulations for ITO, IO:H and AZO as front side TCO. By simply 

flipping the p/n junction of SHJ cells from the front to the rear fewer restrictions for the choice of 

the front side TCO and the design of the front side metal grid electrode are observed. With the 

high/low junction at the front the power losses caused by the 2D carrier transport can be 

reduced as the lateral conductivity of the absorber is utilized opening up an additional transport 

path. The trade-off between optical and electrical bulk properties of the front side TCO is less 

pronounced which translates into lower demands either on the pitch, the TCO mobility or free 

carrier density. A reduced free carrier density or an increased pitch allow for a higher JSC without 

compromising on the FF (or vice versa) and thus can result in an increased efficiency. In contrast 

the use of indium free TCOs with a lower mobility is expected to be of economic interest. 

Furthermore, it is shown by simulations that for high efficiency devices higher requirements on 

the absorber quality in terms of defect recombination and doping levels are not expected for the 

RE design. With respect to the absorber doping level, a similar low-light performance and an 

improved performance for operation under moderate concentration were also shown. The 

existence and relevance of the additional lateral transport path via the absorber was 

experimentally proven for ITO as front side TCO.  

 Further experimental investigations are required to fully evaluate the advantages of the SHJ 

rear emitter cell design over the conventional front emitter design including investigations of low 

mobility indium free TCOs and the potential of the RE design to lower the 1D losses of SHJ cells. 

The cell architecture developed in this chapter is the basis for the efficiency of 22.8% on hybrid 

cells achieved in this thesis (see chapter 6.3.4). 
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8  Summary and Outlook 

8.1 Summary  
 Recombination at the unpassivated metal / semiconductor contact is the decisive disadvantage 

of homojunction solar cells. Sophisticated device designs are needed for loss mitigation and are 

essential for high efficiencies. A more elegant strategy is the application of passivating and carrier 

selective contacts. They combine a passivating buffer layer and a suitable contact layer on top in 

one layer system. The buffer passivates the surface of the c-Si surface and thus enables a high 

density of excess holes and electrons. The selective extraction of these excess holes and electron 

from the absorber into the respective external device terminals is the fundamental function of 

the contact layers. The most prominent example for a very efficient passivated contact system is 

the a-Si:H / c-Si silicon heterojunction which shares many similarities with the induced junctions 

based on the Semiconductor-Insulator-Semiconductor (SIS) and Metal-Insulator-Semiconductor 

(SIS) systems. It consists of an a-Si:H(i) layer as the passivating buffer layer and a doped a-Si:H 

layer which is capped with an TCO as the contact layers. However, even this system has not yet 

reached the scientific and technological maturity as standard diffused homojunction cells. The 

lack of knowledge regarding important operation principles and adequate characterization 

approaches triggered this work. Besides a thorough understanding, several aspects of device 

optimization and characterization were addressed experimentally and via simulation with 

AFORS-HET and Sentaurus Device. Suitable characterization approaches, novel contact materials 

and novel cell designs were successfully established.  

 Simulations revealed that as a unique feature, non-optimized contact schemes may provide 

sufficient c-Si surface passivation and hence a high implied voltage, but fail to maintain this 

voltage in the contact region. For such conditions the external terminal voltage is significantly 

lower than the internal voltage in the absorber (For simplicity this effect is called non-ideal 

voltage “extraction”). This highlighted the need for adequate characterization and optimization 

taking non-classical losses into account which are not predicted by the standard p/n-junction 

theory (only minority carrier recombination and ohmic losses). Such a non-ideal voltage 

extraction is observed if low-injection conditions in the contact region are not maintained during 

operation. A sufficiently high doping, a properly induced junction and the avoidance of 

Schottky barriers were essential to prevent such peculiarities of the external cell characteristic 

resulting in FF and Voc losses. Analyzing the illumination level dependence of the Voc by Suns-
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Voc measurements was introduced in this work as an effective and easy method for the 

identification of such losses already in the early stage of contact optimization.  

 The upper limit of the internal voltage (implied voltage, iVoc) imposed by the injection level 

dependent c-Si passivation by the a-Si:H buffer was investigated by a novel approach. Corona 

charging was used to investigate the chemical and field-effect passivation. It was highlighted that 

excellent surface passivation is reflected rather in a high implied fill factor (iFF) than in a high 

iVoc. While surface passivation is in many cases sufficient high such that the iVoc is already 

relatively close to the intrinsic limit imposed by the c-Si bulk recombination. This is not the case 

for the maximum-power-point (MPP) conditions and hence the iVMPP for which recombination at 

the c-Si surface is still representing the dominant contribution. This imposes significant FF 

losses compared to the intrinsic limit of about 89% which is quantified by the fact that the pFF 

of our cells is hardly exceeding 83%. Hence, much higher FFs and efficiencies can be achieved if 

the recombination losses at the a-Si:H / c-Si is reduced considerably.  

 With respect to extraction of this implied voltage at the external terminals, different contact 

schemes were investigated. An a-Si:H(p) doping variation was performed as a showcase for 

analyzing the contact properties regarding a non-ideal voltage extraction. For insufficient 

doping such a non-ideal behavior was clearly observed. Without any doping, when the parasitic 

Schottky behavior dominates, the external Voc was limited to about 400 mV resulting a voltage 

loss of about 300 mV in the contact region. For sufficient doping the external voltage reached the 

limit imposed by the iVoc of about 730 mV, meaning that voltage extraction was ideal. It could be 

shown that a voltage loss in the contact region manifested itself by an ideality factor of the 

Suns-Voc curve which drops below the one predicted by the standard p/n junction theory. A clear 

correlation between this slope and the corresponding FF and Voc losses was observed. Another 

indicator for non-ideal voltage extraction was the temperature dependence of the FF and the Voc. 

With respect to the FF, in the ideal case the temperature dependence was dominated by the pFF 

showing a linear reduction with increasing temperature caused by the increase of recombination. 

For insufficient doping, unsuited work functions or other parameters hampering the excess 

carrier extraction the slope of this linear FF reduction was reduced and for poor contacts even a 

non-linear behavior was observed. This was explained by the fact that thermally active transport 

path resulted in a reduction of the transport related fill factor losses while these are rather 

temperature-independent in the ideal case.  
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 Beyond doped amorphous silicon, several contact materials like metals, different TCO films and 

materials adopted from organic electronics were investigated in detail. Pure metal films were 

not suited to form carrier selective contacts. Besides a pronounced Fermi-level pinning, more 

fundamental limitations resulted from the deterioration of the chemical c-Si passivation already 

at moderate annealing temperatures, poor adhesion and poor optical properties in terms of rear 

side reflection. However, Ag was used to replaced the ITO electrode at the rear a-Si:H(p) emitter 

of hybrid SHJ cells, a concept which was established in the course of this thesis. An efficiency of 

22.8 % (Voc = 705 mV, Jsc 39.9 mA/cm², FF 81.2%) could be achieved with this approach. 

 A doping variation of ITO films on test structures showed that the work function at the 

a-Si:H(i) / TCO interface could be changed in the desired manner. The work function was 

increased for lower doping which was expected to be beneficial / detrimental for the 

hole / electron contact of the standard SHJ featuring doped a-Si:H in contact to ITO. However, this 

was not reflected by the solar cell results as a similar influence for the hole and electron contact 

was observed. This was pointing out that aspects other than work function matching need to be 

taken into account with respect junction engineering.  

 Regarding, the materials adopted from organic electronics (caesium carbonate, lithium 

fluoride, PEDOT:PSS, titanium dioxide, ITO, molybdenum oxide and tungsten oxide), no material 

was found so far which was capable of forming an electron selective contact. However, promising 

results were obtained for the hole selective contact on test structures with PEDOT:PSS, 

molybdenum oxide (MoOx) and tungsten oxide (WOx) as the external Voc was about 700 mV. 

Surface photo voltage measurements revealed the high work function of MoOx and WOx and 

the p/n-junction induced in the absorber. More detailed investigations for both high work 

function metal oxides proved there general applicability to either form a direct hole contact, by 

replacing the p-type a-Si:H, or to assist the hole collection for the standard silicon heterojunction, 

if sandwiched between the a-Si:H(p) and ITO or AZO. With MoOx the efficiency of planar test 

solar cells, before annealing, could be significantly improved compared to the reference 

(~18.7 % vs. ~17.6 %) as both optical and electric properties were improved when the a-Si:H(p) 

was replaced. For WOx as an additional contact layer, presumably by an improved work 

function matching, the parasitic Schottky contact between ITO and a-Si:H(p) of the standard SHJ 

structure could be improved. This was quantified by a significant FF gain compared to the 

reference (~81.1 % vs. ~79.6 %). Finally, for an a-Si:H less hole contact, with WOx direct on c-Si 

an efficiency comparable to the reference was observed (~17.6 % vs. ~17.5 %). This simple 
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structure might be an appealing approach to replace the Al-BSF of the standard homojunction 

cell. With these very encouraging results it could be demonstrated that novel contact material 

adopted from other fields of electronic devices are interesting candidates for future silicon solar 

devices. 

 Finally, the ohmic and non-generation losses caused by the lateral transport at the front 

side of the standard SHJ were addressed. A simple yet successful approach to facilitate this 

optimization problem based on utilizing the lateral conductivity of the absorber by flipping the 

p/n junction from the front to the rear was presented. Lower constrains on the TCO and grid 

electrode to provide the lateral transport were presented which makes the design trade-off 

between optical and electrical properties less pronounced. This “rear emitter” design has 

already been adopted by different companies and institutes and has proven to be beneficial in 

terms of efficiency. This makes it very likely to become the standard cell design, i.e. to replace the 

“front emitter” design. 
 

 The investigation performed in this thesis led to a better understanding of the fundamental loss 

mechanisms in heterojunction solar cells. With this improved understanding it was possible to 

increase the efficiency of heterojunction solar cells up to 22.8% at Fraunhofer ISE, to introduce 

suitable characterization approaches and new contact materials which are promising candidates 

for a new generation of carrier-selective contacts for silicon wafer based solar cells. 
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8.2 Outlook 
 Regarding future work, a more comprehensive understanding is needed which also means that 

more heterojunction specific effects have to be taken into account. Examples are the hetero-

barriers in the conduction and valence band, additional transport path, e.g. multi-step tunneling 

into the band gap states of the adjacent materials, interface dipoles and the non-metal-like 

behavior of lowly doped materials (e.g. the depletion of metal oxides). Accordingly, each layer 

should be described by its actual properties and should not be approximated, e.g. by a metal 

which reduces the actual contact layer properties solely to its work function. This means a 

simulation setup is needed which for example describes the ITO/MoOx/buffer/c-Si contact by a 

structure which consists of two wide gap n-type semiconductors, the buffer, and the absorber. In 

general, it is of great importance to characterize the actual microscopic contact and material 

properties on device relevant structures and their modification during subsequent processing. 

Combined with adequate device simulations this should allow for a more holistic understanding 

of such rather novel contact schemes thereby providing guidelines for an efficient junction 

engineering.  

 Alternative buffer layers need to be investigated to test their influence on the selectivity and to 

overcome the moderate temperature stability of the a-Si:H buffer. The search for alternative 

contact materials needs to be extended to other materials used for e.g. organic electronics [224]. 

This includes other high and low work function metal oxides [222] and dipole layers [273]. The 

latter haven proven to modify the effective interface work function for organic semiconductors 

and it is interesting to check to which extent such or other intentionally implemented dipoles can 

be used to modify the interface of the inorganic semiconductors or dielectric buffer layers used 

here.  

 The applicability of such novel contact materials to the so called tunneling oxide passivated 

contact scheme (TOPCon) [274] or related poly silicon based contacts should be investigated. 

This applies in particular to the hole-selective and p-type contact which suffers from inferior 

surface passivation compared to its n-type counterpart. The application of such materials might 

lower the demands on the applicable doping which in turn might lower the doping induced defect 

recombination of minority carriers.  

 Another important aspect is to check if such contact materials deposited by soft deposition 

techniques (e.g. thermal evaporation, ALD) allow to shield the sputter damage caused by the 

subsequent ITO deposition from the buffer / absorber interface which adversely affects the 
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minority carrier recombination. An elegant approach for the rear side would be to replace the 

ITO/metal back reflector by a thick metal oxide/metal stack. Another aspect that needs to be 

looked at is the temperature stability of such materials and their compatibility with the 

subsequent process. This applies for the “low temperature” approach followed in this thesis and 

the “high temperature” steps used for homojunction, TOPCon and poly Si based contact systems. 

 Regarding minority carrier recombination more attention must be paid to the limitation of the 

FF by the latter. Much potential to increase the efficiency lies in increasing the pseudo FF which 

calls for a more profound understanding of the chemical and field-effect passivation by the 

contact scheme and its modification by the different process steps. 

 The benefits of the rear emitter structure should be investigated for the TOPCon and related 

structure as well. Besides the improved lateral carrier transport this should allow for more 

degrees of freedom for the optimization of the unilluminated p-type contact which optimization 

is typically more challenging compare to the n-type contact. Hence, optimization can be focused 

on the electrical rather than optical contact properties. 
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Increasing the solar cell efficiency by applying advanced cell architectures is one route for crystal-
line silicon wafer based PV to achieve significant cost reduction. An elegant strategy to overcome 
the limiting losses of the currently dominating solar cell designs based on diffused homojunctions 
is the application of passivating and carrier selective contacts. They combine passivating buffer 
layers and suitable contact layers in an one dimensional thin films stack.

The lack of knowledge regarding important operation principles and adequate characterization 
approaches for such novel contacts triggered this work. Besides a thorough understanding, se-
veral aspects of device optimization and characterization were addressed experimentally and via 
numerical simulation. Suitable characterization approaches, novel contact materials and novel cell 
designs were successfully established.
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